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Abstract

In this study the effects of Sr addition and sintenug paramesters on the
microstructure and dielectric properties of BaTi0; based ceramics were studied.
Bay w510 1 TiOw, BagSrg 2 Ti0a, Bag1Srg;Ti0; samples were prepared by mixing high
purity mano poewders (100nm} of BaTiO, and SrTi0; together. Mixced powders were
pressed into pellets wilh pressures of 300, 450 and 600MPa. Next the green sampics were
dried and then sintered at1200° C, 1225°C and 1250°C temperaturcs in a muflle furnace.
Sintering temperatures & ume were vaned lo achieve more than 90% ol theoretical
densiby. lleating rate was also vaned and faster finny was applied to obtain {inc grain
size, For pure BaTi0s samples, faster fimng resulted 1 reduced grain size and inhibition
of abnotmal gram growth But [or Ba; St Ti(); samples, increase in heating rate caused
the samples to crack. Microstruclural fealures such as grain size and presence of sccond

phase etc were revealed with scanning eleciron nucroscope,

Phase transition temperatures of sintered samples were detected using differential
scanning calommnetry (DSC). Diglecing properties of sintered samples were mcasured
with an impedance analyzer (LCR meler) al several frequencics ¢.g. IKHz, 10Kz,
HOKHs and 1000KHz within the temperature range of 30° to 170°C. Curie pont of
BaTiO; samples were found al near 125°%C by both DS technique and LR meter. It was
found that merease 11 grain size shilts the Curic point to slightly higher temperature and
phase transition peal becomes sharper. For Ba;Sr.Ti0; samples, Curie temperature
decreases hnearly with increasing value of x. Morcover the frequency dependent
dielecing constant and loss tangent were examined at room temperature for BaliQ: and
Ba Srn, Ty samples. Samples containing less amount of pores showed mimmum

diefectnic loss.
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1 Introduction

1.1 Barium Titanate

Recause of its dielectric constant (>1000} and ferroelectric propertics, barium
titamate, (BaTi0s} is one of the most important malerials in the electronic industry 1],
mainly 1 the manufacure of multlayer capacitors and electronic  devices.
Furthermore, it is beinp applied as a capacitot material in dynamic random awcess
memories (DRAM) in inteprated citcuits. Both a high dielectric constant and good
insulating properties arc required for DRAM applications [2]. From the discovery that
the telative permittivity of BaTi(y ceramics can be increased to about 3500 if the
grain size is conlrolled at ~1 um, then a finc-grained siructure is desirable to enhance
the diclepiric performances. Therefore, the availability of BaTi(3 powders with
homogeneous and small paticle size (<1 pm} is a crucial factor |3). Although many
commercial ceramic undoped BaTi(): powders are available at the market, but their
sintering behavior and the characteristics of (he final obtaned products arc in the
majorily of the cases very different, in spite of their apparently sinular charactenstics
of the powders. Tn that way, in a detailed work Herard ct al. (3] demonstrated the
importance of the surface contamination mn several commercial, undoped BaTi0;
powders on the sintering behavior and developed microstructures.  Furthenmotc.
Demartin et al [4] studicd Lhe anomalous geain growih and desintenng phenomenon
during the sinicring of undoped RaTis below and above the cutectic temperature of
the TiC;— BaQ system [3]. Different agglomerntion level of the powders, impurities
content. non-uniform particle size distribution, heterogeneily of the Ba/Th ratio can
lead to the spreading of the obuined final results on apparently similar sintercd bodies

and, thus. 10 the different diclectric propertics

Among the electromc ceramic used world wide, undoubtedly
BaliO: 1n polycrysialline form is ranked highest in volume and vancty of
application wise To pget a high volumetric efficiency (capacitance pur wnit
volume) the dielectric material between the electrodes should have a large
dielectric constant, a large area and a small thickness, Bali(; bascd
goramics having a perovskite type structure show high dielectnic constant

valucs The high diclectric constant Bali0; based ceramic.disk capacitors




2
are simplc to make, The volumetric efficiency can be further enhanced by
using muliilayer ceramic (MLC) eapacitors. MLC have captured maore than

%0% of the capacitor market in the year 2002[6]

1.2 MLC Requirement

With the development of electronic devices such as mobile phones, personal
computers, and various digital electric appliances, electroue passive components have
continued (v become progressively smaller in size. In the case of Multilaycr Capacitor
(MLCs), many works have actively improved their performance, cspecially with the
thickness of dielectric layers becoming thinner in order (o miniatunize their sizes and
to have larper capacitance, These days. MLCs with | pm dielectric layer in thickness
have already appeared in the world market and the market for large capacilance
capacitors, more (han 10 pF, is recently expanding and replacing that for Ta and Al
electrolyue capacitors, MLCs with large capacitance commonly consisl of BT based
ferroelectric material for diclecirics and Ni-base metal for inner electrodes. so MLCs
have to be fired in a reducing atmosphere to prevent Ni electrodes from oxidalion.
There are many kinds of dielectric materials developed for MLCs with Ni electrodes
[7]. The corc—shell BT ceramics are widely used for MLCs with the specification of
X7R (ElA code: DC C = ~15% at ~55 to 125 *C), showing a stable temperature

dependence of the dielectric constant and a high reliability [2].

Fine-gramnad dielectric ceramics with high dielectric constant have been
required for thinner dielectric layers. However, il is well known that fermoelectrnic
mulcdals like BT ccramics have some degree of grain size dependence in
ferroclestricity and the dielectric constant decreases depending on the decrease of
vrain diameter [9]. The grain boundaries are considered to have imporiant roles 1 the
finc-grained feroeleclnc ceramics, especially for ceramics without the core-shell
structure, However, the role of grain boundary in influencing diclectric properties has

not been investigated in enough detail.



1.3 Limitations of Barinum Titanate

Alihough BaT10; has, superior dielectric properiies compare to other diclectne
matcHals, it has some limitations, which must e elimmated, o obtain oplimum
utilization of 1ts dielecttic properties, Dielectne constant of Bali(); depends on
clectric feld and frequency [10]. At high clectric ficld strength. the domain is mors
cffectively oriented and higher dielectric constant results Dielectric comstant is
strongly temperature dependent  That is why circiit characteristic changes even over
a modcrale temperature range. The temperature dependence of T and k' can be
modified by forming solid solution over a wide range ol compositions, For example
Pb27, Sr:_,Ca?’*.Sn‘F can be substituted lor Ba® in the titanate lattice. The possibility
of forming solid solution in all of these crysial offers a wide range of values for
diclecrric constant (k). samration polarization {P,) and curie lemperature (T). For
example, substitution of Sr2* for Ha*' lowers the Curie point. On the other hand,
substifution of Pb** for Ba™" increases the T, to a maximum of 490°C. The effectis
due (0 the lower M-0 bonding for Pb<Ba<Sr which offer less resistance to the motion
of the Ti ions in their six fold oxygen coordination field. The slrain energy introduced
by eleelrostrictive cffects on cooling through and below the Te, when some domains
change therr orientation in relation to (he others causing time dependence for the
dielectric conslant known as aging, 1he rate of change increascs as the initial value of
K increases. Both composition and heat treatment affect aging and also . Ina
nolycrystalline ceramic, domain oricniation is alTected by grain siee, impurities, and
pores, which prevent domain movement due to stresses, imposcd by surrounding
PTALLS,

Curic point of ceramics also depends on particle or grain size. Hemnings, e el
[11] has described solid-state prepataiion using ultra fine raw material yiclding hetter
resulls. Grain size v a major factor alfecting the diclectric properties of BaTiO;
ceramics | 11]. On the other hand, Ba/Ti ratio plays a tolc in determining the grain size
and densify besides sintering parameters [12] Seldom do these events occur at the
same lime during cerarme processing and hence it is dilficult to isolate the effect of a
single factor at 3 time. Some ume a combination of factors yield different properties
than a single facior would Rescarch followed on for increased performance, higher
dielectric constant (k'), smooth dielecine change near Ty, case of manufaciure in bulk

and so forth.



1.4. Scope of this study

The forroelectric and diclectric propertics of metal oxides with the
perovskite siructure are of ulmost importace in the electronic industry.
Among these matcrials Barium ttanate based dielectric materials are very
important for their extensive uses as high diclectric constant capacitor, PTC
resistor, ferroelectric memories and MLCC multilayer ceramic capacitor.
Structure property rclation of BaTiOs; was studicd cxtensively. Process
variables such as sintering temperature, holding time, heating rate and
compaction pressure were varied to observe iheir effect on macrostructure
and properties along side variation of 8r doping level. Un-doped BaTiO;
were also prepared to compare the properties for each camhina’;inn ol
variations. Sintering temperature was varied form 1200°C to 1250°C and
holding time from 2 hours to 4 hours. Strontium doping level was 10 and 26
% male [raction of Ya. Substitution of Strontium in place of Ba in BaTith
theough solid solutions BaTi0; and SrTiOs lowers the Cuire temperaturc,
Effect of different Jevels of subsutution on sintered body density, dielectric
constant and dielectric loss were measured. Bxtent of processing was also
assessed FTIR study was conducted to measure the Ti-O bond sirength.
Microstructures ol sintered ceramics have been analyzed so that structure
property relation can be understood  Ferroclectric domain pattern 15 also
revealed in the present study and some other interesting microstructural
features were studicd. Results were cxplained in the light of finding of

crystal structute through microstructural stody by SEM and DSC study,



2 Literature Review

2.1, Introduction

Ceramic materials that are good electrical insulators are referred to as
dielectric materials  Although thesc materials do not conduct eleciric
curreni when an clectric field is applied, they are not inert to the electric
ficld The field causes a slight shift in the balance of charge within the
matcrial to form a dielectric dipole, thus the source of the term 'dielectric’,
The discovery of ferroslectric Barium Titanate opens the present era of
ceramic diclectric materials. The high diclectric constant was [first
deseribed in the United States in 1942 [13}]  Recognition of BaTiOs as a
new ferroeleciric compound followed, possibly independently, in scveral
countries [14]. Barium titanaic based dielectric materials are extensively
used 1n Positive Temperature Cocfficient (PTC) resistor, ferroelectric
memories and MI.CC multilayer ceramic capacitor. The key property of this
material is ils high dieleciric constant, which is a function of temperature.

frequency ot the applied clectric field and compositon of the matenals.

Propermy of ceramics 15 dictated by ils crystal struclure and so its classification
15 based on symmetry element of crysial. The seven crystal system can be classified
into 32 point group according to symmetry. Symmetry ol a crystal's internal structure
is reflected in symmetry ol its external propentics. The elements of symmetry that ane
utihized by crystallographers to define symmetry about a point in space, for examplc,
the central point of a umt cell. are (1} a point {eenter) of symmetry, {2) axes of
rotation, {3) murror planes, and (4) combinations of these Utihzing these symmemy
clemenis, all erystals can be divided into 32 different classes or point groups, as
shown in Appendix 7.6, These 32-point groups arc subdivisions of seven basic crystal
systems, which are, in order of ascending symmetry, triclimc, monoclinic,
orthorhombic, tctragonal, thombohedral (trigonal), hexagonal, and cubic. Of the 32-
point groups, 11 classes pessess a cenler of symmetry and cannot possess polar
propertics or spontaneous polatization One of (he remaining 2Inoncentrosymmetric
point groups has symmetry elements, which prevent polar characleristics Other 20-
point groups have ene or more polar axes and thus can exhibit various polar effects

such as piezoelectricity, pyroelectneity and ferroelecineity.



1.2 Piezoelectric Ceramics

Piezoclectricity is a property possessed by a selective group of malcrials It
was discovered in 1880 by Picrre and Jacques Curie during their systematic study of
the ¢ffect of pressure on the generation of elecincal charge by crystals such as quarz,
zinc blende, tourmaling, and Rochelle salt; however, the term "mezoclectricity
(pressure elecineity) was first suggested by W. Hankel in 1881, Cady [15] defines
piezoelectricity as "electric polarization produced by mechanical strain crystals
belonging 10 cerain classcs. the polarization being proportional o the sirain and
changing sign with it" I'wo elfocts are manifested in piezoelectneily: the direct
cllect and the converse or invemse cffect. The dircet effect is identificd with the
phenomenon swhereby clectrical charge {polarization) is geactated from a mechanical
stress, whereas the converse effect s associated with the mechanical movement
penerated by the application of an electrical field [t can be scen that a lack of a center
of symmetry is the key factor for the presence of pieroclectricity,. When a
homogrneous stress is Centro symmetric, it cannot produce an unsymmetneal result
(e.g., a veclor quantity such as eleclric polarization) unless the material tacky & center
of symmetry wherchy a net movement of the positive and negative ions with respect
to cach other because of the stress produces an clectric dipole (polanzation). For
piezoclectrcity, this effict is linear and resersible; the sign of the charge produced is

dependent on the dircction,

2.3, Ferroelectric Ceramics

If we again reler (0 Appendix 7.6, we sec that there are 10 crystal classcs. out
of & possible 20, that are desigmaied as pyroelectric. This group of crystals possesscs
the unusual characteristic of being permanently polarized within a given lemperature
range  Unlike the more general piezoclectric classes, which produce a polarization
under stress, the pyroclectrics develop this polarization spontangously and form
permanent dipeles in the structure. This polarization also changes with temperature-

henee the tenn pyroelectricity, Pyroelecmic crystals such as tourmaline and wurtzite

f
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are often called polar materials, referring o the unique polar ax18 cxisting within the
laice. The lengh of the polar axis {(dipole moment) vares wilh temperature,
changing sign as the temperature 18 cither elevaied or lowered. Present-day
pyruclectric devices utilize this effect in such applications as intrusion alarms, thermal
imaging. and geographical mapping.

A subproup of the spontaneously polarized pyroclectrics 15 a special calegory
of matenals known as [orroelectrics Materials in this group are characterized as
crystals that posscss a spontaneous dipole, and this dipole is reversible by an glectric
ficld of some magnitude less than the diclectric hreakdown of the matenial wtself.
Because of the empincal pature of determining the reverability of the dipoles, as
detected in a hysteresis loop measurement, one cannot predict the existence of
ferroelectricity it a new material with much accuracy. We do see, however, that the
basis for the existence of ferroelectricity regts primarily on structural (symmetry) con-
siderations. The mumher of actual feeroelectrics today is known to be in the thousands
when one includes the large number of ceramic solid-solution compositions. and it 1
no longer the great "accident of nature™ that 1t was once thought 1o be. Ferroelectricity
was first discovered in Rochelle salt by Valcack in 1920, Further signilicant
developments in the history of ferroelectric maienals came in the 1940s when
ferroelectricily was discovered in single-crystal and ceramic barium tilanate and in
the 19505 when the ferroelectric lead zircomate titanate ceramic solhd-solution
compositions were developed [12].

Ferroclectric ceramics have a mamber of propertics, which make Lhem very
useful in & variety of applications, These include {1) a high dielectric constant, (2)
high piezoelectric conslants, {3) relatively low diclectric loss, (4) high clectrical
resistivity. (5} moisture nsensitivity, (6) high electromechanical coupling, (7)
medium hardness, (8} fairly high pyroclectric coeflicients: and in some special
compositions, also (9) high optcal tmnsparency and {10) hgh clecirooptic
coefficients. Although these properties do nol always combine to produce an optimum
cffeet in anyone applicauon, one can see that the number of desirable properties
provides the possibility lor many new and wnique apphications. This is parlicularly
bue when one considers the inleractive properlies of (1) clectromechanical
(piczoelectric) behavior rclating mechanical and clectrical properties, and (2)
electrooptic effects relating electrical and optical properties. In addition, these

properlies in ceramics can be continuously modified over specified ranges because
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many ceramic compositions form continuous solid solutiens {solid solubiliry) of one
or more compeounds in sach olher Less obvious, but pethaps cqually importan, i; the
fact that mos! ccramics can be fabricated mle complex shapes and are more
gconomical to produce.

The mast outstanding feare of a ferroelectric ceramic is its hysterems loop. It
describes the nonlinear polanization switching behavior as a [unction of field. The
initial application of an electiic field to a virgin ferroclectric electroded disk produces
very little eflect until the eleetric field becomes sufficiently high o switch the dipoles
in the crysmliites. At this field. the polarization {mcasured as vohage on a large,
known, scties capacilor changes sharply and reaches saturation at higher figlds.
Reducing the ficld to rero leaves the matenial with a net permancnt polarization
known as remanent polarization (Pgl. As the feld is reversed, polanzation is first
reduced to zero and then changes dircction {sign) as the ficld produces saturation
polatization in the opposile direction, thus (racing out a hysteresis loop. The feld al
which the polatization equals zero {changes sign) is known as the coercive ficld £
Poling consists of applying one-quarter of a hysteresis loop, leaving the material in a
remanenily polarized condition at Pg,

Although a large number of femoclectric ceramics are used in piezoelectne
applications today, it should be pointed out thai devices which are strictly dependent
on ihe feroetectric (polanzation switching) properties of ceramics have not found
acceplance in the market place. This has heen due primarily to (1) undesirable latigue
effects resulting from stress (sirain)-induced microeracks developed during switching,
and (2) the lack of a definite electncal switching field (Ec), which can cause loss of
remuanl {memory} polarization states in the matenal over a period of time when
subjected to partial reversing frelds. Undoubtedly, these detractors would need to be

overcome before [ermoclectric-switching devices will be successful.

