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ABSTRACT

Due to their excellent piezoelectric and ferroelectric properties lead oxide based ceramics,
generally repreented by lead zirconate titanate [RdZs.xOs|/ (PZT), are the most widely

used materials for piezoelectric actuators, sensors and transducers applications.
Considering lead toxicity, there is an urgent need to develop effectivefré=ad
ferroelectric gstems, which are biocompatible and environmental friendly in nature.
Several classes of materials are now being reconsidered as potentially attractive
alternatives to PZT based systems. The solid solution of potassium niobate and sodium
niobate, (IX)KNbOsi xNaNbG, was found to exhibit better piezoelectric properties
around the MPB atx~0.5, which separateswo orthorhombic ferroelectrigphases.
Therefore, KNa,,NbOs (KNN) has been recognized as one of the most promising host
materials for new leattee piezoelectricsHowever the piezoelectric properties of KNN
ceramicsarenot comparable to PZT ceramiddoreover, the proper densification of KNN
ceramics, synthesized by conventional process is very difficult. The presence of volatile
alkali elementdurther makes the sintering of KNN ceramics difficulih order to solve

these problems researchers have tried to make solid solution of KNN system with other
systems. LiSb@ (LS) modification in KNN based ceramics improves the piezoelectric
propertiesas well as the sintering behavi@nd makes them comparable to lead based
systems. The enhanced piezoelectric and ferroelectric properties iALENfdramics are

due to the presence of the orthorhombic to tetragonra})(polymorphic phase transition
(PPT) tenperature close to room temperature. The role of PPT in-K8Neramics is
similar to the MPB in PZT based systems. However, the MPB in PZT based systems is

nearly independent of temperature and exists over a broad temperature range. Whereas in



KNN-LS basé system it is dependent on temperature and maximum properties are
obtained when the PPT occurs close to RT. Hence, poling temperature will have strong

effect on the piezoelectric properti@gsKNN-LS based ceramics

In this work, leadree (:x)[KosNapsNbO;]-x[LiSbOs] (x=0, 0.04, 0.05 and
0.06)/(KNN-LS) ceramics were prepared by conventional ssiidde reactionCSSR)
route. For dense morphology, pure KNN ceramics were sintered afCl¥ao 4h,
whereas in LS modified KNN ceramics dense rhotpgy was obtained at 108D for 4h.

The structural study at room temperature (RT) revealed the transformation of pure
orthorhombic to tetragonal structure with the increase in LS contentX}K{N-(x)LS
ceramics. Temperature dependent dielectric stahfirmed the increase of diffuse phase
transition nature with the increase in LS content in KINBNceramics. The presence of
orthorhombic to tetragonal &) polymorphic phase transition temperature (PPT)’€43
confirmed the existence of two ferroelectrforthorhombic and tetragonal) phases in
0.95KNN-0.05LS ceramics at RTD.95KNN-0.05LS ceramics showed better ferroelectric
and piezoelectric properties i.e., remnant polarizatiogn (P~ 1 8 2 Zoereiv@ figddm
(Ec) ~ 11.8 kV/cm, piezoelectric coeffent (c3) ~ 215 pC/N,planar modecoupling
coefficient (k) ~ 0.415 and remméa strain ~0.07% were obtaine@ihese properties are

still lower than the PZT based ceramics. In order to further improve the piezoelectric
properties the effect of Ag, Ta and dbping in 0.95KNNO.O5LS system lgbeen
investigated in detail. It was found that the substitution ofidgsin place of (K.sNags)®

ions in 0.95[(Ko sN&y 5)1-xAdxNbOs]-0.05LiISbQ / KNAN-LS system initially decreased

the piezoelectric and ferroekeic properties but forx=0.06 improvement in the

piezoelectric and ferroelectric properties were obtained in comparison to the 0.95KNN
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0.05LS ceramics. The improved properties were discussed in terms of the structural
changes occurred in the ceramicsbsiiution of T&> ions in place of NB’ ions in
0.95[(Ko.sNag s)Nby1.x TaOs]-0.05LISbQ/KNNT-LS ceramicsincreased the ferroelectric

and piezoelectric properties without affecting the crystal structure of the ceramics. The
KNNT-LS ceramics withx=0.02 ekhibited maximum ferroelectric and piezoelectric
properties. Moreover, the piezoelectric properties were found to be nearly independent of
temperature up to ~ 280, which is a good characteristic requirement for the ceramic to
be used in high temperaturéepoelectric applications. In order to improve the sintering
behavior of the ceramics, "/ has been substituted on the *Ribsite of the
0.95[(Ko.sNag 5)Nby1.Vx03]-0.05LISbQ/KNNV -LS ceramics. The sintering temperature
was drastically reduced with the iease in V° content, whereas the electrical properties
alsodecreased significantly. Among all thé“Woped ceramics, maximupiezoelectric

and ferroelectriproperties were obtained in case of KNI8 ceramics withx=0.06.

It is well knownfrom the previous reports on different piezoelectric ceramics that
microwave (MW) processing of ceramics could be an effective way to enhance the
densification behavior as well the electrical properties. To further enhance the density
and the electrical pperties of 0.95[K.sNag sNbO;]-0.05[LiSbQy],
0.95[(Ko.sN& 5)0.94Ad0.08\Nb O3] -0.05LiSbQ, 0.95[(Ko sNag s)Nbg 98T @0.0203]-0.05LiSbQ
0.95[(Ko.sN&ag 5)Nbp 94V 0.0603]-0.05LiISbQ ceramics, these ceramics wesgthesized by
microwave processing technique. itas found that microwave processiof these
ceramicsnot only saved the processing time but also improved the ferroelectric and
piezoelectric properties in comparision to the conventipmabcessederamics. Among

all the microwave processed ceramid8,95[(KosNays)Nbggslap 003]-0.05LISbG
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ceramic showed maximum ferroelectric and piezoelectric propertiessge.2%57 pC/N,

P~ 30.48¢ C/ “ckpr 0.48 and remnant strain ~ 0.10%.

The presentwork is reported in the following chapters:

This work is reported in eight chapters. First chapt@ves the fundamentals of
piezoelectricity, ferroelectricity, and literature reviews on sodium potassium niobate

(KNN) based ceramicalong withthe motivation an@bjectivesof the present work.

Chapterll describesabout thedetail of synthesis routes used atig investigated
parameters.

Chapter 11l describes about the methodology of sample preparation and
characterization techniques used for studying structural, ratonetural, dielectric,
ferroelectic, piezoelectric properties and strain induced by electric field behaviors.

Chapter IV discusses about thstructural, dielectric, ferroelectric and
piezoelectric properties of {Q)[K o.sNag sNbOs]-X[LiISbO3] ceramics

Chapter V discusses abaihte strucural, microstructural and density stes of
Ag, Ta and V modified 0.95KNMN.O5LS ceramics

Chapter VI discusses about ttielectric,ferroelectric & piezoelectric properties
and strain induced by electric field behaviafsAg, Ta and V modified 0.95KNN
0.05LS ceramics
Chapter VIl discusses about the synthesis & characterisatbmodified KNN-LS
compositiongsynthesized bgonventional procesand showing better piezoelectric

propertie$ namely:(i) 0.95[Ky sNay sNbOs]-0.05[LiSbQ]
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(i) 0.95[(Ko.sNao 5)0.94A00.0d\NDO3]-0.05LiSbQ  (iii)  0.95[(Ko.sNap.5)Nbo.9sT 20.0203]-
0.05LiSbQ (iv) 0.95[(Ko.sNag.5)Nbg 94V 0.0605]-0.05LISbQ  synthesizedoy microwave
process.

Chapter VIII presents the conclusions of the present work and recommendations
for future workin this field.

This work has resulted in the following publications:
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CHAPTER-1

Introduction & Literature Survey
1.1 Introduction

A ceramic is annorganic, nonmetallic solid prepared by heating and subsequent
cooling. The word ceramic iIis derived from
burn. The earliest ceramics wapettery objects made from clay and hardened in fire.
Ceramic materials mayale a crystalline structure, with long range ordering on an
atomic scale. Ceramics have traditionally been admired and used for their mechanical,
thermal and chemical stability but their unique electrical and optical properties have
become of increasing jportance in many electronic applications. These materials are
called as electroceramics and used primarily for its electrical properties. Historically,
developments in various subclasses of electroceramics have paralleled the growth of new
technologies. Tése examples include: piezoelectrissnar, radar, actuators and sensors;
ferroelectrics high dielectric constant capacitors, naolatiie memories; and
pyroelectrics IR detectors. Ferroelectric ceramics were discovered in the 1940's in
polycrystalline barium titanate (BaTiOz;) ceramics, since then, there has been a
continuous succession of new materials and technology developments that have led to a
significant number of industrial and commercial applications fLjhuge leap in the
research on ferroele#cc materials came in the 1950's, leading to the widespread use of
barium titanate (BaTig) based ceramics in capacitor applications and piezoelectric
transducer devices. Since then, many other ferroelectric ceramics including lead titanate
(PbTiOy), leadzirconate titanate (PZT), lead lanthanum zirconate titanate (PLZT), and

relaxor ferroelectrics like lead magnesium niobate (PMN) have been developed and



utilized for a variety of applications. With the development of ceramic processing and
thin film techrology, many new applications have also emerged. The biggest use of
ferroelectric ceramics have been in the areas such as dielectric ceramics for capacitor
applications, ferroelectric thin films for nowolatile memories, piezoelectric materials

for medicéd ultrasound imaging and actuators, and eleofytic materials for data storage

and displays [2].

1.2 Symmetry of Materials

Symmetry of the material, whether i1t 1is
an amorphous material, affects its physical pper t i es. According
principle, symmetry elements of all physical properties of a material must include all
symmetry elements of the point group of that material. In other words, if a physical
property is subjected to a symmetry element of rifeerial, this property should not
change i1its value [ 3]. It also follows fror
(such as dielectric permittivity, elastic compliance and electrostriction) are present in all
materials and that other propertiesqs as piezoelectricity and pyroelectricity) can exist
only in materials with certain symmetries. Moreover, the symmetry requirements may
signiycantly r eduzere antd méepemdanméements off a progerty
tensor. Accordi nigplteo, Nehuemasnynndnse tprryi nocf a cr
is reflected in the symmetry of its external properties. The elements of symmetry that are
utilized by crystallographers to define symmetry about a point in space, e.g., the central
point of a unit cellare (1) a center of symmetry, (2) axes of rotation, (3) mirror planes,
and (4) combinations of these [4]. All crystals can be divided into 32 different classes or

point groups utilizing these symmetry elements, as shown in Fig. 1.1. These 32 point



groups are subdivisions of seven basic crystal systems that are, in order of ascending
symmetry, triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral (trigonal),
hexagonal, and cubic. Out of these 32 point groups, 21 classes are noncentrosyi@metric

necessary condition for piezoelectricity to exist).