2.4 Ferroelectric phenomena

2.4.1 Curie point and Phase Transitions

All ferroelectric materials have a transition temperalure called the
Curie point {T¢). At a tempcrature T > T. the crystal does not exhibit
ferroelectricity, below T, it is ferroeleciric. On decreasing the lemperature

through the Curie point, a ferroelectric crystal undergoes a phasc transition
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from a non-ferroeleciric phase to a ferroelectric phase If theee is more than

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

ane ferroclectric phase to another ig called the transition lemperature.
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Figure 2-1 Variation of dielectric constants {a and ¢ axis} with temperaturc

for BaTiO;. [12]
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The phase transition in B3aTi05 is of {irst order, and as a result, there
15 a discontinuity mm the polarization, lattice comstant, and many other
properlies, ag becomes clear in Figure 2-4, It is also clear in the figure that
thete is threc phbase transitions in barium titanate having the following
sequence upon cooling: rhombohedral, arthorhombic, letragonal and cubic.
There 15 a small thermal hystercsis of the transition temperalure, which
depends on many parameters such as the ratc of tempeiature change.
mechanical stresses ot crystal imperfections From a crystal chemical view,
the Ba-C [ramework evokes an interstitial for the central Tid+ ion, which is
larger than the aclual size of the Tid+ ion. As a result, the series of phase

transformations takes place o reduce the Ti cavity size. Certainly, the radii
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involved 1mpact the propensity for forming ferreelectric phases; thus both.
FbTi3; and BaTiQ; have ferroelecine phases, while CaTi(d; and SrTi0; do
not [10]. Early tesearch work on ferroclectrie transitions has  been
summarized by Nettleton [16]. Figure 2.2 shows the variation of the relative
permittivity ¢, with lemperature as a Bali0; erystal 15 cooled from its
paraclectric cubic phase w the frrroelectric tetragonal. orthorhombic, and
rthombohedral phases Near the Curie point or transition (cmperatures,
thermodynamic properties including dicleetrie, elastic, optical. and thermal
constants show an anomalous behavior. This is due to a distortien n the
crystal as the phasc structure changes. The temperature dependence of the
diclectric constant above the Curic point {T = 1) in ferreelectric crystals is

soverned by the Curie-Weiss law.
2.4.2 Crystal structure and phasc transformation

large classes of {erroclectric crystals are made vp of mixed oxides
containing corner-sharing octahedra of 0% ions schematically shown 1in
Figute 2-3. Inside each octahedron is a cation B™ where 'b' varies {rom 3 1o
fi The spaces between the octahedra are occupied by A" jons where 'a’
vaties from 1 to 3. In protolype forms, the geometric centers of the A**, B"
and 0% ions coincide, giving risc to a non-polar lattice. When polarized, the
A and B ions are displaced ftom their gzeometric centers with respeet 1o the
(% jons. to give a net pelarity to the lattice. These displacements occor due
1o the changes in the lattice structute when phase transitions take place as
the temperature is changed. ‘he formation of dipoles by the displacement of
ions will not lead to spontaneovus polarization if a compensation pattern of

dipales are formed which give zero net dipole moment.

Peiovskite is a [amily name of a group of materials and the mincral
name of calcium tilanate {(CaTiO;) having a structure of the type ABD:. A

wide variety of
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Figure 2-3 {a) A cubic ABO; (BaTi(;) perovskite-type unil cell and (b) three
dimensional network of corer shating octahedra of O;- 1ons [ 13].

cations can he incorperaled inlo perovskite structure as long as they obeoy

the relationship:
t= (R4 + Rg)! v2{Ry + Ro)

For an ideal perovskite structure t = 1, and Ry, Rp and Rg the ionic radius of
large cation, small cation and oxygen [17]. The structure takes cubic form
with the t value between 0.95 ta 1 & lower this slightly disloricd cubic but

not ferroelectric while slightly over 1.0 icnds to be ferroelectric [18].

Different phase wransformations and cell dimensions of BaTiQ, arc
illustrated in Figure 2-4. BaTi(; has a paraelectric cubic phase above its
Curte point of about 130°C In the tempetature range of 130°C to 0°C the
fetroelectric tetragonal phase wilh a ¢fa ratio of ~1.01 is stable. The
spunlancous poelarization is along one of the [001] dircclions 1n the original
cubic structure. Between 0"'C and -90°C, the ferroelectric orthorhombic
phase is stable with the polarization zlong one of the [110] directions in the
otiginal cubic structure, On decreasing the (emperature below -90°C the
phasc transition from the orthorhombic o ferroclectric rhombohedial phase

leads to pelarization along ene of the [111] cubic directions,
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Figure 2.4 Different Phases, ransformation and cell dimension of BaTi0,

On cooling from high lemperatures, the permittivily 1nercascs up to
values well above 10,000 at the phasc transition temperature T.. The inverse
susceptibility as well as the dielectric permiltivity follows a Curie-Weiss
law. 'l he appeatance of the spontaneous polarizabion is accompanied with a
spontaneous {tctragonal) lattice distortion. The phase transition in barum
titanate is of first order, and as a resull, there is a discontinuily 1 the
polarization, lailice constant, and many other properties, as becomes cleat

in Figure 2-2.

Many piezoelectric (including ferroelectric} ccramics such as
Banum Titanate {2aTi0,). Lead Titanate (Ph1i0.), Lead Zirconate Titanate
{PZT). Lcad Lanthanum Zircenate Titanate (PLZT), Lcad Magnesium
Niobate (PMN), Potassium Niobate (KNbO;}), Potassium Sodium Niobate
(K.Na, ,NbO1). and Potassium Tantalatc Niobate (K(TaNhi){}) have a

perovikile type structure.
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2.4.3 Ferroeleciric Hystercsis Loop

/ tan o = %} = (X, = 1}eg
- E

-t R

Figure 2-5 A Polanzation vs. Electric Field (P-L)} hysteresis loop [ur a typical
ferroelectric erystal. [19]

The result of spontansous polarization of a ferroclectric at T, is the
appearance ol very high k' and a hysteresis loop for pelarization (Figure 2-
5). The hysteresis loop is due to the presence of crystallographic domains
within which there 15 complete alignment of electric dipole.  The
ferrocleeteic  hysteresis onginates from the exisicnce of irreversible
polarization processes by polarization reversals of a single ferroelecinc
lattice cell. However, the exact intcrplay between this fundamental process,
domain walls, defcets and the overall appearance of the ferroelectric
hysteresis is still not precisely known. The separation of the total
pelarization inlo 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 te store information. For
ferrnelectrics, mainly twe possible mechanisms for irreversible procosses
exist First. latlice defects, which interact with a domain wall and hinder it
from returning 1nto its initial positon. after removing the clectrie field,
which initiated the domain wall motion (“pinning”) Second, the nucleation
and growth of new domains do not disappear after the field is recmoved. In

ferroelectric materials, the maucr is further complicated by defect dipoles
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and free charges that conmtribute to the measurcd pelarization and can

interact with demain walls [28].

Reversible ferroelectrics are the basic requisite of dielectric malenials
lor application such as capacitors. Reversible contributions in ferrocleetrics
are duc to ionic and clectronic displacements and to domain wall motiens
with small amplitude. These mechanisms are very fast. The reorientation of
dipoles andfor defect or free charges also cominbutes to the tolal
polanzation, These mcchanisms are uswally much slower, but they also

might be teycrsible {relaxation).

Remanant polarization and coercive voltage are of critical importance
to the design of external citcuits of Feroeleciric Random Access Memory

(FeRAMS),

2.44 Ferroelectric domain

Ferroelectric  crystals possess regions with uniform polanization called
femroelectnc domains. Within a domain, all the elecine dipoles or the polar axis
transformation occur and spontancous polarization lakes place. The electrical stray
field eneregy causcd by the non-compensaled polarization charges 18 reduced by the
formation of (ermoclectric domains as shown in Figure 2-6. The configuranion of the
domains follows a hcad-to-tail condition 1 order to aveid discontmuilics in the
polanzation at the domain boundary. The polarization may be orientated in any of the
six pseudo cubic <001 directions. Thercfore, the polar was may be alianed
orthogonally (90° domains) and anti-paralle! (180" domans) with respect to each

other (Figure 2-7).
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Fipure 2-6  Reduction of electrical encrgy by domam formatior.
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Figure 2-7 Domain polarization direction changed by pohing

Atomic [otce microscopy [21] and TEM [22] was used lo characterize
domain A very sirong [icld could lead to the reversal of the pelanzation in
the domain, known as domain switching [23]. The relationships between
gich pattern and the domain orientation in BaTiQ; crysial in tetragonal state
had been described by Hooton |24]. Domains can be observed under the
optical microscope and in SEM after the polished sample being eiched with
concentrated HC1 [25]. During ctching processing the positive ends of the
clectric dipoles etch rapidly, furming a rough surface, the negative ends
etech slowly, forming smooth surface and the sides (dipoles parallel to the

surface} elch at an intermediate rate, forming a semi smooth surface.

Ihe buill-up of demain wall. elastic stress fields as well as [ree
charge carriers counteracts the process ol domain formation. In addition, an

influcnee of vacancies, dislocations and dopantls cxils [26].

2.5 Science of BaTi(, Materials

2.5.1 Formation of phascs and Phase Diagram

BaTiQ; formed during reaction above 1200°C through formation
number of intcrmediate phases. Templeton [27] detected the intermediate
sccond phascs BapTiQs, RaTisde and BaTi1,0:.The final conversion to
moncphase BaTiO: determined by decomposition of the intermediate
phases, ie, the diffusional exchange between Ba and Ti rich region in the

powder The calcinalions lemperature and the amount of intcrmediate phases
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critically depend on the morphology and degree of mixing of the raw
material During ball milling this is an important point that needs te be
iaken care of According to Bauger et al [28], during this solid-selid
reaction Ba(y act as the mobile agent. At the contact interface BaO 13
formed which diffuses imto the TiO; forming as inlcrmediate layer of
RBa;Ti0). which slowly reacts with the residual Ti0; to form BaTiO;. Hence,
particle size 15 an important factor cspecially the size of TiO; as it

determines the particle size of Bali()s,,

The phase diagram of Ba0)-1i0;z is shown in Figure 2-8. As per phase
diagram stoichiomeiric BaTiQ; can accommodate little more Tif); with the
compound. Formation of BayT10y4 15 inhibited below 1100°C by the presence
of a2 CO; almosphere. This phase is particularly harmful, since it is
hygroscopic and decomposed with swelling in slightly moist air Incomplete
mixing and reaction will yicld small amounts ef Ba;Tith and Bali;O+ and
other intermediate phases. The same kind of harnful phases may also cccur
when alkaline earth oxides, such as Ca, Sr are uscd in substituted BaTi(ls
[29]. Effect of calcination temperature was studied by Maison ef af [30]
who suggested that at 700"C tetragonal BaTiO; do not form whereas al

1100"C it docs at the expense of particle agglomeration.

Dopant and other addilives are added at this stage of processing. A
great advantage of this method is that dopanls and additives can be
homogensously incorpoiated into the perovskite lattice durning calcination.
The calcining temperature is important as it influences the density and
bence the eleciromechanical properties of the final product. The higher ihe
calcination temperature, the higher the homogencily and density of the final
ceramic product. Many calcination temperatures and time schemes have
been  supgested, Higher temperature and longer time usually  yield
completely reacted powder with coarser particle size posing difficulties
during subscquent milling So. propet calcination at the right lemperature is
necessary to  obtain  the best  electrical, mechanical properties and

minimizing the presence of harmlul phascs
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Figure 2-8  Phase Diagram of BaO - Ti0; system
2.5.2 FEffeet of grain size

Reducing the grain size of (he banum titapate ceramic below about 1 pm
dizmeter has a {latleung cffcet on capacitance versus lemperature, The origin of this
cifect is in the natute of the symmetry transition associated with the 130°C
pormitlvity peak of Bali0s. The microstructure of a large-grained ceramic contains
"6()*" twins formed to relicve the strains generated when the C axis elongates on
passing from the cubic 1o the tetragonal symmeiry, in the strained the highest
permitivity is displays.

The domain boundary plane has have sorface energy propottional to the square of the
grain diameter; the strain energy tespensible for domain formation. a volume ¢Tect,
iz related to the cube of the grain diameter. With decreasing grain size a critical size,
D¢ T reached where it is encrgctically less costly to support an clastie strain than to
relicve by twin formation. The ceramie in which situation exisis will have average
orain sizc of the order of 1 um or less and be untwined; that is each grain will
comprise a single domain and have vne oreatation of spontaneous polarization, be

stressed and tend to be cubic symmetry, The permittivity of ceramic in this condition



SN 19

will be grater than when unstrained, having a reom temperature valug of average
2008, compared with 1400 for large grained, ficely twinned BaTiO) Te ke
advantape of this effect, BaTiOn starting matenial of very fine grain size and
processing that minimizes grain growth are required. Fig 2-2 shows the [erroclectric

transiton of RaTi(; at 120"C for ultra fine particles.
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Figure 2-9  Ferrocleetric behavior of ultra hng particle size BaTi();

When this is compared with the single cryslalline BaTiQ: we can see a matkedly
different hcha';.'im', For single crystalline material, the transition is cxtremely sharp. In
fact, the derivative goes to infimily. In the case of fine parucle, {1 to 2 um) the
transilion is gradual. This indicates that there s relationship berween the size of the
cryatalline strueture and the cquilibrivm position of the titanium ions i the polatize
state. [ uliea fine powder (0.2 pm), there exists little or no oricntational relationship.
Iike wise, (he increase in dielectric constant is much less for ulira fine particles. This
again shows the interrelationship of Lhe microstructure and the fermoclectric domains
The doman orientation of the ulta fing powder is random. This 1andomization

tends to broaden the ferroelectric trsnsition.

Figure 2-1¢ shows the wvariation of dielectric constant with
temperature for BaTiO: ceramics with a fine {(=1pm) and coarsc (>50pm)
arain size. Large grained BaTi0, (»1um) shows an extremcly high dielectric
constant at the Curie point. This is because of the [urmation of multiple

demains in a single prain, the mation of whaose walls increases the dielectric
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constant at the Curie point. For a BaTi0: ceramic with fine grains (<1 pn;], a
single domain forms inside each grain. The movement of domain walls are
restricted by the grain boundaries, thus leading to a low dielecine constant
at the Cutie point as compared 10 coarse grained BaTiO; f31]. The reom
temperature  dielectric constant k' of coarse grained (=50um) BaTiG;
ceramics is found to be in the runge of 1500-2000, On the other hand. fine
grained (~1pm} BaTiQO; ceramics exhibit a toom temperalure dielectric
conslant between 3500-6000 The grain size effect on the dielectric constant
at room temperature has been explained by the work of Arlt et al [22] and
Buessem el. al. [32] coworkers proposed that the internal stresscs in fine
arained BaTi0, must be much greater than the coarse grained ceramic, thus
lcading to a highcr permittivily at room temperaturc, Arlt studied the
domain structures in BT ceramics and showed that the room temperature &°
reached a peak value at a critical grain size of ~0 7pm. He concluded that

the enhanced dielectric constant was due to the increased 90" domain wall

density.
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Figure 2-10 Grain siz¢ cffect of bulk ceramie

{a} lne grain (b) course grain

The mobility of the %0* domain walls in very fine grained BT 18 hindered
and only less than 25 % of the k' was achieved. As the BT ceramics have a

very larpe room temperature dielectric constant, they arc mainly used
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multilayer capacitor applications The grain size control is very important

for these applications

Frey etal [33] reported he results ol an investigalion info the grain-size
dependence of lattice structure for barium titanate {B3aTi0s) ceramics prepared by a
sol-gel method. Raman and infrared spectroscopy, x-ray diffraction, and.
differential scanning calorimetry were used in combination with  eleciron
microscopy (Figwe 2-11} to siwdy the evolution of lattice structure and phase
transfonmation behavior with heal treatment and grain grewith from the nano scale
tn the micron scale [or BaTi(); polverystals Raman spectroscopy and oplical
sccond-harmonic geacration measutemenls indicated the onset of local mom-
lemperamre acentric crysial symmerry with heat treatment and crystallite growth,
well before the observation of any tetragonal structure by x-ray diffraction. Analysis
of the room temperature Raman spectra for ultrafine grain (grain size < 0.1um)
polycrystals suggested that a locally onhorhombic structure preceded the globally
tetragonal form with grain growth. In support of this observation, differential
scanming calorimetry suggested the orthorhombic-teiragonal phase transfonnation
shifls up through room temperature with decreasing grmn #ize. Hot-slage
tramsTission electron microscopy siudies  (Figwre-2-12) revealed that fine grain '
(grain size = 0.1j1m) ceramics, which showed a thermal anomaly associated with
the cubic-tetragonal phase transformation. were un bxinned al room temperanre, as
well as on eyeling through the normal Cune temperature, suggesting a single-

dumain state for individual prains

Yrr

C A A e R R

Figure 2-11 SEM photograph illustration the grain crowth with mercasing heat
treatment temperature [or sinlered for xerogel picces (a) 800°C  (b) 1000°C (C}
1200°C
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Figure 2.12 TEM photopraph illustrating the development of a pely

domain subgrain structure for BaTiO; of grain size 1pm.

Arlt et. el [22] reported that at grain size <iOgm (he width of the
ferroclectric 90° domains decreases proportionally to the square root of the
grain diameter, The decreasing width of the domain can be theoretically
explained by the equilibrium of elastic ficld energy and domain wall energy.
The smaller the grain, the more the diclectric and elastic constants are
dctermined by the contribution of 90° domain walls. The permittivity below
the Curie point shows a pronounced maximum e, <5000 at grain sizes 0.8-
lgm At grain sizes less than<0.7gm the permittivity strongly decreases and

the lattice gradually changes from tetragonal to pseudocubic.
2.5.3 Effect of electric flield

The magnitade of the applied filed E has & large effect on the switching of domains
and alse on |he temperature of lhe onset of electricity, Te as shown in Figure 2.13,
step A-13 desipgnate the switching transition, that is reversing domain orienlalion, due
(0 changing at a constant temperature. Step C-1J is a transition to the non-ferroclectric
state, which 18 dug to thermal disordering of the dipole in the domains. Step A-H s a
Lransition from ferroelectric to non-ferroelectric state under a field bias. As indicated,

the transition temperatute is higher. Siep -G is double loop switching Ths ficld
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effect 1 polarization switching is shown in Figure 2.14. When the bias docs not |
exceed 6kVicm [34], the bias cause finite polarization even al temperarnure above T, , a

linear dielectric tesponse of the material results. When the bias is sulfciently large the

sponlansous polarization Py and the dielectnic polatization merge and T,

meaning (Figure 2-13}

lozes
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Figure 2-13  Ferrocleetric transitions
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Figure 2-15 Effcet of hias on T

2,54 Domain strocture effect
Many of the propertics of ferraelectnic ceramics such as digleciric constant. aging,

dielecttic loss, etc., are telated to the  motion of domain boundaries. Tt is therefore of
great importance o0 he able (o cxamine and accurately interpret ferroelectne domain
stroctwes. [he domain structure of BaTi0; is of particular interest because of 1s
gxtensive application 1n electronic applicaton, Between 1460°C and 130°C BaTiO;
adopls a cubic perovskite structure and is paracleelric. On cooling below 130°C, it
undergoes phase transition accompanied by an elongation along one cubic axis {c
axis), and a coniraction along the other iwo {a} axes. The result is a tetragonal umt cell
with cfa ratio of .101 The tetragonal phase is ferroelectric, and the direction
spantaneous polarization being parallel to the clongated © axis. The phase is stable
down to 5°C, where mansformations to an orthorhombie struchire take place. The
knowledge of lerroelectric domains in tetragonal BaTi(, [35] can be summarized as
firllowrs:

{1} In an individual domain, the direction polarization occurs along ¢ axis and
parallel to any onc of the three original [100] cube axes.

(i}  There are two types of domain houndary, 90° and 180, The angles refer to
the angle between the domain polanization vectors on either side of the
boundary

{(it]  90° boundary walls lie on {110} plancs and tend to be straight. The energy
of 180" boundary walls, howcver is less sensitive to crystablographic

orientation; thus 180° boundarnies are vsually “wavy.
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Figure 2-16  Domain padem of fing grained {left) and coarsc prained (right} BaT:O;
ceramic

(i¥) The polarization vectors adopt a head to tail amangement across a 90°

boundary in order 10 minimize the charge st the domain wall.

In polycrystaliine bulk ceramics the pattern of domains is quite
different because the demain structure of cach grain is formed under elastic
¢lamped conditions by its surrounding neighbors, whereas a single crystal is
free [9]. It should be noted that only non-180° domains, 1 e 90° domains
(for tetragomal structures}) or 71 and 109 domains (for thombohedral

structures), have the potential to reduce elastic energy

There exist two 1ypes of domain in cearse-grained Ra'liQ;, called
herringbone and square net pattern The first onc 1s by far the most common
1in unpoled ceramics. As shown in Figurc 2-16, by decreasing the grain size

the domain pattern changes from a banded to a laminar structure [36].

2,55 Doping and compositional efteet

The temperature dependence of T, and %' can be modificd by forming solid
solutions over a wide range of compositions. For example, Ph2+, Srt, Ca2+, Cd2+
can be substituted [or Ba2+ in the titanate lathce. Also, Sré+. Hft, Zrd+, Ced+, Thd+
can be substituted for Tid+ The zirconates (XZr(s), niobates (XNbOs}, tantalates
{XTa0;:). tungstates (XWO;) and molybdates (XMO;) also form ferroelectrics (7] 1t
15 teported that substitution of $r2+ for Ba2+ lowers the Curic point.  Substitution
Ph2+ for Bu2+ increases T to a maxunum of 490°C, The effect is due to the lower

M-} bonding for b < Ba < Sr that offers less resistance to the mouon of the Ti ions
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in their six fold oxygen coordination [eld. Gffect of doping on the tansition
temperaiure is shown in the Figure 2-17.

The strain cnergy introduced by clecho-strictive cifects on cooling (htough and
below the T when some domains change their onenlation in relation to others causes
time dependence for the dielectric constant known as aging 7] The rate of change
mmereases as the imitial value of &' incrcases. Both composition and heat trealment
affect aging and &° In a polyerystalline ceramic, domain recriclation is affected by
grain size. impurities, and pores, which prevent demain movement due to stresses,

imposaed by sunounding graims.

Tarowghes, '

Figure 2-17  The ctfect of doping on the transition temperatures of BaTi0; ceramic

2.5.6Imaging of Microstructure with SEM

fn c¢haracterizing a  ceramie. whether it is a single erystal,
polverystalline, or a glass, there arc certain types of information that we arc
interested in obtaining and the most information is micrestructore, In
addition, to abserve microstructive of ceramies as well as other matcrials,
Scanning etectron Microscope (SEM) is a very uscful tool, The basic layout
of the SEM is shown in Figure 2,18, The SEM can have two imaging

detectors, one for secondary electrons {SEs) and one for higher-cnergy
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hackscallcred electrons (BSEs). The SEM typically has a resolution 1in SE
mode of 0.7 nm {at 23 kV} and 2.5 nm in BSE mode at 3 kY. In addition 10
the excellent apatial resolution, the other preat advantage of the STIM is that
it has a much greater depth of {i ¢ld than the VLM (the depth of field 1s
several millimeters). S0 the imagcs appear more throe dimensiomal The
physical reasom for this is that the clectron beam is very narrow. SEs are
low-energy electrons so they are very sensitive to surface topology. Figure
2.19 shows an example of an 8k image 1illustrating the excellent depth of
field. BSEs are higher-energy clectrons and are scmsitive to the atomic
number of the scattering atom. Hence the intenmty of the BSE signal
depends on a combination of the average atomic munber and density of the
ceramic. As the kilovolts are reduced. the scattering volume hecomcs more
loculized close to the surface of the sample. (The BSE clectrons peneirale
further into the sample and have [urthet to come out after being scattered.)
Hence, the BSE image can give excellent mass discrimination even at low

vollages, In
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FIGURE 2.1% Schematic of an SEM showing examples of

pressures used.
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Figure 2.20 the three regions correspond to three different layers in a
reaction couple. The MgO subsirate is darkest, the In203 1s lightest. and the
spinel. MgIn204, is inermediale. The wvery bnght regions are It
nanoparticles. Charging in the SEM is uswvally avoided by coating the
specimen {e.g., with a l-nm layer of Pt). Working at lower accclerating
voltages can also reduce charging cileets, but then the resolution s
compromised; eleciron lenses work betier at higher reselutions. In low-
voltage STM imaging, you are trying to balance the electrons emitted as the
specimen 1s irradiated with the charge building up on the specimen. Another
way to avoid applying a conductive coating is to usc an cnvironmental or

low-vacuum SEM.

Then, the gas in the chamber essentally grounds the charging of the

SPeCImetl.

FIGURE 2.19 SE 1magc showing steps on an alumina surface.
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spinel

subsirate

FIGURE 2.20 B5SE image showing dillcrent contrast from different

materials in an MgO/In203 reaction couplc.

Environmental SEMs allow operation at pressures of several torr
{0.1-20 torr) in the sample chamber and al lemperatures ~1000°C. In
addition to being able to examine insulators it is also possible to follow

dynamic processes such as drying of cement and crystallization.

2.6 Dielectric Properties

Ceramics are mostly covalently bonded material hence electrically
nen-condvetive or insulator, Importance of particular property depends on
the application demand. For instance, dielectric strength 18 an important
parameter for application of ceramic as insulators used in power
transmission line, load bearing general insulators, in house hold appliances,
cic. In this kind ol applications where frequency do not exceed 1 kHz, the
breakdown strength, measured in kVicm, together wilth mcchanical strength
atc prime important [actors. The dielectric constant (k') or loss factor (k )
docs not matter much. On the other hand, for capacitor and electromics
applications just the opposite required. The values of k™ and k™ are of prime
importance, not only their room temperature valoes but also as function of
temperature and frequency These are intrinsic propertics of material,

especially of polycrystalling ceramic. can be medified by dopmg, micro
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structural variation, etc. BaTi04 is used extensively as a principal 1ngrcdicr;t
for multi layer c¢cramic capacitor {(MLCC) manufaciured commercially in
billions. In the following sections basic concept and [lactors governing
diclectric constant, dielectric loss 18 discussed. Materials are treated as

polyerystalline and lincar diglectric.

2.6.1 Dieleetric constant
The overall Diglectric constant (k) of an insulator material 15 given

by the relation:
D=g =g x'E - --- 11}

D reprocsents the electric displacement, E the electrie field in the
diclectric, k' the dielectric conslanl and €, permitlivity of vacuum The
clectric displacement describes the extent to which the clectric field has
been altered by the presence of the diclectric material. The dielectric
constant k 15 an intrinsic property of a matenal and a measure of the ability
of the material to store cleetric charge relative to vacuum. [t is measured
indirectly [rom 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 2-21, the dielectnie constant k', total charge Q

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

D Qid

l: — e _—— 2
g & e Vid 2

, A,
Lhercfore, Q:a'ux'-{;} =CV e ee 13
Where, O = gdﬁ"g —— o 141

A

(£ =,— - - 5
=i (53

O &
and == —- - 6
cl’-‘ i { }

Herc, A tepresents the arca of the capacilive ¢ell, d its thickn¢ss {or
gap between the elecirodes), Co and C the respective capacitance of the
capacitor with air and material, V the veltage across the c¢ll and € the

material permittivity (F/m}. Thus, k' represents the ratio of the permittivity
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or charge storage capacity 1elative to air or vacuum as dielectne. It i5 clear
from eq. {3} 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 wilth the material scientist to increase the capacitance per unit volume

valte of capacitor for modern electromcs applications.

R
‘/I.n: |
+ &- — I \Jc Y |
@@Zﬂ GD Cl_ {b) :
i |

La)

Figute 2-21  kouivalent circuit diagrams o) Capacitive cell, by Charging and loss |
curtent ¢ loss tangent

2.6.2 DMelectric Loss

An ideal diclectric would allow no flow of clectranic charge. only a
displacement of charge via polarization. If a plate of such ideal matenal
were placed hetween the capacitive cell shown in Figure 2-21(a} and a de
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 field were applied In this case the eq. {4} may be

written as:

Q=Cv,e™ S L) f

Therefare,

! =Z—Q=Iftﬂ'lf=fﬂﬂﬁﬁnﬁf.p .- 1a1
1]



32

here, f represent the current flow on discharge of (he capacitor in
time 1. For real dielectinie material, the current F has two vector compongats,
teal fy and 1maginary f-. The condition of a lossy (not so good) dielecine
illustrated 1 Figure 2-21{c) as an equivalent circuit analogous of a
resistance in parallel with the capacitor. The current f¢ rcpresents a [wall
less) capacitive current proportional to the charge stored in the capacitor. Il
is frequency dependent and leads the voltage by 90°. On the other hand, the
current fp is ac conduction current in phase with the voltage ¥, which
represents the coergy loss or power dissipated in the dielectric. The
resultant angle belween the current and the voltage 15 ¢ somewhat less than
o0%. ldeal diclectric under this circumstance would not absorh any power
and the capacilor would have zero loss. The current would lead the vollage
exactly 90" The current in 1eal capacitor lags slightly behind what it would
be in an ideal capacitor. The angle of lag is defined as & and the amount of

lag becomes tan § ot loss langent
L[q. 19} can be wnittcn for real and imaginary part,

I=1.+1, A 1Y

=l g, 'V + el o k"V .- 11}

By definition, tan & =\I—” =— --- _— 112}

'

Dielectric loss often attributed to jon migration, 1on  vibration &
deformation and electronic polanzation. Ton migration 1s particularly
important and strongly affected by temperature and frequency. The losses
due to ion migration increase at low frequency and (he temperature

increases,

2.6.3 Mechanism of Polarization
In gencral, there are five diffcrent mechanisms of polarization which

can conlribute to the dielectric response.

« Electronic polarizauon exists in all dielectrics or al! solids up to
optical frequencies ~ 10'%Hz [Buchanan].lt is based on the displacement of

the negalively charged electron shell againsi the pesitively charged core
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'he electronic polarizability . is approximately proportional 1o the volume
of the clectron shell, Thus, in gencral o is temperature-independent, and

large atoms have a large elecironic pelarizability.

« lomic polarization is observed 1n ionic erystals and occurs up (o the
infrarcd region 10'"-10"Hz. It describes displacement of the positive and

negative sublattices under an applicd efectnic ficld,

+ Qrieniation polanzation is both frequency dependent and
temperature depcndent, since 1t represents dipole orientation and ion jump

pelatization,

+ Space charge polarization could exist in diclectric matenals which
show spatial inhomogencities of charge carrier densilics. Space charge
polarization cffects are not only of importance in semiconductor field-effect
devices, thev also occur in ceramics with electrically conducting grains and

insulating grain houndarics (so-called Maxwell-Wagner polarization).

» Domain wall polarizalion plays a decisive role in ferroclectric
materials and contributes to the overall dielectric response. The metion of 2
domain wall that separates regions of different oriented polarization takes
place by the fact thal favored oriented domains with respect to the applied

field tends to grow,

2.6.4 NMaterials Aspect

[ntrinsic properties such as k'and k'~ can be explained in terms of
chemical composition and structure, Material behavior in a dielectrie field
15 a direct tesult of three vector quantities a} dielectric displacement D, D)

electric field B, and ¢) polarization P:
D=gx'E=¢ E+P I — £131
Allcct of dielectric in capacitor illustraied in Figure 2-22. The contributton

of vacuum is the term &,& and is the elecirical polarization contribution of

the dielectric,

Theiefore, P=r (x-1)E=¢g,yF — 1y
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It is clear from eq. {1} and {14} polarization is the key factor
altribulimg 1o the dielectric property of material. For ceramic material,

pelarization can be further

U= gk s

Figure 2-22 Tarallel plate capacilor: a) without dielectric b) with dielectric E constant
¢ with diglestric with D constant

deseribed in terms of a volume charge density related to the concentration

of dipole per unit volume N and the local field B’ in the dielectric

P = ahE' — == {15}
and £'="’:2£ {16}

where, @ represents the polarizability, arising from different polarization

mechanism of the maicrial: =g, +a, +a, e, --- -—

1173
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Figure 2-23Frequency dispersion behavior of dielectne material as function of
frequency

representing  the  susceptibility  associated  with elecirome, lonic,
orientational and space charge polarization, respcctively.  For cubic
structures and for induced dipoles (iomic and electromic pelarization), the
caleulation toveals a relation hetween the atomic polarizahility o, and the
macroscopic permittivity ¢ = eqg, which is referred o the Clausius-Mossotti

cquation [14].