‘ 32 Symmetry classes ]
11 Centro symumetnic 21 Non-centrocemetric

{20 peizoelectric)

N

10 Pyroelectric 11 Mon Pyroelectnic

Ferroelectric ‘ Mon Ferroelectric

Fig.1.1 Schematic representation of the classification of point groups.
Out of these 21 noncentrosymmetric classes, 20 exhibit piezoelectric effectlaSse
although lacking a center of symmetry, is not piezoelectric because of the presence of the
other combined symmetry elements. A lack of a center of symmetryirm@ditant for
the presence of piezoelectricity. When one considers that a homogestesass is
centrosymmetric and cannot produce an unsymmetric result, such as aquectiiy
like polarization, unless the material lacks a center of symmetry, whereby a net
movement of the positive and negative ions with respect to each other (ad afrdsall

stress) produces electric dipoles, i.e., polarizatidrerefore, only 20 classes of ron



centrosymmetric crystals would exhibit piezoelectric effects. 10 of the piezoelectric point
groups possess a unique polar axis and may exhibit, in the alodemcexternal electric
yel d, a spont aneoy and theopyraetectrc afteat @amg thiseuoique r P
axis. These 10 polar point groups are: 1, 2, m, 2mm, 4,4mm, 3, 3m, 6, and 6mm. There is
a subgroup within these 10 classes that pessespontaneous polarization which is
reversibleby an electric field of some magnitude less than the dielectric breakdown of the
material itself, are called ferroelectrics. These materials also exhibit pyroelectric and
piezoelectric effect.

Properties of a ceramic with random orientation of crystallites (or grains) are,
for example, identical in all directions and may be described by introducing the symmetry
axis of an inynite order [5], whoassahatsy mbol
material may be rotated by any angle around such an axis without changing its properties.
The rotation axis of an isotropic cylinde
which contain inynity symmetry etyoeCurear e cC¢
groups. There are seven Curie groups and all 32 crystallographic point groups are subsets
of the Curie groups. Ceramic materials with a random orientation of grains possesses
spherical symmetry, Dbm, whi c ltapiezoeleceimt r osy
effect even if the symmetry of each grain belongs to one of the piezoelectric or polar
point groups. If the ceramic is, however, ferroelectric, the spontaneous polarization
direction in each grain may be reoriented by an external electy el d 1 n t he di
the yeld. Such a poled or pol arized ceram
exhibits both piezoelectric and pyroelectric effects. The matrices of the elastic

compliance, dielectric susceptibility, piezoelectric, electrobe and pyroelectric



coefycients of poled ferroelectric polycry

have the same nonzero matrix elements as crystals that belong to point group 6mm.
1.3 Piezoelectricity

Since the discovery of piezoelectricity 1880 by Jacques and Pierre Curie, the
piezoelectric effect has successfully found industrial and commercial applications
including sonar, transducers, medical ultrasound, actuators, andposgitmners [1]. It
is also the basis of a number of sciBotiechniques with atomic scale motion, such as
the scanning probe microscopies, as well as more mundane uses including gas ignitors,
microphones, and ink jet printers. Piezoelectricity, a property possessed by a select group
of materials, describes thdfext of mechanical stress on the generation of electrical
charge (direct) or a deformation due to the applied electric field (converse). This inter
convertible behavior was first discovered by Pierre and Jacques Curie in 1880 in certain
crystals, such agquartz, zinc blends, tourmaline, and Rochelle salt. The term
piezoelectricityhas been used by scientists since 1881 to distinguish the piezoelectric
phenomena from electrostriction. The piezoelectric phenomenon occurs in both the

ferroelectric and the neferroelectric states.

The direct and converse piezoelectric effects can be described by the following equations

[6]:
Di=di Xj« (Direct effect) (1.1)
Sj=d;Ex (Converse effect) (1.2)

where X is the stress applied to a piezoelectric material, and e induced charge

density, k is the electric field applied, and & the strain developed in the piezoelectric



materid, and ¢« and q; are piezoelectric coefficients with units of C/N and m/V,
respectively. Both i@ and q; are thirdrank tensors, however, these piezoelectric
coefficients for the direct and converse effects are thermodynamically identical.
Equationsl.1 and 1.2 can be simplified and may be expressed in the reduced notation

form [4]:

S=0iE; (1.4)

Where values of i=1, 2, or 3 and values of m=1, 2, 3, 4, 5, or 6, which are directional values,
because all of the properties in the above equations are directional properties [1]. The values o
i and m indicates abotihe geometries under which the properties are measured. For example,
ds1 can be measured when the induced polarization is generated in direction 3 due to a stres
applied in direction 1, or when the induced strain is in direction 3 due to an electric field
applied in direction 1. Whereasgzdcan be measured when the induced polarization is
generated in direction 3 (parallel to the direction in which the ceramic element is polarized)
and the stress is also applied in the same direction, or the inducedniaklsirain in
direction 3 when the electric field is also imposed in the same direction. The situation for the

ds1 and d3 measurement are shown in Fig.1.2(a) and (b) respectively.

{a} JL-I {b] A3
aA L
& /) | L~
5 ~ 3 1(r)

/

2

Fig. 1.2 (a) Directional axes for a plate, and (b) faa thin disc.



High piezoelectric coefficients are desirable in order to increase the charge or strain
developed per force or electric field applied and will be applicable for sonar and

transducer applications.
1.4 Ferroelectricity

The termferroelectrcs arose by analogy with ferromagnetics, mainly because
they have similar characteristics: under electric fields for ferroelectric phenomena and
under magnetic fields for ferromagnetic phenomena. The pfefmo- derived from
ferum which means iron in lten. The term is perfect for ferromagnetics, since all
ferromagnetic phenomena are associated with the special type of spin arrangement of the
iron atoms. But in ferroelectrics there are no iron atoms, so the prefix does not mean iron.
Rather, it impliestie similarity in characteristics to ferromagnetics. Like ferromagnetics,
ferroelectrics exhibit a spontaneous electric polarization below the Curie temperature
(T), a hysteresis loop, and an associated mechanical strain. However, ferroelectrics differ
from ferromagnetics in their fundamental mechanisms and also in some of their
applicationsin a sense, ferroelectrics are the electrical analog of the ferromagnets, hence
the name. The spontaneous polarizatiog {® the secalled order parameter of the
ferroelectric stateln Europe, ferroelectrics are sometimes cafeignette electriche
names Seignettelectrics or Rochellelectrics, which are also widely used, are derived
from the name of the first substance found to have this property, Seigaktter s
Rochelle saltThis term is somewhat misleading, because Seignette did not discover the
ferroelectric phenomena. Instead, in™1@entury Rochelle, France, he discovered

Rochelle salt (potassitspdium tartratitetrahydrate, KNagH40g:4 H20), a cololess



crystalline compound with an orthorhombic structure. At that time, the material was used
as a laxative. More than 200 years later, in 1921, Valasek discovered the ferroelectric
phenomena in the same material [7,8]. Ferroelectrics were discoveredlatercthan
ferromagnetics. There are now more than 1,000 solid materials possessing ferroelectric

properties.

E.

Fig. 1.3 polarization-electric field (P-E) hysteresis loop.
Ferroelectrics are defined as materials thdtibit spontaneous polarizatioRg and the
direction of Ps can be switched between two or more equilibrium symmetry equivalent
states by the application of an appropriate electric field less than the breakdown strength
of the material [9]. A ferroeledt crystal generally has certain regions with uniform
alignment of electric dipoles, and the spontaneous polarization in such regions may be
different from one another [10]. Such regions with uniform polarization are called
ferroelectric domains, which fm to minimize the electrostatic energy of depolarizing
fields and elastic energy associated wille mechanical constraints to which the
ferroelectric material is subjected as it is cooled through the paraelectaelectric

phase transition Ferroeletric materials are characterized by the development of



hysteresis loop, which displays the variation of polarization (P) as a function of applied
electric field (E). As shown in Fig. 1.3, when a relatively small electric field is first
applied to a ferroekctric material, it behaves like a normal dielectric and displays a linear
response between polarization and electric field.

(a) Dielectric (b) Polarization Switching (c) Leakage Current

P A P""

1N,
It

My

>
E

Fig. 1.4 Components of derroelectric hysteresis loop: (a) Dielectric, (b) Polarization
Switching and (c) Leakage current (schematic).

However, as the field increases, domains begin to orient in the direction of the applied
field, which results in a rapid increase in the pakaion until all the domains are
aligned. When the external electric field is reversed, some polarization returns to the
original state, however, a large component remains in the direction of the previously
applied field, exhibiting a remnant polarizati@®) at zero electric field. As the field is
reversed, the polarization can be completely reversed back to zero. The field at which it
occurs is called as the coercive field)(H he polarization can be saturated once again in
the opposite direction by @neasing the field in the reverse direction. The loop can be
completed by then switching the direction of the applied field. The electric polarization

obtained from ferroelectric materials may be due to the result of three major



contributions: (1) a dielégc contribution, (2) a polarization (domain) switching
contribution, and/or (3) a leakage current contribution. Fig. 1.4 shows the respeEtive P
hysteresis loops that are produced as a result of each contribution. The dielectric
contribution produces polarization that is directly proportional to the external electric
field, resulting in a linear relationship (Fig. 1.4(a)), the polarization switching
contribution exhibits a rectangular loop (Fig. 1.4(b)), and the leakage contribution
displays an ellipsdike loop (Fig. 1.4(c)). Since each of these contributions exhibits
different RE hysteresis loops, hence, the shape of the loop for different materials will

vary with the amount and type of contributions present in the material.
1.5 Phase Transition

The spontaneous polarization of ferroelectric materials is exhibited over a certain
temperature range specific to each material. Within this temperature range the material
undergoes various structural phase transitions. The temperature at which the material
changes from a ferroelectric, polar and re@mtrosymmetric phase to a paraelectric,
nonpolar and centrosymmetric phase, is called the Curie temperaw)reS{ice, the
material is centrosymmetric and npolar above the J, there are no possible
polarizda i on states available and the materi al
the ferroelectric effect, which is shown in Fig.1.5 (c). Belowy the structure becomes
distorted, the symmetry of the paraelectric structure breaks and multiple padarizati
states becomes available and the ferroelectric phenomenon starts appearing in the
material. Near the Curie point or phase transition temperature, thermodynamic properties
including dielectric, elastic, optical, and thermal constants show an anomal@awdoge

shown in Fig. 1.5 (d).
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Fig. 15 Free energy G) as a function of polarization ) at various temperatures
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Fig.1.5 (d) Typical variation of dielectric permittivity ({)) as a function of
temperature for a normal ferroelectric [11].

The temperature dependej)abeve ithd Cutielpant @tJel ect r

in most of the ferroelectric crystals is governed by the Gaiss law:

T-T (1.5)

wher e, U is the pe gisthetperiitivityt of theovdcuumhCeis thea t e r i
Curie constant andgTis the CurieWeiss temperature. In the case of polar dielectric
ceramics the value dJ , s arfd other properties are very sensitive to dopants, defects in

11



the crystal, porosity, grain size, sintering time and sintering temperature etc. In general
the CurieWeiss temperatureol is different from the Curie temperature.TFor first

order tansitions, T<Tc while for second order phase transitiong=Tc. Some
ferroelectric materials also show diffuse phase transition behavior. An additional subset
of the ferroelectric phase transition called diffuse phase transition, which arises due to the
compositional fluctuation in the material.