£, +2Na
f=t -—- 118}
£ -Na
fn Figure 2-23, the frequency dependence of k' and associated
polarization mechanism arc illustrated. Affect of different polarization

mechanism to the overall dielectric conslant is related to the composition,



o

36
frequency and temperature of the dielectric material, In general, o
increascs with ion concenlration, ion size and ion polarizability, hence 10ns
tike Ba*", Pb*", La'® are used m order to achieve a igher dielectric constant
and refractive index. In iomic solids {such as MgO, Al:O;) o is the
predominant polarization mechanism, where ion size and scparation have
the signilicant effect. For ceramic materials wilh mobile ion, the
orientational polarization can be a factor. This can be attributed 10 ion jump

polarization &, where

I 2
P and £ :ﬂ

= ,
vO3T : 3T

p = ezd, represents the dipole moment associated with the jump of
an jon of charge ez through a distance &. The relaxation time 7 and the

number of successful ion jumps per second are given 1in Arhenius form:
LikT —ptl
-~ De

r=r and n=#

w

wem e 120}

here. g is the activation encrgy, X Boltzman constant and T absoluic
temperature. In other word, for ceramic 7 decreases with temperature, the
telaxation move to higher temperalure with increasing Ircquency and #
incrcases with the temperatore. Hence it is normally obsarved k7 Lo increase
with the tempcrature at a given frequency and al a given temperature k'

decreases as frequency increased
2.7 Science of Barium-Strontium Titanate Matcerials
2.7.1 Formation of Solid solution

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

This was first perceived in BaTi0-SrTi0; solid selution (Figure 2-24 ).
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Figure 2-24 Eflfect of solid solution on dielectric comstant  versus

temperalure characteristic [7]

Ceramic based on BaTi0;-8rTi0); solid solutions are frequently used o manutacmore
cerammic capacitors and themmistors, Mixed titanales are alse considered for other
applications such as dclay lines, slow wave structurcs. optical modulators, ete.
(Ba,5)Ti)y solid solution ccramics are usnally made by shaping and firing ceramic
bodics from mixmres of BaTiQ; and StTiCy powders, 12 Kolar et al [38] investigated
in deln’i the Mechanism of {Ba,Sr} 170 solid solution formation. During sintering, a
solid solution is formed which tesults in a shilt of the Curie temperature and changes
in other properties. Bali0y and SrTi0: crystaliize in the same perovskite slructure.
Both compounds form a complete scries of solid selutions [39]. The lathice parameter
of the perovskite cell decreases monolonieally from pure Ba'liCy to pure 5rT10;. The
system shows a mimimum in melting temperahire at 1585°C and 2.5 mol%s SrTid;. In
view of lhe similaricy of crystal structures and ionic sizes, (RBa,Sr)Ti0; solid solutions
were expected to form by the simple interdilTusion of Ba2+ and 5S¢+ ions in a
relatively rigid Ti-O latwce. It was confirmed by the present authors using X-ray
microprobe analysis that Ba2+ jons diffusc faster into the SrliQ; lattice than Se2+
jons mto the BaTiO3 lattice. This conclusion was based on the shift of SrTi0; X-ray
dilTraction lines

On the Ba-nich side of the system B3a0-BaTiC;, only one compound, Ba; TiQy {(barum
onhotitanate}, with a high melling point (higher than 1860°C) is known. This

compound forms an an extensive solid solunon  with Sr;TiOs which end at a



R}
composition with a Ba2+ :5r2+ ratio of about 1:3. On the 51O rich side of the
system Sr)-5rT10;. Thers exist several polytitanates such as S1:T1:0- and 56 T1:00
. All of them may take some Ba 111 10 solid sclution.

(1) Mechanism of selid solubon formation in the system Ba'ti0;-8rTi();

M-amalysis of sintered BaliQ; 1:1 powder mixture confirmed Namura's observation,
ie. a shill of SrTih reflections towards the lagher d valugs at the same time, BaTi(s
reflections intensilty. However, some additional very faint diffraction limes also
appeared afler firing al 7= 1300°C to 1400°C. Afler a 30-h anncal at 1400°C,
BaTiy was reduced to only a trace gquantity and the position of (Ba,St)Ti0;
dilfraction  lines revealed the composition Bag:Srs1i0h,  indwcating  that
homogenization was practically complete. The faint addilional lincs disappeared |he
faint diffeaction lines wers found 1o comespond to Bag 1,704 and (Ba, St TiOy solid
solutions, which are thns formed as mtermediate compounds in (Ba,Sr)Ti0s
formation from mixtures of BaTiO; and $r1i0s powders. X-ray microprobe analysis
of the neck formed during sintering of a polycrystalline BaTiOs spherc to a polished
SITiO; plate at 1300°C shows Lhat Ba jon diffused along the surface of StTiOs) and
mte 1ts bulk. To mainmin the electrcal nculrality, it is assumed that 02- 1ons
accompany the diffusion of Ba2+ ions or that oxygen is transported via the vapor
phase. Penctration of Sr ions into the BaTi(h) sphere was much slower (Figure 2-23).
It may be further observed that the neck area became rich m Glanim. Quantitative
analysis of this area revealed a BaOQ: Ti0Q; ratio of approximately 1:2.5. The analysis
of a hot-pressed {1200%C, 5 h) BaTi0;-5¢Ti(; region. Next to the Ba paly titanate
layer, which is formed on the BaTiO; side, there is a layer nich in Sr and containing
zome Ba The Ti concentration level is stightly lower than m StTi0; (Figure 2-26).
Caretul examination of this layer under an optical microscope showed a small amount

of apparcntly solidified liquid phase.
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Figurc 2-25 Llection beam microanalysis of Rali(¥; sphere ~5rTiQ; plate
neck area (1300, 12h)

The composition of the Ti-rich compound {poly LiMHatc;} formed on the BaTi(Q; side
of the contact area and the alkahine carth-rich compound (orihotianatc} formed on the
surface of SITiO; grains and in the contact area depends on temperature and the phasc
relations in the temary system BaO-Sr)-Ti(;. On the basis of the experimental
evidence and the phasc equilibrium data discussed in the introduction, the first step of
(Ba,3t)T: formation is:

BaTi0:+ SeTilh BaTi,0=,4 + (Ba,5rY; TiO:(ss) (1)

where ss=solid solution and x=2.5 in barium poly titanate depends on the temperature
and the diffusion tate of Ba2+ iong inte $rTi0s Om the basis of the composition
indicated by X -ray microanalysis, the probable compounds are BagTiit)e and
BaTi:0s However, on the basis of the faint diflraction lines which appeared in the
powdered specimen alier firing, it is concluded thai the compound is BagTii7Oa0. Poly
titanate forms a low-tcmperatore (1320°C) eutectic liquid with BaTiO: ‘The
consequent Bali0:-5rTh0; solid solution formation abeve 1300°C 15 assisted by
salution and precipitation. Accerdingly, the mechamsm of consequent Ba'Fi0+-SrTi0),

salid selution formation may be described as:
(BaTiO:-Bali02x+1 Mhe) + (Ba,Sth TiCfss }-+(Ba,S)TiDy(ss) .......oov oo . (2)
Dissolution of (Fa,S1) Ti0«(ss} in a reactive {BaTils-BaTix02x+1) cotectic creates a

ternary system with a still lower eutectic lempcrature,
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Figurc 2-26 [lectron beam microanalysis of hol pressed (1200,5h) BaTiO:—SrTi0;

dilfusion couple,

Figure 2-27 Scanming electron micrograph of neck formed during sintering { 1300°C,

24 11} berween polycrystalline BaT10; and StTiO; spheres)

[DifTerential (hermal analysis of mixtures of BasTiye(hy and BaSt1Ti0y (s8) showed an
endothermic clfeet, indicating meling at 1280°C A funther indication that {Ba,
SrTiNi(ss) cryslallizes from the mell 1s given by Figure 2-27, which shows the neck
grown hetween polycrystalling BaTi0; and 5rTi0O; spheres during sintering at 1300°C
for 24 h. The polygonal large grains of the neck seem typical for melt-grown crystals.
Similar large prains formed in the contacts bebween BaTiO; spheres and SrTi0;

plates, as shown on Figure 2-28(A). On the contrary, such large grains never furmed
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in contacts between the spheres and plates of the same chemical compeosttion, as

shown on Figure 2-28(RB).

Figure 2-28 Micrograph ol polishcd neek  arca bemween (A} BaTiO;
ppheresfSr 0;plate and {B3)BaTli(h sph&tefBaTiO;plale{l3[}(}':'(:, 12h}

In an article of Igor Lubomirsky et.al [43] showed that due to the graded
composition the ceramic docsn’t show a sharp change in dielectric constant near the
relaxation frequency. Instead they observed pradual decrease in dislectric constant
with [requency wilh the loss langent remain practically unchanged (below (0 (32
everywhere within the frequency range 0.0003-3 GHz). The investigators synthesized
high purity (Ba,Sry110;  and SrTi0s powder with a averape grain size 0 2um by
solgel method. BaTiO: and StT10; wene thoroughly mixed in a molar ratio of 41
They were then pressed in to disks of 6.3mm diameter. Pure Ba'li{}; powder was also
pressed in (o disks by the same method. The length of time and temperamre of
sinlening wore adjusted in the range of 0.5-4h at 1300-1400°C 20 that different degree
of Ba lNf):*8r 105 interdiffusion could be obtained. The experimental findmg by Lhe
ahove researcher were as follows

(i) The partial interdiffusion of Bali(Q; and SrTi0s: powder forms a ceramic
miaterial with intragrain concentration gradient.

{(iy  Graded composition ceramic cxhibit a very broad dielectric relaxation region
with almast (lat Cole-Cole diagram.

(iii)  An wuwnusually Mat Cole-Cole dagram appcars when an intra  grain

composition gradient is present The diagram approaches arc-like shape when
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the intra grain composition gradicnt declines. The ¢7—¢ dependence follows
the debyve semicircle when the intragrain composition vanishes completely

Fermo clectric thin film is currently being  considered for variety of electronic
application. Some of Us application akes advantage of the voliage dependence of
dielectric constant. This {cature can be vsed o produce voltage mnahle microwave
devices such as resonater, filters and phase shifict. For this application it is desirable
to produce thin tilms which have maximum tenability {change m capacitance under
applied dec bias.) with minimum loss factor. Since the tenability of a ferroelecine 15
maximum near the Curie point. HN Al Sharcef ct.al [44] found that high temperature
post deposition anncaling of both sputiered SrTi0, and Sol-gel denved BaTi0; hlms

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 final sintering. Every step in the process chain has its own
influence on the sucecssive step and the final product Many methods are
uged to syntheses BaTid)s a) conventional nuxed oxide. b) sol-gel, ¢)
chemical precipilation, d) hydrothermal and €) combustion reaction. Choice
of route depends on the application. Nano-powdcers are prepared using the
glectrophorectic (EPD) method for making films. Even thin [lm was
prepared from bulk single crystal using ion slicing method [45]. Ulira finc
(aTig): powder obtained by combuslion rcaction are used to make bulk
material was described as relatively efficient method [46]. By far the [irst
method is widely in the indusirial application as well as at laboratorigs
Ilowever, powder obtained in other routes is supcrior in terms of
homogeneity and fineness. This method also known as sohd-state method

was used to prepare sample in this study.

In the following scction, important steps of processing route are
discussed briefly with their influence on diclcetric property of BaTiO;
ceramics. The raw materials are BaC(d, TiD2 and SrCO. Almosl samc
procedures arc followed in the solid solution of Ba'li(; and 5r1i0.. In the
solid solution reaction process mixing 15 completed by ball milling. Solid

statc reaction is completed during the sintenng process.

-
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2.8.1 Ball Milling

The weighted powders are mixed mechantcally by either ball milling

Cylindrical conlminer

with inteqgral Grinding madia
bottom and tomblmg as
ramovable 1d mufl 1arng

VWear-resistant

Sluiry contaiming
rbl nlng

SLUpENE o of
particies
Daeng Slzed

Fubbmr sosted rollera
connisted by 8 ball and pulley
to a drve metar

Figure 2-29  Schemalic of a Ball Mill

or atirition milling, Milling is carried out to reduce the particle size of the
powders (o the sub-micron range for the solid phase reactions to occur by
atomic diffusion. I'he schemaltic of a ball mill was iliustrated in Figore 2-38.
Size and distribution of the ball is ap import factor detennining the product
quality Thumb rule is, smaller the size of balls fincr the particle but it take
longer time to break doewn big particles, hence use mix of different size
balls. Motion of ball is controlled by the tolation spoeed of the mill. At
higher speed balls cling at the inner side of the mill duc to contrifugal force,
too low speed would set the balls almost sialionary at the bottom. In both
case insuflicienl [Mclhion belween balls and particle would not break down
the particle. Optimum speed is achieved when balls are 1 circular moiion
and roll back 1o bottom from about three quarter way to the top as shown in
Figure 2-29,

Media is another important consideration fot two reasens. [t must not
react with the ball, the container, or the powder. Secondly, must avoid
decrease of colloidal stability For instance, mulhing of BaTi0O; 1n water

media sel of tnbochemical reaction. The reaction forms strongly alkaline
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Ba(QOH); which upset the pH balance, decreasing the colloidal stability of
the suspension |47). Either non-polar liquid such as acetene, alcchol, is
used or polyelectrolyte stabilizers are nsed with waler. Usually the same set
up is used for milling (he caleined powder. Finer particle can lower the
sinteripg temperature and Anng time significantly. Extent of ball milling is
usually assessed by particle sizc analysis. If very fine initial raw materials
is used 1n the case of solid solution then ball milling is used for mixing fine

powder homogeneously

2.8.2 Shaping and drving

Aflter calcining, the lumps arc ground by milling as described
previously, The milled powder ready for further processing is commonly
referred at ‘green’ body, The green bodies should have a certain minimum
density before they can be sinlered. Common practice is (o achicve 60% of
the theorctical density during shaping and pre-sintered state. The desired
shape and a minimum green density can be provided by various techniques
including powder compaction, ship-casting, extrnsion, doctor blading,
dipping, etec. ot pressing (bulh axial and isostatic}), although cxpoensive
method, is becoming popular for better qualily ceramic material wsed in
high end application. The choice of the method depends en the type of
powder used, particle size distribution, and state of agglomeration, desired
shape, and thickness of the part. Jivdraulic or mechanical presses are used
to press powder 1n to desiied shape al the pressure of ~100 to 300MPa.
Owing Lo the nature of this process, only simple and symmetric shape can be
prepared. No sintcring aid or liquid is added to the powder fer solid phase
sintering route. Hence, strength of the green powder compact is achieved

through addition of a suilable binder such as PV A, glycol phthalate, eic.

After shaping, the green bodics are heated very slowly to between
400-600°C in order to remeve any binder present. Tnitial heating rtale (o
burnout the binder is about ~1-2°C/min in order to allow the gases lo come
oul slowly without forming cracks and blisters in the ceramic part. Aflter the
binder burnout is over, the samples are taken (o a higher temperature for

sinlening (o take place.
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2.8.3 Simtering
In this step, powder 50 prepared finally transforms to usable ceramic
body, In ceramic industries this step is also known as firing. BaTiQ;
matutes in the 1350°C to 1450°C range [22]. This is the most important
processing slep 1n making of ceramic material. All propertics ef ceramic
depends on the sintered body which is the direct result of ihe sintering
paramcter such sintering lempcratare, hold time, atmosphere, thermal
profile. etc. There are many sintering methods wvsed but this discussion

would be limited to solid phasc method.

Because of the high melting peint of the raw matenals, the
fabrication of ceramics commonly includes a heat treatment siep n which a
powdcr, already formed into a required shape, is converted into a dense
solid. This step 13 referred to sintering (or firing). In general, a ceramist,
wishing to produce a material with particular properties, must idenlly the
requircd microstructure and then desmign processing conditions that will
produce this required microstructure. The objecuve of sintering studies is
therefore commonly to wvnderstand how the processing variables such as
lemperature, particle size, applied pressure, particle packing, composition and
sintering aimosphere influcnce the microstructure thal 1s produced. Scveral
texts have been published in recent years that provide a detailed treatment
of th¢ ihecory, principles, and practice of sinicring [48]. In the present
article, we outline the basic principle of sintering and how they are applied

practically to the productuon of ceramics with controlled mictostructures

12.8.3.1 DRIVING FORCES

It is generally accepted that the reduction in the surface free energy of a sin-
tering compact, due to the elimination of internal surface arca associated with the
pores, provides the doving florce for sintering. When compared to other
processes {(e.a. chemical reactions), the decrcase in the surface free energy
during siniering is rather smal? (~108)/mol for particles with an initial diameter
of 1jtm}) but the distance that has 1o be transported by matter is alse smatl (of the

order of the particle size) So sintering occurs at a reasonable rate at sutficiently
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high temperatures.

The specific energy and curvature of the parnele surfaces provide an effective stress
on the atoms under the surface. For a curved surlace with prineipal radii 'curvature ny

and rz this stress is given by the equation of Younyg and Laplace:
11
@ = Yus [—--p—J (1)
lrdl .?"_

e, 18 the specific surface enerpy. The diffusion potential, g, which drives matter
transpott is in this case found by equating the mechanical work performed by the
stress to the (hermodynamic work required fur the have been mode of the surface [nee

energy. A commonly uscd relation is;

= ol 2)

where {0 is the atomic or melar volume. The cquation for g is acally complex for
polycrystallineg ceramics where the pores are in contact withthe grain boundaries [48].
For cxample. in the final stage of sintering last few pores are assumed 10 be spherical,

ong expression is [49]:

b= [_2?‘%’-” 2] G)
G ¥

where v,y is the specific energy of the grain boundary, (7 is the diameter of the grains,
and r is the radius of the pores. According to Eq. 3, the chemical potential
consists of two contribulions, one attributed to pores and other attributed to

boundatics.

A [urther development is to relate the chemical potential to an extlernally
applicd stress. The driving force [or sintering is then defined in terms of a sintering
stress, E, which s the eguivilent externally applied stress that has the same

effects on sintering as the curved surfaces of pores and grain boundarics [4]. The
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formulation of the driving force in terms of a fictitious externally applied stress is
advantageous 1 the analysiz of sinteting where mechanical stress effects arlse (egn
prossure stntenng ated constrained sinteringy. [t also provides a conceprual hasis for

desirning eapetiments 10 measure the sintering steess

2.8.3.2 STAGTES OF SINTERING

The microstructure of a powder compactl. consisting mmitially ef discrete
particles, evolves continuously during sintering. However, it is sometimes con-
venient to divide the process into three wdealized slages defined in terms of the
microstructure, to force corvrespondence between simple, established sinenng
models. The wrtial sfege would begin as soon as some degree of atomic mobility
is achieved and, dunmg (hus stage, sharply concave necks form hetween the individual
particles. The amount of densification is small, typically the first 5% of linear
shrinkage, and it can be considerably lower il coarsening mechanisms are very
active, In the mtermediute stage, the high curvatures of the initial stage have bheen
moderated and the microstructure consists of a (hrec-dimensional interpencteating
neiwork of solid particles and continuous, channel-like pores. This stage 18
considered valid to ~5-10% porosity and therefore covers most of the
densification. Grain growth (coarscning) starts to become significant As
sintering proceeds, the channel-like pores break down into isolated, closed voids,
which mark the start of the final siage (Grain growth can be more cxlensive in the
final stage and difficulties are commonly encouvntered in the removal of the last ow

percent of porosity.
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Figure 2-30: Schematic tepresentalion of Lhe sintering mechanisms for a system ol two
parncles.

2.8.3.3 MECHANISMS OF SINTERING

Sintering of crystalline materials can occur by several mechamsms (1e. atomic
transport paths and their assowmaled sources and  sinks):  vapor  transport
{evaporation/condensation), surface  diftosion, latice {volume) dilTusion, grain
boundary diffusion, and dislocation motion. Figure 2-30 shows a schomatic
represcntation of the matter transport paths for two sinlenng particics. A dis-
finction 15 commonly made between densifying and non-densifying mechamsms.
Yapor (ransport, surface diffusion. and lattice diffusion from the particle
surfaces to the neck lead to neck growth and coarsening of the particles without
densification. Grain houndary diffusion and lattice dillusion from the grain
boundary to the neck are the most important densilying mechanisms in

polyveryatalline ceramics
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Diffusion from the grain houndaries to the pores permits neck growth as well as
shrinkage (densilication). Plastic flow by dislocation motion can ¢ause neck growtlh
and densmfication through deformation (creep) of the particles m response 1o the
sintering stress, Plasiic flow is moere common in the sintering of metal powders. For
glass powders, which can have gramn boundaries, densification and neck growth
accurs by viscous Mow involving deformation of the padicles.

In addion to the allernative mechanisms, there are additional complications arising
from the dilTusion of the different ionic speeics making up the compound 1o prescrve
charge neutrality of the local composition, the flux of the different ionic species
will be coupled [50] A further complication arises because cach ionic species can
diffuse along dilferent paths. For an oxide with the formula M,0-, the effective

fambipoiar) dilfusion coefficient 18 given by [ 50]:

e Cr+ MDY + 78, DY I GID” + 76,075 1 G]
S 478, DY o i GT+ D" + mekbD’ gb{ G

Where Id iy the diffusion coefficient, G is the grain size, 6 5 the thickness of
the grain boundary, the subscripts 1 and gb iefer to lattice and grain boundary
diffusion, tespectively, and the supcrscripts M and O refer to the metal and
oxygen ions, tespectively. Acconding 1o Eq. 4, whatever the relative magnitudes of
the four diffusivities, it is the slowesf diffusing species along it fustest path that
contrals the rate Anothes complicating factor is that the rate-conirolling mechanism
for a given material can change with changing conditions of the process variables

such as lemperalure, grain size, and composition

2.8.3.4 COMPETITION BETWEEN DENSIFICATION AND
COARSENING

‘T'he various simtering mechamsms do not operate independently. Wapor transport

and surface diffusion compete with the densifymg mechamsm. They
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FIGURE 2-31 (a) The surface of an 4203 ceramic from which all
porosity has been removed during sinlening in which the densifying
processes dominate. (b) The sintering of silicon where coarscning
mechanisms dominate results in formation of a continuous network of
solid material {white) and porosity (hlack). The microstructural change is
not accompanied by any densification. [30]

lead 10 coarsening of the microstruclure and a reduction of the dnving force
for sintering, so thal a significant reduction in the dcnsitication rate can
eesult. Sintering is, (herefore, said to involve a competition between dem-
sification and coarsening. The production of ceramics with high density (Fig.
2-31a) would require choosing the sintering conditions so that the nondensifying
mechanisms arc not very active When coarseming mechanisms dominate, the

production of a highly porous body is favored (Fig. 2-31b}.

1.8.3.5 EFFECTS OF GRAIN BOUNDARIES

In the sintering of polycrystalling materials, parl of the energy decrease duc to
climination of internal surface area associated with the pores goes mto vrsaling
new prain boundary area, The grains also have a tendency to grow, by migration of
the boundarics, to reduce the energy associaled with the grain houndaries, thereby
leading to an mncrease in the diffusion distance ‘The presence of the grain houndaries
also dictates the eguilibrium shape of the pores at the interscction with the
boundaries. At equilibriwm, the chemical potential of the atoms in the pore surface
must be the same cvervwhere, which is equivalent lo saying that the curvature of
the pore surface is the same cverywhere. This means that the pore surface muost
consist of circular arcs in two-dimensional models, and of spherical caps in a
very limiled number of three-dimensional geometries, for isotropic solids. There

must also be a balance ol [orces at the junction between he grain boundary and the



FIGURE 2-32 Pore shape and pore slabiity are delermined by the dihedral angle
coordination numbcer: {a} The pore with the concave surfaces will shrink while {b)

the pore with the convex surfaces will grow

pore surlace. Ignoring possible torque terms. a8 shown in Figure 2-32a this balance

of forces leads 1o

w
s = 3
coy 5 (3

where Vi is the dihedral angle, 9, is the specific grain boundary cacrgy. and;

v 18 the specitic surface enerpy.

The pore surface in Figure 2-32a is concave (negative curvalure) and during
sintering, the surface will move towards ils center of curvature, so that the pore
will shrink. However, as shown in Figure 2-32b, when the pore is sorrounded by
a large number of grains (i.c. the pere coordination number 1s large). the balance
of torces at the grain boundaryf/pore junction dictates that the pore surface will
become convex {posilive curvalurc). In this case the pore will grow ot become
metastable (R M. Cannon, unpublished work) Whether or not pores can shrink in
a powder compact has been analyzed in thermody namic terms by Kingery and
Francois [16]. The balance between the reduction in pore surface arca and the
inercase in the grain boundary area leads to a critevion that prescrnibes the
maximum pore coordination number that will permit a pore to shnink. As shown
in Figure 2-32, for a given dihedral angle {(e.gz. 1207}, pores with a coordination
number less Lhan a certain critical value, (N, = 12}, will shrink while pores with
N = Nc will grow. The large pores in a powder compaci will have large values of

N and will theretore be difficult to shrink. leading to residual porosity mn the
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sinlicted material. The impertance of controfling particle packing for the

achicvement of high density is therefore clear.

2.8.3.6 GRAIN GROWTH AND COARSENING

(irain growth is the term used to describe Lhe increase in the average grain size of a
polycrystalline material. The grain boundary is a region with a complex shucture,
about 1-2 unil cells wide, between two crystalline domains, It has a higher energy
{han the bulk crystal and, hence, a reduction in the grain boundary arca will
reduce the free energy of the system. The grain houndary moves by diffusion of
atoms (ions) from one side of the boundary to Lhe other so that aloms previpusly
aligned with onc grain becomes aligned with the other, causing it 1o grow at the
cxpense of its neighbor, Growth occurs in such a way that the convex grain loses
atoms while the concave grain gains atoms with the result that the boundary moves
towards ils center of curvature.

The term coarsening is frequently used to describe the process in porous ceramics
wherelyy the increase in the average grain size is accompanied by an increase in the
average pore size, Coarsening, as we have observed. reduces the drivmg farce for
sinlering and increascs the diffusion distances for matler transport, thereby reducing
the rate of sintering, The suppression of coarscning mechanisms therefore forms a key

requirement for the achievement of ugh density.

Another requirement is that Lhe microstmeture be stabilized such that the pores and
the grain houndaries remain attached. This second requirement depends primarily
on the ability to reduce the intrinsic (pore-frec) mobijlity of the grain boundaries.
An understanding of grain growth in dense ceramies therefore forms a key step

towards controlling grain prowth during the sinlering of the powder compacts.

Coarsening of precipitates ot particles tn a solid, lHquid, or gaseous medium 15
commonly referred 1o as Ostwald ripenmg. Jt is especially imporant in phasc
sintering where matier transporl driven by chemical potential causes the smaller
grains to become smaller and the larger particle -_ resulting in an increase
thc average grain size. Many features of coarsening (pore growth and grain

prowth) in solid-state sintering are also shared Ostwald ripening process.



Grain growth in ceramics is gengrally divided into two types: ~ {I) normal
gramm geowth and (ii} abrormal grain growth, which is sometimes referred
exageerated grain growth or disconlinucus grain growsh, In notmal graimm growlh
the average grain size increascs wilh (ime bot the grain size distribution remaing
self-gimilar {invariant in time). Abnormal prain growlh is the process where a
few large grains grow rapidly at the expense of the smaller grains. giving
bimadal grain size distribotion. Anwotropic grain growth is a type of abnormal
prain growih in which the abnormal prains grow in an clengated mannce, commenly
with faceted, straight sides. In porous ceramics, abmormal grain "growlh' 1s
accompanied by breakaway of the boundanes from the pores and, as outlined

earlier, must be avoided if high densities are to be achieved.

2837 NORMAL GRAIN GROWTH

MNormal grain growth in pure, dense. single-phase matenals has been analyzed, by
a number of different approaches . In one of the sarliest models, Bur . and Tumbull
|50] analyzed the diffusion of atoms across an isolated boundary under the driving
[oree of the pressure dilference across the curved bound.-.-, Mean field theories
consider the change in size of an isolaled grain embeddec - a4 malrix that
reproscnl the average effect of the while array of grains. During grain growth in
real systems, coertan fopological requirements of a space-filling array of grains
must be balanced with the requirements of interfacial tension More recently, the
use of computer simulations has provided a valoable technique for the analysis of

grain growth,
The gramn growth models prediet a kinene equation of the form

G"= Gmo+Kt (6)

where & 15 the grain size at time f, Ge is the grainsize att =10, and K is a
temperature-dependent tate constant obeying the Arthenius cquation. For the
Burke and Turmmbull model and for the mean field theories, m = 2 0. e.
patabolic growth Kinctics) while the topological model of Bhines and Craig
predicts m = 3. A non-integral value of m = 2.44 has heen ohtained in the

computer simulation depicted in Figure 2-33. In practice, grain growth data for
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densc ceramics yield m values ranging from 2 to 4.

In the model of Burke snd Turnbull, the tate consiant X for a pure, pore-lree

material is related to the intrinsic mobility of the boundary, Mb, by

K=2aM, v, (7}

where & is a numerical constant that depends on the shape of the grains and s the
grain boundary energy. The mobility is related to the diffusion coefficient [or lhe

atoms actoss the boundary, £, by

M= L 2 ®
kT8,

where k is the Boltzmann constant, 7' is the absolute temperature, € 18 the

atomic volume, and g is the prain boundary thickness.

simulationemploying & MoteCarlomethod [3t].

2.8.3.8 ABNORMAL GRAIN GROWTH
Microstructures of polyeryslalling ceramics that have been heated for some time at

a sullicicntly high temperature oficn show very large (abnormal) grains in a
matrix of finer grains (Fig 2-34). [t is imponant to understand and (e be able to
control abnormal grain growth for two main reasons. First, the occurrence of
abnormal grain growth during sintering limits the attainment of high density.
For example, the pores trapped in the abnormal grain shown in Figure2-34arc
difficult to 1emove. Second. the large abnormal grains are commonly detrimental
to the properties of the material. An important goal in practical sintering is
therefore the suppression of abnormal grain growth, As described laler. this is

commonly achieved through the vse of dopants.
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The gxplanations given by recent computer simulations and theorstical analysis
(50] show that although the large grains grow, they do not outstrip the normal
grains. I'he nmormal grains grow at a flasier relaove rate so that the large
{(abnormal) grains eventually return te the normal size distribotion. The size
cffect is therefore not a sofficient criterion [or abnommal grain growth.
Inhomogencities in chemical composition. liquid phases, and particle packing

have long been suggested as possible causes of abnormal gram growih,

' B fpbhabaiiiiad i G LIHETHE 6] sisamic. The pores
trapped inside the abnommal gram are dulfienlt to remove, thereby leading to
residual porosity in the sintered material (magmfication = 700).

2.5.3.9 CONTROL OF GRAIN GROWTH

The most cffective appreach for inhibiting grain growth invelves the use of
additives {dopanis) that arc incorporated nto the powder to form a solid solution
[33] The concentration of the dopant {Lhe solute) is often believed to be well below its

solid snlubility limit in ceramic {the host}.

TABLE 2.1 Examples of Dopants Used for Grain Growth
Control in Some Common Ceramics
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Haosl Dopant Concentration (af%)
Ala0; MO (.025
BaTi(}; Nb; Co 510
Znd Al no2
Ceal)y Y, Wd: Ca 3-5
Y10, Th 5-14
Sil2 {B+C) (1.38+0.5C

Examples of systems where the dopant approach has been used successfully are
given in Table 2.1, The effectiveness of the dopant in suppressing grain growth is
often found (o depend on its ability to scgrepate at the grain boundaries. Segregalion
may occur right at the disordered "core” of the grain boundary or 1 an adjacent

space-charpe layer

The inhibition of grain growth is believed to occur by a mechamsm of solute drag
In this mechanism, a strong interaction oceurs berween the segregated solute and
the geain houndary so that the solute musl be carried along with the moving
boundary. Solute diffusion across the boundary is assumed 1o be slower than that of
the host atems and therelore becomes rate controlling, In the solute drag theory put

tforward by Cahn. the boundary mobility of the doped material is given by

My=— (%)

Where Db is the diffusion coefficient for the solute atoms across the boundary of
widlh &g, £ is the atomic volume of the host atoms, k is the Boltzmann constant, T is
the absolute temperature, Q 15 a partition coefficient for the soluie diswribution
between the boundary and the lattice, and Co is the concentrauon of the solute atoms
in the lathce. According to Eq. 9. the boundary mohility is directly proportional to the
diffusivity of the solute across the boundary and inversely proportional to the
seeregaled concentration ol the solute QCn). This mdicaies that atiovalent solutes with

larger ionic radii than the host would be effective for suppressing grain growth,
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Another effective approach for grain growth control, but one that is less nsed. involves
the use of fing, inen. precipitates at the prain boundaries le is the use of Zr(}, particles
lo contral the grain growth of Alilh  precipitates inhibit grain growth by a pinning

mechanism,

2.9Applications

Barium titanate can be regarded as ‘role mode!l’ of eleciromic ceramie from
application point of view Its piezoelectric, pyroelectric and ferroelectnc
properties were successfully applied in many commercial applications. Vast
majorily of commercially important application arc in polycrystalline bulk
or film form. In the following sections, property wise applications are
hriefly discussed Since dielectric properiies of BaTi1(0: based ceramics were

studied in this thesis, capacitor application especially M1.CC emphasized.