1.6 Lead & Lead Free Piezoelectric Ceramics

Among the perovskite ferroelectric materials, leattaining canpounds such as
(Ply 5221049 TiO3 (PZT) and Pb(MgaNb23)Osi PbTiO; (PMN-PT), occupy the majority
of the commercial piezoelectric market because of their excellent piezoelectric and
ferroelectric properties arising from the peculiar crystal chemistry &f iBh. The
stereochemically active 6®ne pair in PB"ion and strong structural distortion by?®b
ion displacement in these materials makes it possible to create highly polarizable and

electrically active materials [12, 13].
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Fig. 1.6 Phase diagram of lead zirconate titanate [14].
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The superior properties irhése systems are obtained because of the presence of a
morphotropic phase boundary (MPB) between rhombohedral, tetragonal or monoclinic
phases [14]. The morphotropic phase boundary of PZT ceramics is almost vertical in the
phase diagram, as shown in Fig6,1which maintains the excellent piezoelectric
properties across a wide temperature range. Thesebésad piezoelectric materials,
despite possessing excellent electromechanical properties contain a large amount of lead
(> 60 wt. %) which is a toxic eheent. Processing of these materials is normally carried
out by exposing the lead (Pb) into the open environment. There are extensive
environmental issues with restoring and recycling of the-beedd materials, since lead
maintains for a long time in thenvironment and accumulates in living tissues, damages
the brain and nervous system. On the other hand, improper disposing of lead, such as
di sposing to open environment, could intro
In fact, concerns aboutdke issues have led to establish the legislation on restriction of
the hazardous materials (ROHS) and end of life vehicle (EOV) by European Union (EU)
[15]. Therefore, since June 2006, any products introduced to the open market may not
include more than @.wt.% of Pb substances. However, the presently availabldread
piezoelectric ceramics are not yet good enough to replace lead based piezoelectric
materials.

A significant research on ledtee piezoelectric materials, alternatives to PZT
system, begaa little over ten years ago even though the base lead free materials have
been known for more than half a century [16,17]. The research activities before 1990
mostly aimed at searching for the systems, whose properties are better than those of PZT.

Howe\er, this was not meant for environmental protection but merely a search for the

13



systems with improved properties over PZT. Since 2000, the search has mostly directed
to improve the already known leficce materials to the point where they might show
PZT-like properties. Till now the piezoelectric properties of lead free ceramics are far
lower than the lad based ceramics. Fig.1.8 shbesumber of publications per year on
leadfree piezoceramics from 1950 to 2008mong all the leadree piezoelectric
mateials, in recent years two systems j(Nay2)TiOsz (BNT) and (NasKos)NbOs

(NKN), have drawn a great deal of attention.(Blia;;;)TiO3 possess large remnant
pol ari zat i 9.nBut(th& achiGh mencive field JE(73 kV/cm) and a
ferroelectricto-antiferroelectric phase transition at around 200°C [18]. On the other hand,
sodium potassium niobate 1 MNxNbOs/KNN, is a good candida because it has a fairly

high Curie temperature (420°C) [19].
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Fig.17 (a)
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Fig.1.7 Comparison of properties between PZT materials and leadree materials:
(a) dielectric permittivity as a function of Curie temperature; (b) piezoelectric
coefficient as a function of temperature [20].
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Fig 1.8 The number of publications per year on leadiree piezoceramicg21-27].
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1.7 Ki«Na,NbOsy/KNN Based Materials

KNN is a solid solution of KNb@(KN) and NaNbQ@ (NN) systems. Potassium
niobate(KN) is a ferroelectric system with orthorhombic symmetry at room temperature
(RT) and has the phase transitions similar to BgTdt with higher Tc (~ 435°C).
NaNbG; (NN) system is an orthorhombic aif@rroelectric at room temperature witQ ¥
355 °C. The similarity between KNN and PZT systems is that both of these systems are
composed of ferroelectric and aferroelectric enédmembers. Fig. 1.9 shows the phase
diagram of KNb@-NaNbQ; system. As shown in Fig. 1.9, the substitution 6fiflKKNN
systemhelps the stabilization of ferroelectric perovskite phase and hence reduction of
formed metastable structures. The solid solution of potassium niobate and sodium
niobate, (X)KNbOsi xNaNbQ;, was found to exhibit better piezoelectric properties
around theMPB atx ~ 0.5, which separates two orthorhombic ferroelectric phases [28,
29]. Therefore, IKsNaysNbO; (KNN) has been recognized as one of the most promising
host materials for new leddee piezoelectrics. However, KNN ceramics are difficult to
sinter ly conventional solid state sintering technique and are subject to the problem of
deliquescence. The phase stability of KNN based ceramics are limited C1hédce
high temperature sintering is not possible. Moreover, the piezoelectric properties of KNN
ceramics is very low comparable to PZT ceramics. In order to solve these problems
researchers have tried to make solid solution of KNN system with other materials. Many
studies have been carried out on various KN sed f amil i es, 3such
[30, KNNT LisNB®@®], KNRR2-324]ShbOKNMNITI5]T,i OKNsiB6]Ba Ti O

KNN-AgNbO; [37]. Among all the modified KNN ceramics, KNNS ceramics near
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MPB is of great interest. {)KNN-xLiSbOs/ KNN-LS is a solid solution of KNN and

LiSbO; (LS) systems.
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Fig. 1.9Phase diagram of the KNbG- NaNbOs system [20].
A coexistence of orthorhombic and tetragonal phase in KISNeramic was identified
in the composition range for x=0@406 [33]. The enhanced dielectric and piezoelectric
properties in these siems had initially been attributed to the effects of the MPB
separating the orthorhombic and the tetragonal phases. It was later found that the
enhanced properties in KNNS ceramics is due to a polymorphic phase transition [38
40]. The improved piezoelg@ properties in these ceramics result from the lowering in
temperature of the ferroelectric orthorhombic to tetragonal phase transition temperature
(To-1) to ~ RT. But, this lowering ofT(o.1) gives rise to sharp temperature dependence of
the piezoelecic properties (e.gkp), which is a problem to be addressed before these

materials can be used in piezoelectric devices. It has been reported that the MPB in PZT
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system is nearly vertical in the temperataoenposition phase diagram HM2] as a

result the poling temperature gf has no effect on different ferroelectric phases.
However, the presence of MPB in KNb&sed ceramics is very different from that in
PZT-based ceramics. The MPB in KNbased ceramics is an orthorhomtetragonal
polymorphic phaséransition (PPT) type [43]. The phase boundary between tetragonal
and orthorhombic phases in KNN ceramics is not vertical and shows strong temperature
dependent behavior. Therefore, poling of the KNN based ceramics near PPT temperature
can improve the pmoelectric properties. Hence, it is necessary to examine how the
poling temperature is affecting the piezoelectric properties of the KNN based ceramics.
Even though KNNLS ceramics possess excellent piezoelectric properties, still it is not
comparable to PT ceramics. Hence, further modification in this system is suggested. Lei
et al. reported that the substitution of Agpn for (KosNays)™ ion in KNN ceramics
resulted an improvement in the piezoelectric coefficielb){186pC/N, planar mode
electromechnical coupling factorkp) ~42.5% and the relative density reached ~94% of
the theoretical density (T.D. ~ 4.51g/cc) [37]. ¥ualalso reported that Agon diffuses

into the KNN lattice to form a new solid solution with improved electrical properties
compared to pure KNN ceramics [44]. It was also reported that the tantalum (Ta) doping
in KNN based ceramics can help to improve the piezoelectric properties. Thomlas
reported that the simultaneous substitution of Li and Ta shift$hef the KNN based
ceramics below room temperature and makes it useful for high temperature applications
[45]. Recent study also confirms that substitution of Ta in place of Nb in the KNN based
ceramics can significantly improve the density and piezoelectric perfoenanthese

ceramics [4648]. Panet alreported that V doping in place of Nb in pure KNN ceramics
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can improve the sintering as well as electrical properties [49]. The sintering temperature
was found to decrease by 2Q0with the substitution of small amaduof V. Similar kind

of effects were also observed in SBN ceramics [50]. Following these reports, in the
present work we have made an attempt to study the effect of Ag, Ta and V substitution on

the structural and electrical properties of 0.95KBIR5LS ceamics.

1.8 Various Methods to Improve Piezoelectric Properties
Till now the piezoelectric properties of lead free ceramics are lower than those of the
PZT family. Various methods have been developed to further improve the piezoelectric
properties of piezelectrics.
1.8.1 Developing Solid Solutions Near MPB

Morphotropic phase boundary (MPB) of a solid solution is an intrinsic region
of a phase diagram where two or more different phases coexist. In maryakst
systems, it has been shown that tlédssolutions of piezoelectric materials usually
exhibit better piezoelectric properties as well as dielectric properties near the MPB at the
compositions. For example, the dielectric and electromechanical coupling coefficients of
PZT ceramics with compamns near the MPB (Pb(dk2Tio.4903) are showed in Fig.
1.10. The reason that these properties show the maximum near the MPB region can be
explained from a statistical point of view regarding the polar axis switching during the
poling process of the rnwerials. When a piezoelectric ceramics is poled, the different
polar axes within the grains are forced to switch toward the directions that are allowed by
crystallographic symmetry. Given a particular crystallographic symmetry, there are

always a fixed nuimer of equivalent polar axes along which the dipoles can switch.
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Fig. 1.10Dielectric and electromechanical coupling coefficients of PZT ceramics
near MPB [14].

The numbers of polar axes of ferroelectrics with different phases are shown in Fig.1.11.
For instance, on the #Zich side of the MPB, the crystal symmetry of PZT is tetragonal,
with 6 equivalent [001lirections of polar axes. On the-fich side of the MPB, PZT is
rhombohedral, with 8 equivalent [111] directions of polar axes. But at the MPB, these
two different phases coexist; therefore the switching of the polar axes has 14 available
directions. Wih a larger number of allowable polar directions, the maximum deviation of
the polar axis of a grain from the average polar direction becomes smaller, so that the

lowering of the net polarization in the whole polycrystalline specimen becomes less.
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Fig. 1.11 Numbers of equivalent polar axes of ferroelectrics with different phases:
(a) six [001] directions in tetragonal; (b) twelve [110] directions in orthorhombic; (c)
eight [111] directions in rhombohedralstructure.

1.8.2 Optimization of Poling Temperature

The MPB in KNNbased ceramics is very different from that in HX&ked
ceramics. The soalled MPB in KNN based ceramics is an orthorhontbicagonal
polymorphic phase transition (PPT). The phase boundary between tetragonal and
orthorhombic phases isoh vertical and shows strong temperature dependence. This
suggests that the piezoelectric properties of Kiided ceramicsnust be poling
temperatureTp) dependent
1.8.3 Microwave Processing

Microwaves are electromagnetic waves that lie between radio irdnared
frequency regions in the electromagnetic spectrum, shown in Fig.1.12. While the
majority of the microwaves frequencies are dedicated for communications and radar
purposes, the following frequencies are designated for industrial, scientifiopexidal
uses: 915 MHz, 2.45 GHz, 5.8 GHz, and 2P121 GHz [51, 52]. Homenodel
microwave ovens operate at a frequency of 2.45 GHz frequency due to the fact that the

water molecules present in food show good microwave absorption at this frequency. The
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relative availability of 915 MHz and 2.45 GHz microwave ovens resulted in their

applications to processing ceramics [51].