2.%.1 Multilayer ceramic capacitors (MLCs)
Multilayer capacitors strocturg, as shown in Figure 2-35, enables the maximum
capacilance asyailable from a thin diclecince to be packed mto the minimum space ina

mechanically rohust form [51].

ek L-I:\-'I‘I lfl

L R DL
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Figurc 2-35  Schematic diagram of & multilaver ceramic capacitor construction |52

Recently, multilaver ceramic capacitors (MLCs) with Ni electrodes have been

increasingly moduced to meet growing reguitements for miniaturization, large
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capacitors and cosl reduction [52]. Firing the dielectric materials in a low-oxygen
partial pressure o prevent Ni from oxidizing is one method to mimatunize MLCs,
Then addition of Mg() and Li203-5102-Ca0 glass components are effective not only
in preventing the dielectric matenal ffom reducing and but also in contralling the
icmperature  dependency of the dielectric constant. Because of appealing of
heterogencous microstucture, so-catled core-shell structure that showed a typical
ferroelectnic domain patlern, microstructure controlling becomes cxiremely important
to improsve Lhe rehability of MLCs within very thin dielectric laver thickness. It was
suggested that the mictostruciures and the clectrical properties were influenced by the
change of substitution modes of Mg and rarc-carth oxide in perovskite [53]. For
larger ion (La, Sm)-doped samples larger amount of MgQ is necessaty to suppress the
grain growth and form the core-shell siructore than smaller one (I, lle, Er)-doped
samples, Also, the solubility of rare-earth ions m BaTi03 has a lincar rclationship
with the ionic radivs. It is confirmed that the larger ion acting as donors mainly
dissolves Ba site, while the ymaller 10n acting as both donors and acceptors dissolves
both Ba- and 1i-sites. In recent vears, MLCs with N1 internal electrodes composed of

aboul 400 diclectric layers of helow 2pm thickness have been developed [54].

2.9.2 Positive temperature coetlicicnt {PTC) thermistors

Positive temperare coeflicient (P1C) matenals prepared (tom doped semiconducting
harium ttanate ceramucs can be used in various kind of electronic citcuitry as a
switching device or as a canslant lemperalure heater | 53], Tn addition, PTC thenmistors
applications such as the measurement/delection/vontrol of temperafure or parameters
related to temperature are also imporlant. These PTC materials are known to have a
high temperamre coefficient of resistance around Cune point and the ability of self-
limiting, so they are as well come out v be a very usciul device for sensor
applications.

The positive temperature coelMeent of resistance (PTCR) can be classified as critical
lemperature resistors because of the positive coeflicient being associaled wilh the
ferroelectne Cunc point. In fact, PTCR materials can be divided into four groups.
palymer composites, ceramic composiles. V203 compounds and BaTiO;-based
compounds (BaSrTi0y, BaPbTi0;...) [56). For BaTiO;-based compounds, BaTi0s 1s
an insulator at room temperatare. After doping with trivalent donoss {e.g. La, 8b, Y}

that substitute for the Ba+2 or with pentavalent donors (e g. Sb. Nb, Ta) that subsittule
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For Ti+d, BaTiOw becomes semiconductive that shows a PTCR elfect as shown
Figure 2-36.
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Fipurc 2-36.  Typical eesistivity bebavior of a BaTiQ: —type FICR material [55].
2.3 Microwave device

Ferroclectric thin tilms are currently being considered for a variety of
electrome application. Some of these applications take advantage of the
voltage dependent of the dielecine ceonsiant. This feature can be used to
produce valtage tunable microwave devices such as resonators, filiers, and
phase shifters. For these applications, it is desirable to produce thin ilms,

which have maximum tupability (change in capacitance under applied de
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bias) with a minimum loss [actor. Since the tunability of a flerroclectric
material 1& maximired near its Cune point, different materials are preferred
for different application temperatures. Thus maicrial such as Sr110; useful
for tuning applicalion at cryogenic temperature, whereas material such as
PaTi0; and PWZr.T1)0; arc more  suitable for room temperature

application.



3.

Experimental

1.1 Introduction and sample identification

61

Three different composition including purc barium titanate nano

powder were uscd to prepare the disk shape sample. Table 3.1 shows the

compositions of differcnt samples. Process variables applied on these

samples are listed in table 3.2, Specifications of raw powders ate given in

Appendix-L.

Table 3.1 Sample identification according to the substitutional doping level

BaTil,

Ba: apdrg 1wT10

Eau BUSTU 25T|D-3

Bag raSrp 307104

Table 1.2 Process variables in sample preparation

SET Composition Proasure Sioering Holdimg lime | Heuling Rate
(MPa) temp (°C) [Hour) (Chmind
A BaTiOs 300 12310 2 13
BaTiOs 450 1250 2 13
BaTil}s 00 1250 2 15
BaTil, 450 1250 2 an
BaTiOn 450 120H 2 50
BaTiC; 430 1200 4 30
BaTil, 450 1223 2 50
B BaggaSropTi Oy 450 1250 2 a0
Bag saSra 12Ti0 430 1200 2 30
Baggu3ro o TiOs 450 1223 2 Ii]
Eag saSre 1nTiC 451 1223 2 3
Bap oaSrg 12 TI0A 450 1230 2 5
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0 Bag gaSry 20703 450 1250 2 in
Bag paSrgzaTiO; A5 200 2 b1
BaganSro 2o Ti0y 459 1225 2 1]
BaggsSrp2nTiOH 430 1225 2 5
Bag mSra 207105 450 1230 2 5

o Bap 7y8r0 20 TiOs 450 1223 2 10
Bas o5y a0l 10 4 50 1225 2 5
Ba, 7080 307 s 450 1250 2 3

3.2 Sample Preparation

Pure BaTi0; were prepared from BaTi0; nano powders, [Appendix 7.1] Samples

of other commpositions were madc by mixing together the stoichiometric rurio of

BaTiO); and pure S(130;. PVA (poly vinyl aleohol) was used as the binder. Afler

mining, these powders were pressed with 450MPa pressure. In addition, 300MPa and

600M [*a pressurcs were applied at Lmited extent to obscrve the elficts of compaction

pressure on dieleciric properhies.

Face

Edge

Tigure 3.1

3,2.1 Ball Milling

sk shape sample.

High density polyetheline (HDPL) was used as miiling pot Y:0p-

stahilised zircoma balls manufactured by Inframat (USA} were uscd for

milling 25 grams of sample. Two dilTerent size of balls (dia=5mm and 3mm}
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and acetone purity=99%%Merk, Gcrm-any} was cmployed as milling media
Locally made motor driven ball mill was used for this occassion. The pots
were rotated at  140rpm. The objective here was simply 1o achieve the

thorough mixing of powders rather than any size reduction.

3.2.2 Compaction

Milled and dried powder was mixed with 2% poly vinyl alcohol (PVA}) and
followed by oven drying at 100°C before pressing. Samples were uniaxially
pressed in to pallets using 450MPa pressure. At maximum pressure samples
were held for five minutes Samples were kept from being too thick to resist

pressure gradient

3,2.3 Sintcring

Muflle [urnace {Thermolyne High Temperature Furnace , Model
ne.46200) was used (o sinter the pallets in air atmosphere. The thermal
profile of sintering is given in Figurc 3-2. Pallets were placed in the furnace
on an alumina plate. Rinder burnoul lemporature was 450°C, while the
holding time was 1 hour. Heating and cooling rate uscd 1n the sintering
process is varied between 5°C/min to 30°C/min Sintering temperatures and
hold time were varied to observe their effect on the densification and

diclectric properties .The hnal shape of the pellet shaped samplc 15 shown

in Figure 3-1
f
fiel § e
Sitripilng Tt ==sfessmawerooo oo ™
Tempe atare

4

Heacder Brure oot Hald

Temporare” 7 e
: Time
1

Figure 3-2 Sinlening thermal profile in general
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3.2.4 Post Sintering

Allct sintering, the samples werc ground and polished successively
with SiC paper of grit #5300, #800 and #1200 to oblamn flat and polished
surface. Dimension of the pallets were taken for density caleulation and as
well as  for dielectric  constant  measurement  Prior to  electrical
measurements, samples wete cleaned and dnied followed by painting with
high punity conductive Silver paint oo the both faces of the sample. Edges

were ground and ¢leaned with acclone,

3.3 Property Measurement

3.3.1 Density

Sintcred samplss (disc shaped) were polished using conventional
ceramoeraphic technique. At first, sinlered samples were polished using
00, 800, and 1200 grit paper and then wheel polished with alumina
abrasive paste on grit 1600, Dimension of the sample were taken using
micrometer with digital read out and weighed vsing analytical weighing
scale, Density of the sample was calcolated from these data. Densily results
were presented as percentage of theoretical density (TD). 'L of doped
samples was calculated based on volume fraction of respective phasc as

shown in Tahle 3-3.

Tablc 3-3 Theotetical Density of BaTiQ; and doped sample o g.-"cmj'
[7, 50]
RaTi() 1 BH.:J i;uSl’u ]QTin, Bﬂo [{ﬂSI'ﬂ znri IU'J Hﬂq] ';[}ST.:] 3|_|T103 r SIT]OI

6017 grmfee | 5.9283mmice l 3 BAhgmice 5.7309em/ce 5.13gmice

3.3.2 Diclectric constant and loss

Llecirical properties of the sample were measurcd vsing a Hewlett-
Packard 4194A impedance and phasc gain analyzer at AECD. Diclectric
constant k' was calculaled from the capacitance value obtaincd from the

analyzer sccording to the equation below:



b

K'=—t e {203

A tube-Turnace type oven was used for heating the sample during the

diclecteic property measurement.

3.4 Scanning Electron Microscopy

The microstructure of samples was examined using scanning eleciron
microscope (SEM). Samples were gold sputtered (few nanometer thick)
prior o SEM cxamination. The SEM (Phillips XF 30, Netherland) was used
with acceleration voltage of 10kV. And grain sire was measured using

lincar intercept method.

3.5 Dilfcrential Scanning Calorimetriy (DSC)

DSC was carnied oul al with DSCQI0 of MME to observe the phase
transition at Curie temperatore. For both BaTi(h and Ba,Sr,TiO3 the
heating rate was 2.5 and 10°C/min  The test is carried out in tempetalure
range between 50°C (o 140°C (o detect the tetragonal to cubic transition.
Also, for doped and vndoped samples DSC was carried out in the
temperaturc range of -20 to 30°C to detect the orthorhombic to tetragomal

transition.



Rcesults and Discussion

4.1 Sintcred density measurement

fifs

Diensities were measuted taking ihe mass and volume of the sintered sample and

presented as percentage of theoretical densiry (119} which was 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 dulferent locations of the

sample to ensure the accuracy of volume caleulation. Table 4-1 shows the density of

all the samples simiered at different temperatures, holding time al constant

Ccompaclnnpressure.

Talle 4-1 % Theorctical Densities of the Samples sintered at different varables

Sample Sutering Holding | Heating Bulk (%) of
Composition | Temperature | time Ratc  from | density | Theoretical
(") {IHour} binder bum | {gm/cc) | density
out
lemporatun:
(*Crmin)
RaTiQ; 1250 2 15 5.50 91.36
1250 2 50 5.5795 | 92.08
1206} 2 50 5366 H9 09
1225 2 50 3045 03 77
1200 4 50 55319 | 91.%9
Bagst Ty 1200 2 50 5287 X9.19
1250 2 50 322% L¥.10
1225 2 10 5348 | 90.21
1225 2 5 3.351 94.26
BagSr,Ti0; | 1200 2 50 5211 £9.24
1250 2 30 5.201 88.24
1225 2 10 5215 B9 30
1225 2 5 5.249 29.88
Ba;Srali0; | 1225 2 10 5117 18897
1225 2 5 5212 G362
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Green samplos {pellets) were prepared by pressing the powder using the
uniaxial press. Three parameters are very important {or pellet preparation which are
pressure, holding time and thickness of the sample. These three parameters must be
oplimized to gel good green samples, which will later. cxperience extensive heat
treatment during the sintering process. In the Lhick sample, (hete is a possibility of
nnexpected density gradient. In the same way appropriale pressurc and holding time
during compaction are also sery important  Pressure must be applied slowly so that it
can be distnbuted uniformly throughout the sampte. In this study, the holding time
for the load is 2 minutcs. Tahle 4-1 shows (hat the Ba'l'iC; sample sinlered at 12007
for 2 hours has the lowest bulk density, which is %9% of the theoretical density.
Figure 4-1a shows significant amount of porosity in pure BaTi(); sample. The bulk
densitics of rwo other BaTi0; samples prepared with 450Mpa pressure but smiered at
1225°C for 2 hours and 1250°C for 2 houts were found to be around 94% and 93 %
respectively. These experiments indicate that the cause of such low density may be
due Lo the low sintering temperaturc. The low density can be atinbuled to the
presence ol porosity that will be discussed in preceding section. Another possible
cause may be the density gradient in the sintered products. It means some part of Lhe
zample has higher sintered density and some parl of the sample has lower sintered
density. 1t should be poinied oot Lhat in uniaxial pressing, the green density of the
compacl aftcr pressing is not uniform throughout the whole sample. This 1 dug to the
fact that pressure digteibution is uneven because of constramts imposed hy die wall.
The cause of lower bulk density of the sample Ba o8t ,T105. and BasgSr:Til);
sintered at 1200°C for 2 hours, may also be due (o the comparatively low sintering
empetature and higher heating rate. In case of undoped barium litanate samples,
during sintering, diffusion of only harium titanate ogcurs. But in case of Bay5r,Th0;,
and Ba:S5r:Tids both barium titmale and strontium titanate diffuses. So, dunng
sintering, homogenization should be cartied oul at a lower temperature hefore the
final stage of sintcring where the pores are elminaied. Alternately, if heating rate is
slow, then before reaching the final stage of sintering different chemical species finds
more time to diffusc throngh one another and hence less chance of crack formation
and more homogenous the structure becomes Therefore, for doped samples, when

heating Tate was slow, density increased and cracks were minimized
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4.2 Microstructaral Study

4.2.1 Microstructure of Barium Titanate

Many of the properties of ferrvelectric ceramics such as diclectric
constant, dielectric loss are related to the microstructural featurcs such as
grain size and shape. grain boundary, porosity. ferroelectric domains cte. Tt
is therefore of greal importance to examine the microstructural features and
accurately interpret the their cffect on the overall properties of materials
[32, 34]. As we know that grain boundary is a high free energy arca and we
can €xcile the grain boundary wsing high-energy electroms so that the
boundary is ptominent and the grains arc isolated from ome another. A
sample having microstructore of small grains with less porosity is the
ultimate goal of all commereial podyerystalline ceramies. A very important
facior must be noted hefare going o the details of the microstrucrural study
that 1s the s1ze of the barium titanate particles thal were used to fabricate
the sludicd samples. Tf the starting material were micren size then the
sintering lemperalurc would be high. In the presenmt study. nano size
particles  {(=400nm} were uwsed Low sintering temperature of the
nanoparticles was reported  elsewhere [41]. Figure 4-l1a shows the
microstiucture of Ba'tif): sintered at 1200°C for 2 hours. The micrastructure
shows that the grain size is about Tpm. Stll sigmificant amount of pores ate
present in microstructuze. This leads to relatively lower density of the
cotresponding sample. As the sinicning time and temperature is increased,
the amount of porosity decreases and grain size increases Figure 4-1b
shows the microstructure of the BaTiO, sinlered at 1200°C for 4 hours,
Here, the average grain size has increased to ~ 3pm and also the porosity
decreases. Corresponding density 18 now ~ 21%. Again, when sintering
temperature is increased [rom 1200°C to 1225°C for the same holding
temperatures of 2 hours. therchy the porosity is reduced and thereby
improving the density o ~93%. But this slight increase in temperalure
mcreases the average grain size to ~5um  (as shown in fipure 4-2b). These
phenomena suggest that the increase 1n sinmicring temperature acts as 4
stromg driving [lorce lor grain growth and densification during sintering

compared to the increase in holding time. The 1des 15 supported by the fact
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that barium titanate sample sintcred at 1250°C shown in figd-2c has an
average prain size of ~ 7um. These are comparatively good nuerostructure
as far as the amount and distribution of poresity is concerned. From these
muerostructures, it 18 scen that the porcs are present at the grain Leundaties
only, but not inside the grains. All the structures discussed above were
sintercd at identical heating rate of 50°C/min. And it can be well said that
such a high heating ratc does not pose any difficulty to attain homogeneily
in the structure during sintering. The SCM picture showed the mark
improvement in the microstructure  When the heating rale 15 decreased
from 50°C/min to 13°Cimin, tune (aken by the maienal to attain sintering
temperature incrcases and meore time is provided for coarsening and grain
srowth, The result is revealed in fig 4-3a where the average grain siz¢ 18
~9pm and shnormal grain  growth can be easily detected. I'he
microstruclurcs shown in Figure 4-3a and Figure 4-3b were prepared using a
pressure of 450MPa and sintered at 1230°C  To see the cifect of
compaction pressure on the microstructure olher samples were prepared
using 300MPa and 600MPa pressure sintered at the same 1250°C for 2Zhours.
‘I he microsituctute of these samples are shown in Figure 4-4a through 4-4b,
[t iz seen that increasing compaction pressure from 300 te 600 MPa does not
alter the size and distribution of grains or pores m microstructures
signilicanily. In fact, these pressures arc quite high, because In  ceramic
compaction a pressure of 300MPa or more causces a large amount of back
stress while removing it from die cavity. And these residual stresses may
cause {racture of sample after being sinlered. Here the compaction pressure
used was 600MPa. Figure 4-5 and Fig 4-6 shows samples sintered at same
temperature but holding time is different. And when sintering time is less
then porosities seems to be continuous in some regions Holding al sinlering
tempetature for long time climinales Lhosc pores. So, at low sinlering
temperatures, holding time should be longer. Figure 4-7a and [ig 4-7h are
SEM 1mages taken from same sample but the later shows sample at higher
mapgnification. Figure 4-8 to Fig 4-11 shows microstructures ol BaTiQ;
sintered al diffcrent sintering temperatures. The microstructures revesl

domains inside grains.
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BaTiO, sintered at 1200°C at different holding time
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Tig 4-1a: STM micrograph of as sintered undoped BaTi0; sintered at 1200°C; 1000X
Sintenng tim 2 Hr, Heating rate 50°C/min. Compaction pressurc 4500 Pa
{Secondary eleclron image)
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Fig 4-11 $EM micrograph of as sintered undoped BaT i), sintered at 1200°C; 1000X
Sintering time 4 11r, Heating rate £0°C/min, Compaction pressure 450MPa
{Secondary electron image)
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Fig 4-2: SEM micrograph of as sintered undoped BaTiO, sintered a1 a) 1200°C,
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Fig 4-3a: SEM micrograph of as sintered undoped BaTiO; sintered at 1250°C; 2000X
Sintering time 2 Hr, [leating rate 15°C/min, Compaction pressure 450MFa
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Fig 4-3b: SEM micrograph of as sintered undoped BaTiO sintered at 1250°C; 1000
Sintering time 2 Hr, Heating rate 50°C/min, Compaction pressure 450MFa
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Fig 4-4a. SEM micrograph of as sintered undoped BaTi0); sintered at 1250°C; 2000X
Sintering ume 2 He, Heating rate 153°C/min, Compaction pressure 300MPa
{Secondary electron image)
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Fig 4-4b: SEM micrograph of as sinicred undoped BaTiO; sintered at 1250°C, 1000X
Sintenmg ume 2 Hr, Heating rate 15°C/min, Compaction pressure 600MPa
{Sccondary electron image) .
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Fig 4-5: SEM micrograph of as sintered undoped BaTiOs sintered at 1200°C, 1000X
Sintering time 4 Hr, Heating rale 30°Cimin, Compaction pressure 450MPa
(Secondary electron image)
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Fig 4-6: SEM micrograph of as sintered undoped BaTi0; sintered at 1200°C, 1000X
Sintering time 2 Hr, Heating rale 50°C/min, Compaction pressure 450MPa
{Secondary electron image)
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Fig 4-7a: SEM micrograph of as sintered undoped BaTiO; simered at 1225°C; 1000X
Sintering time 2 Hr, Heating rate 50°Cimin, Compaction pressure $50MPa
{Sccondary electron inage)

m-{r"':"'::.ua....:..._ﬁ'

Fig 4-7b SEM mucrograph of as sintered undoped BaTi); sintered at 1225°C; 2000X
Sintering time 2 Hr, Heating rate 50°C/tnin, Compaction pressurne 4SHMP.1 '
{Secondary electron imagce)
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Fig 4-8: SEM micrograph of as sinicred undoped 1aTiO; sintered a1 1225%C; 2000X

Sintering time 2 Hr, Heating rote 50*C/min, Compaction pressure 430MPa
(Secondnry eectron image)
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Fig 4.9: SEM microgroph of es sintered undoped BaTi()y sintered at 1225°C; 1000X

Sintering time 2 Hr, Hexing rote 50°C/min, Compaction pressure 430MFPa
{Sccondary electron image) '
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Fig 4-10: SEM micrograph of as sintered undoped BaTiO, sintered at 1230°C; 1000X
Sintering time 2 Hr, leating ratc 50°C/min, Compaction pressure 450MPa
{Secondary clectron mmage)
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Fig 4-11: SEM micrograph of as sintered undoped BaTiQ; sintered at 1250°C; 1000X
Sintering time 2 Hr, Healing rate 50°C/min, Compaciion pressure 450MPa
(secondary electron image)
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4.2.2 Microstructure of Barinm Strontium Titanate .

Solid solution of 90% BaT10. with IU‘% Sr1i0; and 80% BaTiO;
with 20% SrTi0, 13 prepared by appropriate routes. Figure 4-12a shows the
microstructure of Ba g8t Ti0y sintered at 1200°C for 2 hours. Figure 4-15
shows the microstructure of BagsSr,TiQ: sintered at 1230°C for 2 hours,
Again, we can see that al higher sintering temperature abnormal grain
srawth occurs. Here, we can sec a bimodal size distribution of grains. Some
grains have grown extensively on the expansc of smaller grains And some
smaller grains have bypassed the growih and remain small between those
larger grains. The same case oceurs in case of Bu.gSr,gfiﬂg . Microstructores
of BaySr.Ti0y sinterd at 1200°C and 1250°C for 2 hours are shown in
figure 4-13 and 4-16 respectively. But in all doped samples porosily 13
present significantly, which also 15 a key reason for their lower density.
And, 10 casc ot doped samples pores are preseni at both grain boundaries
and within grains. But when we decreased the heating rate, abnormal grain

growlh was suppressed.
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Fig 4-12a SEM micrograph of as sintercd Ba g4 St ¢ TiO sintered at 1200°C; 1000X
Sinicrng time 2 Hr, Heating rale 50°C/min, Compaction pressure 450MPa
{Secondary cleciron image)
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Fig 4-12b SEM micrograph of as sintered Ha o4 $191Ti0) sintered at 1200°C; 100X
Sintering time 2 #r, Heating role 50°C/min, Compaction pressure 450MPa
(Beckscatiered electron image)
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Fig 4-13 SEM microgreph of as simered Ba o5 Sr927Ti0; sintered a1 1200°C; 1000X
Sintering time 2 Hr, Heating mic 50*C/min, Compaction pressure 450MPn
{Secondary eleciron image)



Fig 4-14 SEM micrograph ol as sintered Ba y ¢ 31 g, Ti0; sintered at 1200°C;
1000X Sintering time 2 Hr. Heating rate 50°C/min, Compaction pressure

430M 12

{Secondary ¢lectron image)
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Fig 4-15 SEM micrograph of as sintered Ba yo 8t 5.4 TiO; sintered at 1250°C; 1000X
Sintering time 2 Hr. Heating rate 50°C/min, Compaction pressure 450MFPa
(Secondary electron 1mage}
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Fig 4-16 SEM micrograph of as sintered Ba ox St 62TiOy

“

sintered ot 1250°C; 1000X

Sintering time 2 Hr, Heating rate 50°C/min, Compaction pressure 450MPa
(Sccandary electron image}

Fig 4-17 SEM micrograph of as sintcred Ba g Sr g Til) sintered at 1225°C; 2000X
Sintering time 2 Hr, Heating rate 10°C/min, Compaction pressure 450MFPa
({Secondary electron image}
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4.3 Microstructurc-Property relation

The samples were polished carefully so that l:;uth the surfaccs of the sample
wore parallel, Silver pasic was painted on the samples and dried in the oven at 300°C
for 1 hour so thal 11 the absothed moisture evaperated, Samples were then connected
with impodance analyzer and the dielectne properties were measurcid.  Temperature
dependence of dielectric properties of BaTiO; based samples were also measured with
the help of a very highly insulated tube furmacc. A very slow healing rate was
mainfained during the experiment. especially in the lemperature range where the
tetragonal-cubic phase transtormation was expecicd to occur.

‘Fwo different categories of samples were used 1 the present study experiment;
pore barium titanate (BT), barium strontium titanate (BST). In the figures, samples
were identified in the following way. Two examples were given below;

Gramplel: Suppose a sample name is BT-1225/2he/50

Here BT means BaTi0: (Bariom Titanate),

1225/2hr/50 means the sample 13 sintered at 1225°C [or 2 hours and the heatng rale
fom hinder burn out temperaturc b0 maximum  sinlering  temperapire was
S0°Ciminute.

Examplc2: A sample name 15 BST10-1250:2hr/50.

Here BST10 means Ba oSt (TiO; [So, BST20 means Ba ;Sr;110; and so on]
1250/2he/50 means this sample was sintered at 1250°C for 2hours and heaung rate

was S0C minute.

Figurc 4-24a shows frequency dependence of dieleciric constant k' of the pure BaTi(),
n the frequency range 1 Xz to 5MHz. ‘Iwo samples werc sintered at the same
temperatwe for the same tme pericd. But healing rate was varied (15 and
50°Cmin). The dieleclric constanis were measured at toocm temperature. Higher
diclectric constants wore observed at room (emperature for the Barnum titanate
simicred at highet heating rate (50°C/min). This result was quite gapected  Fast firing
suppress grain growih that occurred in the case of the sample sintered at slow heating
rate {15°Ctmin). Microstruciural study reveals presenve of abnormal grain growth 1
samples sintcred at slow heating ratc B1/1250/2ht/15 shown in figure 4-3a. Fast
heating nhibited the grain growth and hence resulted in higher dielcetric constant.
The RT-125(/2hr/50 sample has smaller grain size as scen from the microstructure

(Figurc 4-3b} where the grain size distribution s almost uniform. ‘The dickeetric
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constant remains almost constant at room temperature in the frequency range | kHe 0
SMHz. The loss langenis [Figured-26b)] are also found to follow the same trend.
Figurc 4-25 shows [requency dependence of diclectric constant K of the pure
BT/12225/2h50 and BT/1200/4he/50 in the frequency range of 1 kHz to 5SMHz, Here
(he trend of curve is same but higher diclectric constant was observed in case of
BT/12225/2hi/50 (hough the grain size was smaller ip case of BRT/1200/4ht/50.The
canse of the lower dicleetric constant of the sample RBT-1200/4hr 50 can be adributed
10 the prescnce of porosily. The presence ol porosity in the grain inhibited the motion
of the domain wall, ‘The dielectric consiant remains almost constant at room
lemperamure in the fiequency range 1 kHz 10 5MHz. The loss tangents are also found
1o follow (he same trend. The frequency dependence of dieleciric conslant of BaTiCO;
samples  B3T-1250/2he/50 and BT-1225/2h/50 are shown in Lhe Figurc 4-26.
Diclectric constani scems 1o be higher for Lhe sample sintered at 12257C. (rains are
much refined and their size distributon is comparatively umform as shown in
miciosiructure of BT-1225/2hrf50. [Fig 4-2b]

According to G.Arlt et. al [22] higher diclectnc constant can be explained in terms of
domain wall contribution  In (he range of 1<a<10pm, the decreasc of domain width
can be roughly expressed by the correlation d~+f, where d=domain width. a=grain
size of a cubie grain. According to the decreasing width, ihe area of the 20° domain
walls pot unit volume strongly increases in fine grain Bali0; The observed incrcase
of dielectric constant in fine grain microstructure of BaliO; can be therefore
interpreled in terms of the increasing gonlribution of domain walls 1o the permittivity
{or dielectric constant)

Figure 4-25a and 4-29b give a classical cxample of grain size effect on microstrocture
and phase lransformation in bariom ttunate  The B1-1200/4hr/50 sample shows
lower permuitivity peak at 125°C and the Br-1250/2h/50 sample shows lugher
permillivity peak at 126°C.  Lower gram siza shows higher room temperaturc
pormittivity and the larger grain size shows lower permirlivity at room lemperature as
alrcady obscrved in the fieguency dependence of dieleciric constant.  Figure 4-3
shows thai the average grain size of the 3T-1200/4he/50 is 3pm. On the other hand,
the BT-1250:2h50 sample has average gramn size of 7um (Figure 4-1 1), Although
lhe diclectric constamt for the lower grain sample should be higher j22] than the
observed value of 2254, the teason for comparatively lower dielectne constant for the

small prain structure is due to the presence of sigmficant amount of porosity It is
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gencrally recognized that as the grain size is reduced to the micron level, the dielectric
constant al the 100m temperature mereases. and (he temperature dependence of the
dieleclric constant is modified significantly below the Curie temperature (1), For
large grain materials (grain size >1pm}, the cubic-tetragonal transformation that
occurs on cooling (130°C) drives the formation of & polydomain subgrain structure 1o
minimize electrostatic clastic cnergies in polar amsotropic stale The polysynthetic
twinning that take place serves largely 10 relieve stresses which would other wise be
present  throughout the wansformed body [33].  The individual grains 1 the
rransformed microstructure of a large grain polycrystal are comprised of structural
invarianis, bounded by the domain walls of 90° and 180° types in the tebagonal slate.
Thus, large prain centers are uselully transformed and essentially unstressed  The
dieleciric response of such materials 15 readily rationalized in terms of an orientational
avcrage ol values for the anisotropic dielectric constant, which charactenzes a sinple
domain of wetragonal Ba1i0;. !t was observed that polycrystalline BaTiO: cxhibited
an enhanced dielectric osponse for ceramic specimens prepared with a grain size as
small as luym The increase n dielecttic constant is understood in terms of the
twinning behavior of polycrysialline matcrial wilh decreasing grain suzc. Despite the
ability of the twinning mechanism {0 reduge the bulk sirain energy that would be
present after a homogeneous structural trans[ormation occurred, stress still resides
near grain boundaries, cven in large urain ceramics  Minimization of the residual
sTain enctey ulumately contributes to the resulting twin structure. The microstructurc
of a latge prain ceramic contains 907 twins formed to relicve the sirains generated
when the ¢ axis clongates on passmg fiom the cubic to tetragonal symmetry; in the
stramed state highest permuuviry is displayed. the domain boundary planes have
surface cnergy proportional to (he square of the grain diameter; the strain energy
responsible for domain formation, a volume cffect is related to the cube of thg zrain
Jiameter. With decreasing grain size a critical size is reached where il is energetically
less costly to support an elastic strain than to relicve it by twin formation. This
cituation exists in (he microstructure having grain size of the order of [pm ot less
These tiner grain size materials are untwined, stressed; each grain has a single domain,
hag one orientation of spentaneous polanization, and tends lo cubic symmeiry. The
decreasing tendency of the Curie temperalure as the grain size is decreased that can be
understood by the above-mentioned canse. That is at a higher grain size, letragonal

structure is stabilized by the formation of substantial amount of domain twining. and
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an the oiher hand {ransformational stress cannot be reduced by formation of domain
twim in the small grain size straclure because -':-f ihe a:hiﬁwble lower volumy free
enerpy This tends to shilt the Curie point of small grain s12¢ to the lower temperature
region as seen in Figure 4-204. The loss tangent as a function of temperature was
hown in Figure 4-29b. At the lower wmperatre range, the loss tangents are same but
al higher temperatore, BT-1200:4ht/50 sample exhibits higher loss. Porosity and grain
houndary are believed (o be the potential soutrce of scattering, At higher temperature,
ion-hopping cffect is also pronounced  which  enhances the dielectric loss.
Temperature  dependent diglectric properues ol BT-12252hr/50 at three different
frequencies 10 kHz, 100 KHz and 1000 kHz are shown in Figure 4-30a and 4-30b.
The dielectric constants arc found to be almost same at igher and lower frequencies
However, loss tangenl seems to be greater at higher frequencies. In addition, loss
peaks arc sharper at higher frequencics.