THE ELECTROMAGNETIC SPECTRUM
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Fig.1.12 Electromagnetic spectrum illustrating specifically the microwave range.
Microwaves interact with materials infiirent ways. Depending on the materials

Microwaves are generally reflected, transmitted, or absorbed. The ability of certain
materials to convert microwaves into heat makes these materials suitable for microwave
processing [53]. The main difference betweeconventional and a microwave process is
shown in Fig.1.13. In conventional furnaces, the heating elements supply heat to the
sample; the majority of heat is concentrated along the surface of the body when compared
with the interior of the sample. In microwave furnace, the material will absorb
microwave energy and then convert it into heat. The heating pattern during microwave
processing is more internal in natuitewas reported that microwave processing (MWP)

is superior to conventional processil@P() due to its unique characteristics, such as rapid
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heating, enhanced densification rate and improved microstructure. Microwave heating is
fundamentally different from conventional heating. In the microwave process, the heat is
generated internally withithe material instead of originating from external sources, and

hence there is an inverse heating profile. The heating is very rapid as the material is
heated by energy conversion rather than by energy transfer, which occurs in conventional

techniques.
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Fig. 1.13 Heating patterns in conventional and microwave furnaces.

Moreover, a major advantage of microwave calcination over conventional calcination is
that not only it saves time but also the coarsening of the particles can be igehatiyd,

which leads to the further increment in the diffusion rate during sintering. Reports on
microwave processing of KNN based ceramics are very rare. In the present work, in order
to produce highly dense KNN based ceramics, microwave processingjtechas been
employed.

1.9 Objectives of This Work

Although a great deal of work has been carried out in the search foffréead

piezoelectric materials based on KNN based ceramics, still it is important and
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challenging to design and synthesize read free systems in the interest of developing
new leadfree piezoelectrics with better piezoelectric and ferroelectric properties suitable
for high temperature applications.

Following are the objectives of thesent thesis work:

a) Synthesis of KNNLS based ceramics near MPB in single perovskite phase by
conventional soliestate reaction (CSSRyute.

b) Optimization of LS content in KNNLS ceramics near MPB to achieve better
piezoelectric properties.

c) Optimization of poling temperature to obtain better etuechanical and
piezoelectric properties.

d) Optimization ofsintering temperature oig, Ta and VdopedKNN-LS system,
synthesized by CSSR route.

e) Ag, Ta and Vdoping in MPB composition dKNN-LS system and its effect on
ferroelectric and piezoelectric prages.

(e) Studyof densification behavior and electrical properties of kN8l based
ceramicgsynthesized by CSSR route and showing better piezoelectric
propertiesprocessed by microwave technique.

The following series of KNNLS based ceramics are synthesized B§SSRroute:
i (1-x)[K 0.sNag sNbOs5]-x[LiSbO3] (x=0, 0.04, 0.05, 0.06)
i. 0.95[(Ko sNap 5)1-xAgxNbO;]-0.05LiSbQ (x=0, 0.02, 0.04, 0.06.08)
i, 0.95[(Ko.sNag 5) Nby.« TaO3]-0.05LiSbQ (x=0, 0.02, 0.04, 0.06.08)

iv.  0.95[(KosNaos) Nby,V,03]-0.05LiShQ  (x=0, 0.02, 0.04, 0.06.08)
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CHAPTER -2
Synthesis Routes and Investigated Parameters

2.1 Introduction

In this chapter, the basic principles and various experimental techniques as well as the
synthesis route used in this thesis work are described. Since in KNN based materials
hygroscopic alkali elements are present therefore, extra caie teebe taken to obtain single
perovskite phase in these materials. In the present chapter the various processes taking plas
during the material synthesis are presented. In order to measure the structural, microstructure
and electrical properties varigicharacterization techniques are used. These characterization
techniques include: structural analysis, dielectric, piezoelectric, electromechanical, ferroelectric
and thermal measurements. The concepts of these experimental methods and techniques &
briefly explained, including powder-rkay diffraction (XRD), scanning electron microscopy,
ferroelectric hysteresis loop measurement, strain vs. electric field loop, thermogravimetric

analysis, resonance and argsonance frequency and piezoelectric consterasurement.

2.2 Synthesis Process

There are several methods of material synthesis such as mechanical methods, whict
includes soligstate reaction, ball milling etc., and the chemical methods, which includes sol
gel, wetdry, polymersolgel etc. To achee a quality product with respect to purity,
homogeneity, reactivity, particle size etc. each method finds its own advantages and
disadvantages. Like the solstiate reaction method is found to be the easier, convenient and a

low cost technigue among othawailable synthesis methods by means of performance,
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reliability, reproducibility and economy. Several processing techniques for etecamics

have been developed and some of these are discussed in the following sections.

2.2.1 Solid State Reaction Rde

A solid solutionis amixture of two crystalline solids that coexist as a new crystalline
solid, or crystal lattice. Usually, polycrystalline materials are prepared by the conventional
solid state reaction route (CSSR). Solids usually do not reacbrat temperature (RT) and in
order to accelerate the reaction, higher processing temperature is needed. First of all the ray
materials are kept in an oven at 2@for 2h, in order to remove any moisture present in the
materials. Then the materials are weid according to the stoichiometry. After that, the raw
materials are ball milled and then grinded to homogenize the particles [1]. Acetone is usually
used as a milling medium. The phase formation temperature is decided from the
thermogravimetric analysigiere the weight loss of the sample is measured as a function of
temperature. Next step is the solid state reaction between the constituents of starting material
at suitable temperature [1, 2]. This process is called calcination. Calcination causes the
constituents to interact by inter diffusion between the ions. Calcination is also called as the
process of phase formation. After calcination the powder is given a desired shape, and is
further densified through sintering process. Sintering is a heat tr#apraress for making
useful polycrystalline ceramics from a powder or pomnmagerial. In this process the powder is
pressed into a compact, which is then heated to a temperature approxime86B6 50 the
melting temperature [3]. In this way, the powdkres ot melt; rather the particles join to

reduce the porosity of the compact by ionic diffusion as shown in Fig.2.1.
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(b)

grain /

boundary

Fig. 2.1 Schematics of sintering process: (a) three grains before sefithte sintering,
and (b) after sintering.

2.2.2 Microwave processing

The first reported work on sintering of ceramics using microwaves dates back to the
1960606s wi t h t he patent on firing refract
technology has been successfully applied to process some of the coemamiics consisting
of oxides, borides, carbides, nitrides, and a combination of these materials. Although
microwave heating was conceived before 50 years ago, its use in ceramic processing is
relatively new. Microwave heating is a phenomenon of electroategenergy dissipation
inside a material [5]. Considering nomagnetic materials, the charges present in the material
would respond to the electric field (that is associated with microwave) mainly by two processes
(a) polarization and (b) conduction. Imetmicrowave process, the heat is generated internally
within the material instead of originating from external sources, and hence there is an inverse
heating profile. The heating is very rapid as the material is heated by energy conversion rathe
than byenergy transfer, which occurs in conventional techniques. Microwave heating is a
function of the material being processed, and there is almost 100% conversion of

electromagnetic energy into heat, largely within the sample itself, unlike with conventional
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heating where there are significant thermal energy losses. Microwave heating has many
advantages over conventional heatmgthods [58]; some of these advantages include, time
and energy saving, very rapid heating rates considerably reduced processingnimne
temperature, fine microstructures and hence improved mechanical propertias, it
environmental friendlyDue to wide availability of 2.45 GHz microwave ovens, this frequency

is used by many researchers for heating different ceramics.

The absrption of micowave energy and conversion to heat occurs due to polarization
and conduction and results in a rise in te

equation [8]:

DT _ 20 &.Enme S
DX rc, S (2.1)

w h e r, & the prmittivity of free spac®.85x102V m’) , o ifthe relative effective

dielectric loss due to ionic conduction and dipolar reorientation, f is the frequengis E

the root mean square of the electric fiel
dielectric material ah G, is the heat capacity of the material at constant pressure. The
dissipation of microwave power is limited by the attenuation of electromagnetic waves
within the material and this is quantified as penetration depth)tls defined as the

distance fran the surface of the material at which the power level drops to 37 % of the

power at the surface. For a given microwave frequency, it can be observed from equation

1 that mi crowave absorption depennaddstheon t he

maqnitude of the internal electric field, & Higher these values, the more the energy
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(microwave) would be absorbed. However, the extent to which microwaves are converted
to heat is limited by their depth of penetration. It can be observed from equdhat) 1

wi th the igntheDendl slecreaseni.e. lat very high effective dielectric loss
values, the microwave heating wil/l focus

of conventional heating.

Developmentof Microwave
Qven

Firing ceramics - Patent

1944-1950

1960

\ $Ti0,,AL,0;, Al,0,-SiC, B,C

ZnQ, Zr0,,2r0,-Ce0,, nano-Ti0,, B,C-C, TiB,-
CrB, Si;N,,Silica-gel, CSZP, WC-Co, BaTiO;, Sic,

1980

Oxides, Carbides, Borides,
Nitrides

Fig. 2.2 Historical perspective of sinteringof ceramics using microwave energy.

2.3 Thermal Analysis

m

Thermo gravimetric analysis (TGA) can be used to determine the materials thermal

stability and volatile of components by monitoring the weight change at the time ofgheftin

the specimen. The measurement is normally carried out in air or in an inert atmosphere, such a

He/Ar, and the changes in weight is recorded as a function of increase of temperature of testing

samples. Sometimes the measurement is performed in nggamatmosphere to slow down

the oxidation. Such analysis relies on a high degree of precision in three measurements
weight, temperature, and temperature change. The results from thermo gravimetric analyses ar
usually reported in the form of curves relgt the mass lost from the sample against

temperature. Form this, the temperatures at which certain chemical processes begin an
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completed are graphically demonstrated. TGAdasimonly employed in research to determine
degradation temperatures, absorbedsimee content of materials, the level of inorganic and
organic components in materials, decomposition points of explosives, and solvent residues. I

is also often used to estimate the corrosion kinetics in high temperature oxidation [9, 10].

A differential thermal analysis (DTA) can be for the determination of phase diagrams,
heat change measurements and decomposition in various atmosplErés. is
athermoanalytidechnique, similar tdifferential scanning calorimetr{yDSC). In DTA, an
inert referenceand the specimen under study are made to undergo identical thermal cycles,
while recording any temperature difference between them Thig. differential temperature
between inert reference and the specimen is then plotted against time, or againsttieenpe
(DTA curve orthermogranm Reactions taking place in the sample, either exothermic or
endothermic, can be detected relative to the inert reference. Thus, a DTA curve provides dat:
on the transformations that have occurred, such as glass transiti@tallization, melting and

sublimation.
2.4 X-Ray Diffraction

The diffraction of Xrays was first illustrated by Maxon Laue using a crystal of
copper sulphate as the diffraction grating. This discovery was immediately noticed by W. H.
Bragg and WL. Bragg, who used Xay diffraction as a means to determine crystal structures.

In this technique, an electric field is used to accelerate electrons, which are directed at a meta
target [12]. The penetrating electrons eject other electrons out of to@micaorbitals,
specifically from the inner mosK] shell. This vacancy in thK shell is then filled by an
electron from the closest shell higher in energy dr the one above thamyj, yielding two

sharp and intense-Ky peaksKyandKjg, respectivelyf13]. The difference in energy between
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the two shells is released as radiation in the form of -aayXSince the energies of the shells
are well defined, each transition produces a monochromatic beam line. Fig. 2.3 illustrates how
X-rays interact with t@ planes in the crystal lattice of the sample. This interaction can also be
expressed by the Bragg law [13]:
20wSi nd = neo&
wheredyy is the interplanar spacing betweenthe crystalpldmds ( d i s t he Br
which diffraction fr om igtheevavelength ofitneetays.ar e ob

X-ray X-ray
source detector

v
N
_» atomic planes

Fig. 2.3 Bragg diffraction from a set of lattice planes with a spacingd.

The diffracted Xr ays ar e detected and a pl oangleod i
obtained. This XRD pattern provides very useful information such es 8pacing of the

lattice planes, which is directly related to the unit cell parameters of the material, and the
symmetry of the phase(s) present [14]. Raespectrum usually consists of two components of
similar wavelengthKy andKy ) due to the exisihce of two slightly different energy levels.

For example, the wavelengths of teadiations for a Cu target ané;=1.3926 A Ky £1.5406

A and Ky#1.5444 A [B]. Normally, monochromatic radiation is required in diffraction

experiments, and the comphlmore intens& radiation is usually selected.
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Fig. 2.4 Characteristic xray diffraction patterns for various symmetries showing the
corresponding splitting with respect to the cubic (111), (200) and (220) reflections.

TheKgyline is filtered using a thin metal foil, e.g., nickel which effectively filters Kidine of
copper. In some Xay experimentsKy ;andKy .are not resolved and a single line is observed
instead of a doublet, e.g., for powder diffractometry at low angles. In this tb@saverage
value of 1.5418 A foKy is used. If desired, the separate diffraction peaks can be resolved
when the angle of scattering is large or the welkecan be removed computationally-rxy
diffraction patterns can be used to monitor chemicattiens and structural properties such as
phase purity and change of symmetry (phase transition). For example, if a crystal structure
changes from cubic to tetragonal, the interaxial angles do not chidngeop=90¢°), but the
lengths of the unit cell arno longer equab( | )bBrhisswill @affect thed-spacings within the
lattice, which in turn will result in the splitting or merging of peaks as shown in Fig. 2.4. This
characteristic XRD pattern can be used to identify the symmetry and phase compobtients

materials.
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2.5 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a higimergy beam of electrons in a raster scan pattern. This
technique is widely usketo characterize the surface topography, morphology, compositions
and crystallographic information of the samples. The fundamental principles of scanning
electron microscopy (SEM) are mainly based on the accelerated electrons which carry
significant amouts of kinetic energy. This energy is dissipated as a variety of signals due to
the electrorsample interactions. These signals include secondary electrons (that produce SEM
images), backscattered electrons (BSE), diffracted backscattered electrons (@stednine
crystal structures and orientations of minerals), photons (characterstigsXhat are used for
elemental analysis and continuumrays), visible light (cathode luminescence), and heat.
Secondary electrons and backscattered electrons areardynused for imaging the samples.
Secondary electrons are most valuable for showing morphology and topography of the
samples; whereas backscattered electrons are most valuable for illustrating contrasts ir
composition in multiphase samples. Moreover, SEMlysis is considered to be a "non
destructive” method; hence, it is possible to analyze the same materials repeatedly [16, 17]
The schematic diagram of SEM is given in t
an electron beam is thermally gted from a tungsten filament under vacuum and focused on
an area (< 10 nm) and then scanned across the sample. The electrons penetrate the surface e
consequently eject other electrons that are detected and used for imaging [18]. Since, electron

interacts with the material, the sample must be conducting.
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Fig. 2.5 The interaction of an electron beam with a sample.

2.6 Dielectric Polarization

The polarization in the dielectric material occurs when it is subjectad éxternal field

and it is classified according to their origin. The various types of polarizations are [19]:

1. Dipolar polarization
2. Atomic or ionic polarization
3. Interface or space charge polarization
4. Electronic polarization
2.6.1 Dipolar Polarization (Orientational Polarization)
Dipolar polarization is a polarization that is either inherent pdar
moleculeqorientation polarization or can be induced in any molecule in which the
asymmetric distortion of the nuclei is possibtes{ortion polariation). In zero fields, the

permanent dipoles will be randomly oriented and the system has no net polarization, but an
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externaly applied electric field will tend to align the dipoles and the material will acquire a net

polarization, which is known as eritational polarization.

ézf ) ;“g.@’f{ﬁ ¥
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Fig.2.6 (a) Without field Fig.2.6 (b) With field

Fig.2.6 Schematic of the dipolar orientation process.

Dipolar polarization isfrequency dpendent and active in low and microwave
frequency region (~ 610" Hz) [20]. Dipolar polarizatiordecreases with the increase in
temperatureThis is understandable because, higher the temperature, the greater will be the
thermal energy, which increas#ése randomizing effect of the dipoles and acts against the
orientation of the dipoles in the field direction.

2.6.2 lonic Polarization

lonic polarization is polarization which is caused by relative displacements between
positive and negativiensin ionic crystalgfor exampleNacCl). If crystals or molecules do not
consist of only atoms of the same kind, the distribution of charges around an atom in the
crystals or molecules leans to positive or negative. As a result, when lattice vibrations or
molecubr vibrations induce relative displacements of the atoms, the centers of positive and
negative charges might be in different locations. These center positions are affected by the
symmetry of the displacements. When the centers don't correspond, polasizaige in
molecules or crystals. This polarization is cailetic polarization lonic polarization
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causederroelectric transitiors well aglipolar polarization. The transition, which is caused by
the order of the directional orientations of permardipbles along a particular direction, is
calledorderdisorder phase transitioifhe transition which is caused by ionic polarizations in
crystals is calledlisplacive phase transitiorSince the entire ions which are heavier than
electrons are displacethis mechanism is only active up to 10 10" Hz (Infrared
frequencies).This mechanism is also temperature indepenBign2.7 shows the situation
where thedistance between the ions increases by d; the symmetrical situation, where the

distance decreas by d, is obvious.

© 0-9 ©

Fig.2.7 Scematic of the ionic polarization.

2.6.3Electronic Polarization

It arises due to the relative displacement of the centers of +ve charges with respect to
the centre of théve charges of an atom or ion when subjgd¢tean external electric field. It is
operative in all dielectrics and is temperature independent. Electronic polarization is active in
the optical (visibleultravoilet) frequency range (~ 1010 Hz). Electronic structure of an

atom is independent ofmperature; hence temperature has no effect on it.
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2.6.4 Interfacial Polarization

In polycrystalline materials, the intgrain boundaries are zones, where free charges
(interstitial ions, vacancies, injected electrons etc.) may accumulate and caus@tpmiaof
the crystallites, which is known as interfacial polarization. The notion of interface polarization
is related to separate surfaces between crystallites, which act as barriers to the motion of fre
charges from one crystallite to the other asdhicharacteristics of polycrystalline materials
[21]. Interfacial polarization is prominent in low frequency {10 10° Hz) and high
temperature range. It is active in low frequency region, As the frequency is increased, the time
required for the interfaal charges to be polarized is delayed. At high temperatures the increase
of defect or impurities gives rise to interfacial polarization.

2.7 DielectricProperties

Ferroelectric materials are very often dielectrics. For most applications of ferroelectric
materials, the dielectric constang)( and dielectric loss (ta) are important practical
parameters, and studies of the dielectric properties provide a great deal of information about
the applicability of the ferroelectric materials in various applicatio

2.7.1 Dielectric Constant ()

The relative dielectric constarg) of a material is the ratio between the charge
stored on an electroded slab of material brought to a given voltage and the charge stored on
set of identical elctrocdes, separatedraguum. It is defined as

e= 1+PEE (2.3)
wheree = Dielectric constant or relative permittivity of the material

E= Net electric field in the presence of dielectric material

P = Induced dip@ moment / volume under an applied electric field E
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&= Permittivity of the free space
And, for an alternating electric field, the dielectric constant can be written as
e= eNjenj (2.4)

WhereeNj i s t he r eal C 0 mp o n elative perrittivityh ie phalse e | €
with the applied external field EEnj i s t he i ma g i °mat ofyphaseomthptieen e n
applied external electric field, caused by either resistive leakage or dielectric absorption. For
normal substances, the valueepis low, usually under 5 for organic materials and under 20
for most inorganic solids. Ferroelectric ceramics, however generally have much &igher
typically several hundred to several thousand [22].

2.7.2 Dielectric Loss (tard)

The charging current imn ideal dielectric leads the applied voltage g
radians (90). However, in real dielectrics in addition to the charging current, associated with
the storage of electric charge by the dipoles, a loss current must also be considered. The los
current aises from the longange migration of charges, e.g., dc ohmic conduction and the
dissipation of energy associated with the rotation or oscillation of dipoles [22]. As there is no
dielectric which is a perfect insulator (is not loss free), it is genergisesented by a complex
dielectric constant, defined in equation 2.4. The total current in the real dielectric is a complex
guantity which leads the voltage by an angle@@0vhered is called the loss angle. Dielectric
loss (taml), also known as dissaion factor, is defined as tdn €'/ eNj. The inverse

tangent, Q = (1/tad), is used as a figure of merit in high frequency piezoelectric applications.
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2.8 DiffusePhaseTransition

In macroscopic homogeneous materials, the observed tibansemperature is not
sharply defined. The transition is smeared out over a certain temperature interval, resulting in &
gradual change of physical properties in this temperature region. This phase transition is callec
as diffuse phase transition (DPThough this phenomenon is observed in several types of
materials, however the most remarkable examples of DPT are found in ferroelectric materials.
I n the early 195006s ferroelectric diffuse
literature. The diffuseness of the phase transition is assumed to be due to the occurrence o
fluctuations in a relatively large temperature interval around the phase transition temperature.
Usually here two kinds of fluctuations are considered: (a) compositionalidhiant and (b)
polarization (structural) fluctuation. From the thermodynamic point of view, it is clear that the
compositional fluctuation is present in ferroelectric sefidhitions and polarization
fluctuation is due to the small energy difference betwhigh and low temperature phases
around the transition temperature. This small entropy difference between ferroelectric and
paraelectric phases will cause a large probability of fluctuation. According to Fritsberg,
substances of less stability are expddio have a more diffuse transition [23]. For relaxor as
well as other FDPT, the width of the transition region is mainly important for practical
applications. Complex perovskite type ferroelectrics with distorted cation arrangements show
DPT which is cheacterized by a broad maximum for the temperature dependence of dielectric
const)anand Udi el ectric disper si offiollowsnmodiflede t r

temperature dependence Curie Weiss lawJ@}

e=¢gp+ < (2.5)

(T—Tmp)¥
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where, T, i s t he t emp e rraeaucrhee sa t mawchisnibiehmodifidd Curie
constant and 9 is the critical exponent .
which | ies 1 n t hedequastguay, nbranal €2iéWeissiaw ¢s dolowedo f
and it shows the normal ferroelectric phase transition [27]. Whereas on the basis of a loca
compositional puctuation model , t he v al

system [28]. Forsystems exhi biting Il ntermedi at e

materials are complex, hence partially disordered.