Figure 4-34a and Figure 4-34b deseribe the frequency dependence of diclectric
constant and losg tangent.  The [gure shows that BST20 and BST10 has the lower
diclecinc constant than barium titanate at high ttequencies. The almost flat frequency
response up to 5 Mllz i3 abserved in the case of BT/250/2W/50 bul for
BSTI0/1250:2he/50 and BST10/1250/2hr/50, mitially dielectric constant 15 high,
Dielcetric conslant decreases up o 1MHBz frequency but then tends to increase and
curve remains flat up Lo 7 or 8 MHz, If we sec the loss tangent graph (Figure 4-34b),
the same pattern is found. But doped samples show high loss langent that can be
atibuted 1o porosity and cracks present in doped samples. On the contrary. purc ot
undoped barium titanate samples shows negligible loss tangent. Because, it is seen in
microstructure that the undoped samples have attained higher density and contans
almost zero porosity. For doped samples two chemical species is present i e. barium
titanate and Strontium Titanate. To form bargm strontium titanate solid solution,
interdiffusion hetween Ba™" and 52" ioms must be accamphshed. But, at such a high
heating rate that is uscd in ihizs work (50°C/minute) is too high for achieving
homogenewry of diffusion throughout the whole volume of sample. Because, diffusion
co-ellicient of two 1ons arc dillerent. Thercfore, mass transter 15 not uniferm
throughout the sample Thus porosily can’t be elyminaled at such a high heating rate.
o, it 15 suggested that sintering of doped samples should be carried out at lower

heatng rate.

i o



8%

Temperature dependence of dielectric properties at 100 Klz for the BST samplc
sintered at 1230°C and 1200°C for 2 hours is displaved in lhe Figure 4-32 10 Figure 4-
33. Tor purc BaTiO; Cunc (cmperaiure is around 125°C, which was already shown in
Figure 4-29, As the lemperature inercases, lhe loss langent at 100 KHz also increases
lor the sample BST20-1250/2he/50 and BST20-1200/2l/50,

For pure S1Ti0); the tetrsgonal-cubic lranstormation emperature s 105K [539]
Therefore, the substitubiion of Sronstead of Ba m BaTi(d; can reduce the Curie
lemperalure.  Figure 2-20 shows that the Curie point decreased lincarly sith the

increase of Sr content, Figure 4-32 and Figurc 4-33 show the Curie point shifting

towards the lower temperature as substiution of Sr®* is increased. ‘The reason of .

shifing of the Curie temperamre towards the lower temperature can be explamed
considering the iome radius of Sr*' and Ba®’. In perovskite crystal strucmore of
BaTi(); (Fipure 2-5(a}), I (titanium) atoms reside in octahedral interstitial position
surrounded by six oxygen 1ons. The large size of the Ba™ ton makes the ocahedral
intersiitial position quite large compared to the size of Ti ion. The Ti™ ions arc on Lhe
margin of bemg loo small o be slable in the octahedral position. It 18 beheved that
Lthere exist minimum eneigy positions off-center 1w the direction of each of the six
oxygen ions surrounding the Ti ion. The Ti* ion positions randomly in onc of these
six possible minimum-energy sites. Above Cunc lemperature (1243°0) the Bali; is
cubic and every six possible minimum energy sites are equally probable. Below Lhe
Curic tetnperature, the structure changes to fetragonal. The oclahedral site is now
dhgtoried with lhe ‘11 fon in an off center position. If Ba®' jum is replaced by the 5™
wn, because of the lower ionic radius of the Sr iom, Ti ion resides in a smaller
oclahedral mterstitial position.  "This will result in a rclatively siable position for Ti

iom. This stable T ion stabilizes the cubic structure in the lower temperature range.

-y
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different temperatures.
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Fig:4-32bDielectric loss vs. temperature curve at 100 KHz for BST20 sintered at
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Fig:4-33a Dielecine conslant vs temperalurc curve at 100 KHz for BST10 sintered at
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Table 4-3 Room Temperanure Dielectric Preperties of Ba i0; and doped samples
Composition | Sintenng % of Grain | K at | K*at | Tand | Tandat
temp/time/ | Theoretical | Size 10 100 | at 10} hokHe
Heating rate Tensity gm Kllz KH: KHz
BaTiOs | 1250/2hr/15 | 91.36 937 |2111 |2089 | 0075 |.0074
BaTiO; | 1250/2h/50 | 92.68 6.58 {2202 |2177 |.0078 |.0073
BaTiOy | 1200/4hri50 | 91.89 3,08 |2220 |2101 |.0098 |.0114
BaTiOs; | 1225/2ht/30 | 93.77 5.08 |2280 |2255 |.0068 |.0082
BaoSTiTiOr | 1550/0ne50 | 88,10 : 1160|932 | .2246 |.1002
BaoStaTiOr | 1500/2nm/50 |89.19 -y 1307 | 1137 |.343 |.204)
BasSt(TiOs | 12952015 | 87.26 3.34 1307 {287 |.1078 |.1854
BasSTiOs | y5500mr50 | 88.24 ; 1487|1025 |.3143 | .2404
BasSt2TiOx | 1200/2nr/50 | 29.24 0.67 1711|1629 | 4218 | 2522
BagSraTiOr | 1235/30010 |89.30 ; 8§89 | 781 | .2251 |.0735
BasSraTi0s | 15950005 | 89.88 298 |eas 1590 | .oso0s |.0497
Ba1SriTiO; | 1225/2he/5 | 90.62 . 1739|1544 |.1205 |.0739
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4.4 Dilferential Scanning Calorimetry (DSC)

Differential Scanning Calorimelry was used to find the ietragonal-cubic transition
icmperature for boih BaTiQs and BaSti,Tis.  Crystallographic phase transition
during heating was delected by a negative peak, thereby indicating that the process is
cnduthermic. The heating rate used was 2, Sand 10°C/min.  Figure 4-43 shows the
dilTerential scanning calorimetry data rccorded for BaTi0; polycrystals simicred at
differcnt temperature for same holding time. From the microstructural study of
BaTi(): it was observed that censiderable grain growth occwrred al higher sintering
wemperature.  Endothermic peak around 125°C may be atiributed to the tetragonal-
cubie phase transformation. There were clearly marked changes, which took place 1n
the transformation behavior Tor materials with decreasing grain siz¢. In particular, the
tetragonal-cubic transformation shift to lower tempcerature with decreasing grain size
as has becn concluded previously based on dicleclric constant dala. It is also
interesting to nole that the peak shifting is accompanied with peak broadening. The
enthalpy change of transilion, during the crystallographic phase {ransformation
decreased with decreasing grain sice.  This reduction of chthalpy change during
iransformation  supgested that small grain size BaTiOs  cxhibits  suppressed
mansformation characlenstics (tetragonal distorrion), The heating rale during DSC
gxperiments affects the tramsition characteristics. Higher heating rale causes the
{ransition temperature to shift toward higher lemperature. Also, the peak becomes
sharp [Figd-44 to 4-46]

The etfect of substitution of Srin BaTi0, 15 also shown i Figurc 4-47. Increasing
concentration of Sr decreases the Cumle lemperature, which has alrcady been
confirmed from the temperature dependence of diglectric constant experiment, The
ubsctvable peak suggesied that single phase is formed in the solid solution of BaTi0;-
§rTit). The erthorhombic to tetragonal transition can also be detected from DSC
study. It is shown in Ogurc 4-30. tlere, it 15 clear that the orthorhomie to tetragonal
transilien also shifls to lower (emperature with incteasing Strontium addition m selid
solution.

The Table 4-2 shows the Curie temperatures found using temperature dependent

dielectric constant (k') measurement and DSC expenment.
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Table 4-2 Curne temperature of various BT and BST samplcs
Composition | Sintering Curie Curic Enthalpy
lemperature  and | temperatuce lemperature Jig
time {Using k" | {nlferential
measurement by | Scanning
OB meter). Calorimetry
DSCY
BaTiOn 1200°C  for 2 - 125°C 0.4146
hours
BaTi04 1225°C for 2 126°C 126°C 0.4387
hours
BaTiO; 1250°C  for 2 126°C 127°C 0.6218
hours
BaTi0s 1200°C for dhours 12550 - -
BaySr TiQ: | 1200°C for Zhours 97°C 97°C 0.631%8
Ba.Sc T, | 1250 " for arC - -
Zhours
BagSr;Tidy | 1200°C for 2hours 66°C 63°C 03190
Ba STl 1250°C [or Zhours 66°C - -




Hear Flows (5}

Heal Flow \Wiig)

o6

124 T1'C —
BT1206c5 o TM&W o
_._._'_'_._,_-4——__-'-_'-_
04
BT1225:-5
&0z
125 81
0 a337.4
0 Do
BY L0
1M12'C
00 0 a8l
=00 i
[ i
R Tl " b T ks 230 135
Exe Ll Tempasature (*C) Urry e al W 2E TA et

Fipd-43 DSC curve of Banum Titanate sinicred at differcnt lemperatures {1200°C,

1225°C and 1250°C)

o
125117
BT12282 55010y,
b~ =
702 5 S e
muG
HT1Z%50
Do
__| -
25 50MG
0 4B 410
02 -
! | 3% 80" C
004 BT 122510 o
L ——— {_-
18
—_———— HTY225¢2
= —_  OT122%5
o j —_—— BT 1A%t
12t C8°C it
— T — T
Rty 10 118 0 135 15 135 140
Exs Lo Temperature (C) Urnaeasl v ZE T8 Inamimarts

Fig4-44: DSC curve of Batium Titnate sinlcred at 1225°C, Heating rate 1s 2, 5 and

10°C/min



HERL Flow (v,

pos

125 B
BT1 28008 TR |
T
128 83°C
o0
BT1280c4 _—
L —| — s n
TR 4
0822Elg {
0 05 -
HT1 250010 22707 G
l - l.-—-—
mme 2
0 E4ZALg /
£ 101 - /
128 Il?‘l:-
s o 118 120 1k 130 138 140
Eup Lo ismporaiure ("C) Unnesesi W 1E TA IRITUmSns
Figd-45: DSC curve of Barium Tilanate sintered at 1200°C, e ating rate 1s 2, 5 and
HPCimn
004
175 '
] AT 3 045170y .
1 L ! P
-
0oz 125 51°C
BT1200c-5 :
124 76°C
05120
070
128.80'C
“g? 007 -
E
[T E
E 041 BT1200610 Ay
125.05°C /
04750
£ /
208 N/
126 SE“2
£ 10 : . .
105 10 115 10 125 130 135 140
Exp Up Tempe:aire (L) L. £1431 W4 TE Thknerumarre

Figd-4G DSC curve of Rarium Titunaic sintered at 1250°C, Heating rate is 2, 5 and

1402/ man



Heat Floy (VWq)

oD4

00z -
ot
1250
O 4958y
BT-1200
I
0024 B5TAD R P e
gz L~
BET-20 051184y
J— |_ e
57 M -
o0t Batealy g0 |
211G
a 100
Sxallp Temparalurg "y Lnivwranl vl 25 T4 | natuments
Figd-47: DSC curve of Barium Tilanale, BST-10 and BST-20 sintered at 1200°C
o04 t
G0
g 000
E 1B.4E"C
= 0 21081y
2 oz BI-5200 .
o —— e —r——1
] e __,_.--'—"'_'_F-Fr.-'- _"~—\_._|_‘_____I__-__H_,_,_.—r'—'—
0155004 o — BuT-10 0 mc
‘\1?—— ERL
1 . MW B5T-20
A0 Ty
e b 10 i R
Zeelh Tempergiure G Lnkarsa’ wd ZE TA [ ratiments

Jipgd-4%: DSC curve of Barium Tilanatle, BS1-10 and BST-20 siniered at 1200°C.



112

8. Conclusions

Sintering patameters (temperature, time and heating rate) have marked mfluence on
the microstruchire and hence on praperties of the sintered BaTiQ; and Ba .St Ti0n,
For 13aTiO; samples, increasing heating rate reduces the coarsening of grains and thus
grain 1efinement is achicved. However, for Ba, S, Tit): samples, the high heating rate
causes the sample to crack., This 15 because BaTiD: and SrTi0): have different
diffustvity For transport of two different chemical species during the last slage of
sintering, heating rate should be slighly slower 1o achieve homogeneity in
microstruciure, In addition, decreasing sintering temperalure results m fine grain
simichure for both BaTiO, and Ba St Ti0;. Nevertheless, at lower sintering
temperatures pores are present. These pores arc removed either by increasing sintering
temperaturc or by incrcasing holding time. Howgever, both aclions cause the grains to
coarsen Coarseming 15 higher when Lhe temperalure is increascd. Nowever, B the
removal of pores, increasc 1n sintering lemperature acts as a stronger driving force.
Thus, an optimization is needed to select the appropriate sintering temperature and as
well as the holding time to gel the desired microstructure (pore free and line arain} n
the sintered product. It should be mentioned that high pressure (~450MPa) that 18 used
during pressing of samples in this study also acts as a dnving force for atfaining pore
frec microstructure. Migh compaction pressure assures much umiform packing of
individual particles in green compact. Therelore, during sinluring removal of pores
becomes casier. In this study, pores arc present only in grain boundary regions, but not

msidc grains.

The absence of porosity improves the dielecinic properties of BaTiO;. Doth dicleetric
constant and loss tangent of sintered BaTi(; have improved but lass tangent has
become very negligible when porosity is ehminated. As the grain size decteascs Curie
temperalure of the sample is suppressed. Moreover, the peak at Curie lemiperature
becomes flaticned as the grain size is reduced. A decreasc in grain size mereases the
stability of cubic strucmre in BaTiQ; samples. Hence, less cnergy is requircd for
transilion from tetragonal to cubic phase. Thercfore, Curie temperahire is decrcased
and peak Natlcning occurs 1n fine-grained structures The same phenvmena also exisl

for Ba,.Sr, TiOq samples but due to the prescnce of cracks and porosities, diclectric
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loss is quite high and permiftivity is lower lmprovement of these properties can be

achieved in doped BaTi(: samples by reducing cracks and pores,
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Appendix

7.1 Raw Powder Chemical Specification

Data provided here are taken from the label on the conlainer.

Specification of the Nanp powder

Barium Titanate

Manufacturer: Inframet Advanced Matenials

117

BaTi(23 nano powder

Catalog#56220N-01

Lot #IAMI11066NEBTO

Aveg.Size ~100nm{SkM and BET)

Stronlium Titanate

Mamufacturer: Inframet Advanced Matenials

SrTi0; nano powdet

Catalog#38220N-0]

Lot #FIAMOOEINSTO

Purity 99 95%

Avg Size ~100nmi{SEM and BET)

7.2 Basic Data of Elemcnts invalved

h Aloamic .
Muolecutar Adanile Crystal lonic Commen Meliing
Element Radius
W eight Muribar | Strociare Radles | walance | Point °C
nm
nm
Ea 137 23 a6 BOC 0217 2+ 725
136
Ti 47 BS 2 HCFP 0.145 4+ {GEE
068
&r a7.E2 35 2 31
R K
0 13 849 i 2- 218.4
144}




7.3 Properties of Barium titanaie [60]

118

Maolecular formuola BaTiO
Appearance White crystals
Lensily 6.02gmicm”
Melting point 1625°C
Solubulity of water | Insoluble

The data are given for matcrials in their standard state {at 25°C, 10{kPa)

7.4 Properties of Strontium titanate [60]

Molecular formula ST,
Appearance Brown, redish, grey
Density 5.13gm/em” for synthetics

Melting point

Synthetics melt at 2080°C

Solubihty of water

Synthetic resistant to most solvenl

7.5 Symmetry of Crystal System

Crystal Point Groups § Centro- Non-centrosymmetric
Structure Symmetric
Plezoclectric Pyrosoctric
Trighmig 1,1 1 1 1
Monoclinic 2. m, 2im 2im 2. m 2, m
Crrtharbizmbic 222, mm2, R 222, mm2 mma,
mrmm
Tetragonal 4,4, 4im, 422 [ 4/m, 4, 4, 422, 4mm, || 4, 4mm
Amim, 42m, || {4'mimm 42m
(+mjmm
Rhombohedral | 3. 3, 32, 3m, 3m 3, 3m 3,32, 3m 3.3m
Hexagonal 3, B, Bfm, 622, [ Bm, 8, 6, 622, 6mm, | & Bmm
Gmm, Bm2, 4 (G/mymm Gm2
{B/mymm
Cubic 23 m3, 432 3, mam 23.43m || -
43m, m2m




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134