2.9 FerroelectricProperties

The most important characteristic of ferroelectric materials is polarization reversal (or
switching) by an applied external electric field. Mainly domuiall switching in ferroelectric
materials lead to the development of polarization vs. electric fiek) f@rroelectric hysteresis
loop. This hysteresis loop can be observed experimentally by asBawyefi Tower circuit
[29].
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Fig. 28 Ferroelectric P 1 E/ hysteresis loop(Circles with arrows represent the
polarization state of the material at the indicated fields
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Fig. 28 shows FPE hysteresis loop in a ferroelectric materiat. small valies of the electric

field, the polarization increases linearly with the field amplituds, the field is increased the
polarization of domains with an unfavourable direction of polarization will start to switch in
the direction of the field, rapidly incasing the measured charge density. An ideal hysteresis
loop is symmetrical so thatEx= T Ec and +Pr= T Pr. The coercive field, spontaneous and
remanent polarizations and shape of the loop may be affected by many factors including the
thickness of the sample, the presence of charged defects, mechanical stresses, preparatit
conditions, and threnal treatmentThe mechanism of polarization switching has been studied

in detail for many bulk and thifilm ferroelectrics [30]. The polarization reversal takes place

by the growth of existing antiparallel domains, by domaall motion, and by nucleath and

growth of new antiparallel domainahich is shown in Fig. 2.B81].

AAAS
A A

b)

c) d)

Fig.2.9 Probable sequence of polarization switching in ferroelectrics:a) nucleation of
oppositely oriented domains, l) growth of oppositely oriented domains, ¢) sidewise
motion of domain walls and ¢l) coalescence of domains.

P-E hysteresis loop is also a function of temperature and usually area of the loop shrinks with
the increase in temperature until a phase transition takes place [22]. At this poiBtlnogPis

observed and this temperature is called Curie temperatyure, T
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2.10 Poling

Ferroelectric crystals possess regions with uniform polarization called ferroelectric
domains. Within a domain, all the electric dipoles are aligned in the same direction. There may
be many domains in a crystal separated by boundaries called domain walls. Adjacent domain:
can have their polarization vectors in antiparallel directions, at right angles to one another etc.

Adjacent domains having polarization vectors antiparallel dinestand at right angles are

known as having 18@r 90 domain walls.

D.C. filed E

Remanent polarization P,

Strain caused by the field Remanent strain

Fig. 2.10 Schematic illustration of the poling process.
A ferroelectric polycrystalline material possessesltiple ferroelectric domains. A single
domain can be obtained by domawall motion made possible by the application of a
sufficiently high electric field, the process known as poling. Poling is very important for the
application of polycrystalline ferroelectric ceramics. Ferroelectric ceramics do not possess any
piezoelectit properties owing to the random orientations of the ferroelectric domains in the
ceramics before poling. During poling, a DC electric field is applied on the ferroelectric sample

to force the domains to be or iigdristrendvedandai p o
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remnantpolarization and remnant strain are maintained in the sample, and the sample exhibits

piezoelectricity. A simple illustration of the poling process is shown in Fig. 2.10.

2.11 Strainvs. Hectric Field Behavior

In addition tothe polarizationelectric field hysteresis loop, polarization switching by
an electric field in ferroelectric materials also lgtastraini electric (SE) field hysteresis. The
strairi electric field hysteresis loop, whialesembles the shape of a buftigrarises due to
three types of effects. One is the converse piezoelectric effect of the lattice, and the other twc
are due to switching and movement of domain wallsramic samples usually contain a
number of norl8( domains. In addition to the pureepbelectric response of the material
within each domain [32], the movement and switching of b®@ domain walls may involve

a significant change in dimensions of the sample.

Strain

D G

Fig. 2.11 Straini electric field (Si E)/ hysteresis loop (butterfly laop) in piezoelectrics.

Fig. 2.11 showthe strain vselectric field (SE) hysteresis loop in a ferroelectric materkst.
zero field (point A) the strain of the crystal is taken to be zero. The electric field is then applied
in the direction of the spomaous polarization. As the field is increased, the crystal expands

through the piezoelectric effect, and the strain traces the p&hG\ The expansion continues
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until the maximum field is reached (point C). At point C, the field starts to decreassg shilit i
parallel toPs. The strain of the sample traces the same line but in the opposite direction (from
C to A). At point A the strain is again zero. The field then changes its direction, becoming
antiparallel toPs. As the field strength increases irethegative direction, the crystal contracts
with respect to point A. At point D the field is large enough to switch the direction of
polarization. After switching, the polarization becomes parallel to the field, and the strain
becomes positive again (poi). During further increase of the field in the negative direction,
strain increases to point F, and then decreases back to point A as the field is decreased [33
The reversal of the polarization and sudden change of the strain happens again atfwnt G.
strairi field curve is linear, indicating that the strain is purely piezoelectric except at the

switching points D and G.

2.12 PiezoelectriiParameters

The piezoelectric charge coefficienth(anddss), the piezoelectric voltage coefficients
(931 and gs3) and the piezoelectric coupling factods:( kss, ko and k) are the important

piezoelectric parameters.

2.12.1 Piezoelectric Charge Coefficients

Piezoelectric coefficients can be measured using either the direct or converse
piezoelectric #ects. The piezoelectric coefficients in the direct and converse
piezoelectric effects are thermodynamically identical. In order to measure the
piezoelectric coefficients using the direct piezoelectric effect, a normal load is applied to

a ferroelectric apacitor and the charge on the electrodes is measured. To measure the
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piezoelectric coefficients using the converse piezoelectric effect, an electric field is

applied and the strain in the ferroelectric material is measured.

The equations for the direabé converse piezoelectric effects are given below:

D=dT (Direct effect) (2.6)

S =d E (Converse effect) (2.7)
Where in equation (2.6) ARdo 6i s i pi eztoheel ecd il
di spl acement, OTOowhtelree ame d ma neiqcuaalt isotnr € s2s.,7 )
and 06S6 the mechanical strain, respective

dependent i.e., tensor quantity. The longitudinatpelectric coefficienfdss) is the value

of the piezoelectric coefficient that applies to the distortion measured in the same
direction as the electric fieldo measure the longitudinal piezoelectric cogdfit, the
electrical response is parallel tioe applied stress. The value measured in the direction
perpendicular to an electric field is called the transverse piezoelectric coefficignt (d
For the transverse piezoelectric coefficient, a stress isedppl the plane of the material

and the indoed charge is measured along the perpendicular direction (along which
direction). High d constant is desirable for materials intended to develop motion or
vibration, such as sonar or ultrasonic cleaner transducers applications [22].

2.12.2 Electromechanial Coupling Coefficient

The electromechanical coupling coefficient is defined as the ratio of the mechanical
energy accumulated in response to an electrical input or vice versa. The piezoelectric coupling

coefficient can be expressed as [34]:
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M echanicaknergyconvertedoelectricalenergy

K=
Inputmechanicaknergy

Or

Electricalenergyconvertedomechanicaknergy

K=
Inputelectricalenergy (2.8)

Under dynamic DC conditions, as opposed to static DC conditions, the behaviour of the
piezoelectric materials isuch more complex. It can be characterized in terms of an equivalent
electrical circuit which exhibits both parallel and series resonance frequencies. To approximate
these frequencies, the frequency of the minimum impedapa@n@ maximum impedance)f

for the material are measured as shown in Fig22. 1

\_

Log(z) A

—
_—

fy fa Frequency

Fig. 2.12. A typical impedance curve of the equivalent circuit for measuring the
impedance frequencies [35].

The f and f, are called as resonance and-aesionance frequencies. The resondreguency

is the frequency at which the sample vibrates most readily and most efficiently converts the
input electrical energy to the mechanical energy [36]. Fig.2.13 shows that initially with
increase in frequency the impedance decreases and reachesiarmualue at,f with further

increase in frequency impedance increases and reaches a maximum valu€ aari be
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determined by the dimension of the ceramic element. For a thin disc of piezoelectric ceramic,
the planar mode coupling coefficients)(kexpresses radial coupling, the coupling between the

electric field parallel to the direction in which the ceramic element is polarized and mechanical
effects that produce radial vibrations. The resonance measurement of a material is strongly
dependent on itgeometry. To assure isolation of the resonance, sample geometry must be
chosen carefully [36]. Geometries suitable for measuring the different piezoelectric and

elastic coefficients are presented in Tdble

Table-2.1 Sampé geometries for measurement of material properties.

7
| i
7
S T
L ] N [ y I
A
Dimensional long, slender, length |thin, flat plate, thickness poled; |thin flat dise, thickness poled
Requirements poled rod; [ = 3d [=356w d=101¢
. K k. tand, sl K[k, tand,s/ .
Properties P - s ! ,
Kik, tand,0,

Measured ";_:::1d3:133:'g.1J ";III:I"H['-I ' E-f_‘.l*Qw
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CHAPTER-3

Experimental Details
3.1 Introduction

This chapter describes the various stepgolved in the synthesis of the
compounds selected for the present work byveational and microwave processing
techniqus. Thedetails about the instruments used for the various characterizations of the
samples are alggiven in detail.

3.2 Conventional Processing

The following series of KNNLS based ceramics were synthesizeaddyventional
solid state reaction route:

(1-x)[K 0.sNag sNbO5]-x[LiSbO3] (x=0, 0.04, 0.05, 0.06)
0.95[(Ko.sNap 5)1-xAgxNbO5]-0.05LiSbQ (x=0, 0.02, 0.04, 0.06.08)
0.95[(Ko.sNag 5) Nbyx TaxO3]-0.05LiSbQ (x=0, 0.02, 0.04, 0.06.08)
0.95[(KosNap s) Nb1.x\VxO3]-0.05LiSbQ  (x=0, 0.02, 0.04, 0.06.08)

The various steps involved in conventional proces®f the above mentioned
ceramicsare represented as a flow chart and shown in Fig.3.1. In the present work, the
raw materials such as;,&0;, N&CO;, LioCO; SBOs, Ag,O, TaOs and LOs (with
high purty > 99%) wereused for the material preparatiofhe raw materials were first
dried at ~ 208C in orderto remove the moistureStoichiometric weights of all the
powders were mixed and ball milled witltesione for 8h, using zirconia balls as the
grinding mediaAfter drying the slurry in an oven, the calcinations of the powders wer
carried out at 85T for 6h.Single perovskite phase formation was confirmed byax

diffraction (XRD) techniqueAfter cakination, he powders were mixed with peinyl
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alcohol (PVA) (which acts as a binder) to reduce the brittleness and to have better
compactness amongst the granules of the powdkesgreen pellets of dimensions with
diameter ~12 mm and thickness ~1.5 nware made using uniaxial isostatic cold press
with the help of tungsten carbide dy&he sintering of the pellets was carried out in a
conventional high temperature furnace. Initially, the temperature of the pellets were
raised to 608 with a very slow hating rate ~ %/min. and kept there for 2h to
completely remove the binder. Then the pellets were sintered at a desired high
temperature with a soaking time of 4h to increase the defi$igy/sintering temperature

was optimized for each composition to este betterdensity in the ceramicén order to
examine the phases present in sigstem, XRD analysisf the sintered KNN ceramics
were performed on a PW 3020 Philips diffr
radiation. The sintered microstructures were observed using a JEOLGSENYV
scanning electron microscope (SEMhr SEM measurement, the surfacetloé samples

were made conducting by applyirgthin layer ofplatinum coating. The experimetal
densities (g of the samples were measured by the Archimedes method. For electrical
measuremengilver paste was applied on both sides of the sintered cesandfired at
500°C for 30min for good adhesiorDi el ect r i § and defedridass (tad)( U
were measured as a function of temperature using a computer interfaced HIOKI03532
LCR-HITESTER. The ferroelectric property was characterized by the measotrarh
polarization as a function of elgic field using precision premier Il, a standard
ferroelectric testing machine (Radiant Technology). The samples for the piezoelectric
property measurements were poled by corona poling unit itethperature rangiom

RT to above the orthorhombic tdarggonal phase transition temperathyeapplying a dc
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electric field of 5kV/mm for 20 min. Thesglvalues of the samples were measured by
Piezo mete(YE2730A d; Meter, APC International Ltd.)The electromechanitaoupling
coefficient (k), mechanical quality factor () was measurethy resonance and anti
resonance methodlhe strain vs electric field loop behavior was studied by using
precision premier Il, a standard ferroelectric testing machine (Radiant Tegghalith

the helpof MTI-2100 Fotonic Sensor

Starting Precursors in Stoichiometric
Proportions

Dry Mixing

A4

Ball Milling

‘ Calcination

] U ) PhaseConfirmation
[ Grinding by XRD
Recalcination ’<:|: NO YES

J

‘ Cold Pressing ’-<
J

‘ Sintering ’
{
Polishing & Electroding

I

[ Characterizations ]

Fig. 3.1 Flowchart of the mnventional synthesis process.
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3.3 Microwave Processing

The following series of KNNLS based ceramics are synthesized by microwave
processing technique:

l. 0.95[Ko.sNap sNbOs]-0.05[LiSbQ]
1. 0.95[(Ko.sN&o.5)0.94A00.0dNbO5]-0.05LiISbQ
lI.  0.95[(Ko.sNags)Nbg gsT 80,0203]-0.05LiShQ
IV.  0.95[(KosNao s)Nbo.gaVo.0603]-0.05LiISbQ

The raw meéerials such asK,COs;, NaCO;, Li,CO; ShOs, Ag,O, TaOs and

V.05 (with high purity > 99%) were used for the synthesis of these above compounds.
The raw materials were first dried at ~ 200in order to renove the moisture
Stoichiometric weights of all the powders were mixed and ball milled with acetone for 8
h, using zirconia balls as the grinding media. After drying the slurry in an oven, the
calcination of the powders was carried out at’85fbr 20 mhs, 40 mins and 60mins,
respectively by keeping the powders in an alumina crucible, surrounded by rectangular
SiC slabs, at the centre of a microwave furnace, shown in Fig.3.2. For XRD
characterizations of the calcined powders were grinded in a Apasée to obtain
homogeneous powders. The powder calcined al@%@r 60min was mixed thoroughly
with 2wt% polyvinyl alcohol (PVA) and pressed into disks of diameter ~ 10 mm and
thickness ~ 1.5 mm under ~60MPa pressure. The microwave sintering was carkigd out
placing the pellets in the centre of a 4.4 kW, 23z multrmode microwave cavity
surrounded by rectangular SiC slabs with a heating rate %6¥/®.. SiC slabs were

used because it absorbs the microwave and transfers to the mateeiahicrowave

furnace temperature was recorded by using a Raytekcomtact sensor (XRTQ5
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Schematic diagram of microwave furnace is shown in Fig.I8.2rder to examine the
phases present in the material, the XRD analyses of the pellets were performed using PW
3020 Philips diffractometer equippeevi t h Cu KU (a&=0.15405
microstructures of the as sintered pellets were examined using JEOIG4AEEMV
scanning electron microscope (SEM). The various steps involved in microwave

processing are represented as a flow chart and is shdwg3.3.

IR Sensor

Insulation MW Cavity
T
- MW
Alumina Crucible
SiC Susceptor

Sample

Fig.3.2 Schematic diagram of microwave sintering system.

The experimental densities ¢ of the samples were measured by the Archimedes
method. For electrical measurement, silvaste was applied on both sides of the sintered
ceramics andired at 500°C for 3tnin for good adhesion. Dielectric sos t aJnand ( U
dielectric loss (tan) were measured as a function of temperature using a computer
interfaced HIOKI 35350 LCRHITESTER. The ferroelectric property was
charactazed by the measurement of pofation as a function of electric field using
precision premier Il, a standard ferroelectric testing machine (Radiant Technology). The
samples for the piezoelectric property measurements were poled by corona poling unit in

the temperature range from RT tb@ve the orthorhombic to tetragonal phase transition
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temperature by applying a dc electric field of 5kV/mm for 20 min. THealues of the
samples were measured by Piezo m@t&2730A d; Meter, APC International Ltd.)The
electromechanical coupling eflicient (k;) was measured by resonance and -anti
resonance methodlhe strain vs electric field loop behavior was studied by using
precision premier Il, a standard ferroelectric testing machine (Radiant Technology) with

the help of MT+2100 Fotonic Sensor

Starting Precursors in Stoichiometric
Proportions

Ball Milling

[ Microwave Calcination at 850C for 20, 40 and 60 mins

J
[ Grinding ]

J

‘ Phase conirmation by XRD ’

J

‘ Cold Pressing ’

l

‘ Microwave Sintering ’

|

Polishing &VEIectroding

[ Characterizations ]

Fig.3.3Flowchart of the microwave synthesis process.
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3.4 InvestigatedParameters

This section describes the details about the measurement of various structural,
microstructural and electricatqperties.
3.4.1 Phase Evolution and Crystal Structural Study

X-ray diffraction patterns of all the samples were collected to find out the crystal
structure and the unit cell parameters of the unit cell. XRD analysis was performed on a
PW 3020 Philips diff act omet er using Cu KUhe (ifsactin 15405
data was taken i hto#PhCu 2Kddiatioa was stripped fsom th2 0
coll ected XRD data by wusing sTthadauesd sof't
corresponding to thegaks were noted from the diffraction patterns. The crystal structure
and unit cell parameters were obOWDO ned] . us
The XRD peaks were deconv el degreesd bysingthe he 2 d
Peakfit software withtGaussian approximatiorf2]. The fraction of the tetragonal phase
(fr) and orthorhombic phag&) is determined from the integrated peak intensities of the
two phases {land b) using equation () & (3.2) [3].

fr= |T/( It +|o) =

£1(002)1 + 1(200)7} / {1(002)1 + (200 + 1(002) + 1(020)} (3.1)
fo=lo/ (lo +l7)
—{1(002)o + 1(020)0} / { 1(002)0 + 1(020)s + 1(002); + (200)} (3.2)

where 1(002 , 1(200) , 1(002), and 1(020) are the integrated inteities of the

tetragonal (002) and (200) peaks and orthorhombic (020) and (200) peaks, respectively.

61



3.4.2 Dendication Study

The experimental densities of the sintered samples were measured using
Archimedes method. First of all, the dry weightsieé sintered samples were measured
by a digital electronic balance. The sintered samples were then immersed in a glass
beaker containing kerosene oil and kept under a vacuum for 30 mins to ensure that the
liquid filled up the open pores completeThe supended weight of the pellet was then
measured in kerosene. Then the soaked weight was measured by blotting the pellet with a
wet paper towel. The experimental densitigxy (vere calculated by using the following
relation:

dex = Wary / (WsoakedWsuspende) 9/CC. 3

Where dy is the density of the sample. Hel®4, and Woakeqare the dry and soaked
weight of the material in air and in kerosemile respectively.

Relative densities (RD) of different sintered samples weilzdéd from thel,
and Xray density (d). Since, the macroscopic samples usually contains minute cracks
and pores, hena#&, is always less than and cannot exceed {h&X-day density (g) was

calculated usinghe following formula[4]:
(3.4)

Where

Z = No. of formula units per unit cell
M = Molecular weight (gm)

N = Avogadro's number

V = Unit cell volume (A§

Relativedensity (RD) of the samplegerecalculatedusing the following relation:
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RD = (dex/ dy) x 100 (3.5)

3.4.3Grain Morphology Study

In the present workthe topographical and morphological study was carried out
by using JEOLJSM-6480LV Scanning Electron Microscopdé. was used to determine
the average grain size and to observe surface morphology of the samples. The average
(Avg.) grain size of the samples was calculated by diagonal intercept method with the
help of thefi | ma g e J oOThesawgf dranasizeewaneasuredy drawing lines of
known lengthdiagonally on the micrograph. Thaumber of grains intersected by the
lines werecounted. Then the gvgrain skes were calculated by dividing thength of

the line bythe no of grain coming under that line.

3.5 Electroding of the Sample

The sintered pellets were polishedachieve a thickness of ~1lmm and cleaned
with acetone. Sufficient care was taken to keep the faces of the pellets parallel. Then thin
layer of silver paste was applied on both side of the sample$iraddn an oven at 500°C
for 30min to ensure good adhesiorhe pelletsnow act as dielectric medium between the

two parallel metallic plates. Now, the samples are ready for electrical measurements.

3.6 Poling

The schematic diagram of the corona discharge method is shown in F\yitB.4.
this method, the bottom and top electrodes are metallic plate, whereas the forming
metallic electrode is usually made of a metallic wire (e.g., brass wire), witrerahe

polished to a sharp point so that voltage of only a few kV between the two electrodes is
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sufficient to create a field near the point electrode, exceeding the breakdown strength of

the air in a region of a few millimeters around the point electrode.

|

' |
[ Point electrode] W | =,

'GI'II:I\ T_‘a—""d‘l
[ Sample to be poled]- - ,—,———_.!.__

__I_,..r A 1 d; | —V

[ Metallicelectrode] | i

|

\[ Heating chamber ]

Fig. 3.4Schematic of the corongoling method [5].

This unit consists o& sharp pointed corona needle made of brass wire2aim
diameter. The sample was placed on the metbdse plate and a high voltages (kV)
was applied between the corona point and the base plate. This voltage was chosen to be
slightly higher than thgoltage at which corona discharge starts. A bias voltah8 kV)
was applied between the grid and thetatie plate to accelerate the ions. The samples
were subjected to corona discharge Z6rminutesat a constant temperaturfter that
slowly, the temperature was decreased while the field was still active. Finally, the field
was removedDuring this praess, the samples get polarized.
3.7 Electrical Properties

This sectiondescribesthe details of various electrical properties used to study

different properties of KNNLS and modified KNNLS ceramics.
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3.8.Dielectric Measurements

In the present work, théielectric measurements of the samples were carried out
by using a computer interfaced Hioki 353@ LCR Hitester. The diagram of the
dielectric measurement instrument is shown in Fig.3.5. The interfacing of the instrument
was done by using Lab view sofive. The dielectric constant and dielectric loss was
measured as a function of temperature at four different frequencies. The data were
recorded with a heating rate diZmin and at an interval of@. The dielectric constant

( Pwas calculated by usirtge following relation [6];

& =(Cx1)/@oxA) (36)
WhereC is the measured capacitance, t is the thickness of the sample, A is the surface

area of the sample attlis the permittivity of the free space (~ 8.8540¢*F F/m) [5].

\\\\\\

\\\\\\

- ,uu
moon

Fig. 3.5 Diagram of the Hioki 353250 LCR Hitester.

3.9 Polarization vs. Electric Field (P-E) Measurements

Ferroelectric hysteres(P-E) loops aRT for all theKNN-LS basedsamples were
recrded using precision premier I, a standard ferroelectric testing machine (Radiant

Technology). A typical ferroelectric measurement is based on the principle of Sawyer
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Tower circuit [7], which is shown in Fig.B. In this circuit, a step voltag&/] is agplied
across the pair of electrodes on the surfaces of a sample cap@gitwitlf thicknesgl).
This is the origin of the quantity plotted on the horizontakis, which is proportional to
the electric field E=V/d) across the sample. The sample is t@mected in series with a
parallel RC circuit, which compensates for any phase shift due to conductivity or
dielectric loss in the sample. The voltagé)(across the reference capacit@)(is
measured, and because the two capacitors are connectedes $he charge on the
reference capacitor must be the same as the charge over the sample capacitor. Once the
charge on the sample is known, the polarization can be determined using relation given
below.

P =Q/A 37X
WhereQ is the charge developed on the electrodes of the ferroelectric capacifoisand

the area of the electrodes.

1 [
Ve
] ¢ d
Y
L L
|
Co T Vo

Fig.3.6 Schematic of the Sawyé&iTower circuit for the measurement of the
polarization-electric field [5].
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3.10 PiezoelectricConstant (t3) Measurements

The piezoelectric coefficient{s) of the sam|es was measured by a quagatic
method using Piezo mete(YE2730A d; Meter, APC International Lt)l The piezoelectric

coefficient is defined by the following equation:

dss = (39

v Qo
mj 9
|-QDO

E
whereDsis the charg density (C/rf) andTsis the mechanical stress (Njmat constant

electric field €). Figure 37 shows a schematic diagram for themeasurement using the

PiezeMeter.

A Shunt C

Fig. 3.7 Schematicdiagram for the dzsmeasurement
When aforce (F) wasapplied on an area\] of a poled sample by the upper and lower
probes, a piezoelectric charg®)(was produced due to the piezoelectric effect on the
contact area A). Hence, piezoelectric charge coefficientzsgfidwas measured by
measuringthe charge developed on the surface of the sanigjeation 3.9 can be

simplified as follows:

Qo
O
[
O
Q
2

_Cv (39)
F

T
.3
ulle

67



Where C is the shunt capacitance aMlis the potential difference auss the shunt
capacitor. The PiezMeter measures this potential difference, calculatedsti{ien pC/N)
of the sample and displays the value digitally. Averdgevalues are taken after taking

measurements from various areas across a ceramic sample.
3.11 Resonance and AntiresonanceFrequency Measurement

Resonance (f and antresonance {f frequencies are used to evaluate the
electromechanical coupling coefficients p)(k mechanical quality factor ) and
frequency constant g\ In the present workhe § and f are measured by usirtdjoki
353250 LCR Hitesterln the frequency vs impedance graph, the point where impedance
is minimum is called resonance frequency and the point where impedance is maximum is
called antiresonance frequency. Resonanecd antiresonance frequencies are related to

each other by the equation of the forn]8

ko= 2.51@ (3.10)

r

Where | is the planar mode coupling fact@and it measures the efficiency of a
piezoelectric material.
Themechanical quality factor is determined by the following relaftid:

1 € f° @

Qm= i U (3.11)
2'tercl' faz_ frzy

WhereR is the resonance pedance and C is the capacitance at 1 kHz.
3.12 Strain vs. Electric Field Measuremerts

Stran in a material can be induced both by bipolar and unipolar electric fields.

Generally, strain versus bipolar electric fieldEybehavior for a piezoelectric mesial is
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a butterfly shaped loophe strain vselectric field loop behavior was studied bsging
precision premier Il, a standard ferroelectric testing machine (Radiant Technoitgy)

the help of MTI-2100 Fotonic Sensor, as shown in Fid. 3t is adualchanne| fiber-

optic measurement system that performs -oomact displacement and vation
measurements. The MFRILO0 Fotonic Sensors utilizgjacent pairs of lightransmitting

and light receiving fiberd.ight-transmitting fibers and light receng fibers arebundled
together. The displacement is based on the interactiorebe the field of illumination of

the transmitting fibers and the field of view of the receiving fibers. The platelet sample
with electrode on both sides is connected intcexternal voltage source. The distance
between the sample and the photonic proleermsrolled by a screw device.

At contact, or zero gap, most of the light exiting the transmitting fibers is reflected
directly back into the same fiber, providing verylditlight to the receiving fiber, which
produces a zero output signal. An increase in the probe to the target distance increases
[Fig. 3.8(b)], the amount of light being captured by the receiving fiber also increases.
This process will continue until then&re face of the receiving fibers is illuminated with
the reflected |light. This point is called
voltage output of the electrical signal. Further increase in distance will cause the
diverging filed of reflectedight to exceed the field of view of the receiving fiber, thus
causing a reversal in the outprdrsusdistance signal relationship. Therefore the point at
Aopti cal peako is set as a maximum point.
between theanple and the Fotonic probe is first reduced by screwing backwards to get
away from the optical peak to the point that gives rise to minimum intensity of received

light, then the electrical signal is applied. Any displacement of the sample in response to
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the electric field will then be compared with the optical peak and gives the relationship of

displacement versus electric field.

o Transmitting Fiber ® Receiving Fiber

(a)

Light
Source To Photocell
Light Transmitting Light Receiving
Fiber Fiber
\ / \
T V aga\
Probe-to-Target !
Displacement A B

(b)

Fig. 3.8 A setup for the measurements obtrain vs. electric filed loop. (a) Fiberi
optical probe tip configurations; (b) Displacement sensing mechanism of adjacent

fiber-optical elements.
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CHAPTER-4

Structural, Dielectric, Ferroelectric and Piezoelectric Properties
of (1-x)[K 9.sNag sNbO;]-X[LiSbO 3] Ceramics

4.1. Introduction

(1-X)Ko.5Nag sNbOs-xLiISbOs/KNN-LS is a solid solution of KNN and LiSBO
(LS) systems. A coexistence of orthorhombic and tetragonal phase inLlSN#¢ramics
have been identified in the compositi@mge forx=0.040.06 [1]. It has been reported that
the so called MPB in Pb(ZxTix)Os (PZT) ceramic is nearly vertical in the temperature
composition phase diagram of PZT ceramicgl]2lt is nearly temperature independent,
i.e., the poling temperateir(Tp) has no effect on different ferroelectric phases. However,
the presence of MPB in KNHased ceramics is very different from that in RHXked
ceramics. The MPB in KNNvased ceramics is an orthorhomtetragonal polymorphic
phase transition (PPT) [3]The phase boundary between tetragonal and orthorhombic
phases in KNN based ceramics is not vertical and shows strong temperature dependent
behavior. Therefore, poling of the KNN based ceramics near PPT can improve the
piezoelectric properties. Though theare few reports on the KNDNS system but the
effect of LS content and on the ferroelectric and piezoelectric properties of this system
near MPB has not been studied simultaneously yet. Therefore, in the present chapter, the
effect of poling temperaturand LiSbQ content on the structural and electrical properties
of (1-X)KNN-xLiSbO; (x=0, 0.04, 0.05 and 0.06) ceramics within the MPB region have

been investigated in detail.
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4.2. Optimization of Calcination and Sintering Temperatures

It is very important to develop single perovskite phase in the synthesized
ferroelectric ceramics. Since, the presence of secondary phase in the ferroelectric ceramics
always increases the conductivity and decreases the piezoelectric properties, which is
undesiable for practical applications. Therefore, to ensure the single perovskite phase
formation the calcinations temperature of the paky¥NaysNbO; ceramics have been
optimized.It is well known that a dense ceramic body is necessary to achieve maximum
dielectric and piezoelectric properties. Therefore, in the present section, the optimization
of the sintering process is discussed in detail.

4.2.1. Thermal Analysis

Fig.4.1 shows the thermogravimetric and differ@nthermal analysis (TG/DTA)
results of the uncalcined g¥NaysNbO; (KNN) powder. The TG curve shows that the
overall weight loss of the powder was ~14% from RT to 9D0Four endothermic peaks
are observed from the DTA curve at ~94, 208, 465 and’64@espectively. Sodium and
potassium carbonates are hygroscopic in nature and they absorb water from the
environment. Therefore, the appearance of peaks at ~ 94 anC26&respond to the
removal of physically and chemically absorbed water present iKki powder [5]. The
powder mixture of KNN composition undergoes the decomposition of carbonate groups
between 408C to 700°C. Among the carbonates, }&0s is the less stable and starts losing
CO; at lower temperatures (~ 48Q) [6]. Thereforeweight Icss observed just above 400
°C could be associated with the decomposition of0a. The CQ loss originated from the
NaCO; decomposition was also previously identified by mass spectrometry measurements

which indicated the decomposition of this compoundues at ~ 400°C [7]. At
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temperatures above ~ 650 °C, the weight loss produced by decomposition of carbonates has
been completed and no further weight losses are observed, indicating that the final
composition of the samples correspond to the nominal Tmese facts are indicative that

the calcination should be performed at temperatures over 650 °C. Therefore, TG/DTA study

indicates that single perovskite phase can be obtained at®€800
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Fig.4.1 TG/DTA curves of the raw KNN powders.

4.2.2 Single Perovskite Phase Formation

Fig.4.2 shows the XRD patterns of the KNN powders calcined at 750 arf©850
for 6 h. The formation of single perovskite phase has been confirmed &€ 8&@ereas
at 750°C small amount of secondary phase glovith the perovskite phase is detected.
The appearance of secondary phase peaks &€ %shfirms the presence of unreacted
phases in the ceramics. This suggests that single perovskite phase in KNN ceramics is
developing at 85 calcination temperaturéThe XRD patterns of ¢(X)KNN-xLS

powders (x=€0.06) calcined at 858C for 6 h are shown in Fig.4.3. Single perovskite
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phase has been obtained in all the KNS! ceramics, which suggests that Bhd SB°
have completely diffused into the A and Bites of KNN-LS ceramics and formed a

homogeneous solid solution.

* Secondary Phase .
y (a) Calcined at 750 °C

(b) Calcined at 850°C

Intensity (a.u.)

| —

20 30 40 50 60 70
2q (degrees)

Fig.4. 2 XRD patterns of pure KNN powders calcined at different temperatures.

(a) 0.96KNN-0.04LS Pure KNN Calcined at 850 °C
(b) 0.95KNN-0.05LS
(c) 0.94KNN-0.06LS
S
L
2 20 30 40 50 60 7
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c
iC]
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Fig. 4.3 XRD patterns of (2x) KNN-xLS powders calcined at 850C for 6h.
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4.2.3 Sntering and Density Study

The variation of relative density (RD) as a function of sintering temperature is
shown in Fig.4.4. The sintering of all theXXKNN-xLS ceramics have been carried out
in the temperature range from 166040°C for 4 h. The optimm sintering temperature
is found to decrease with the increase in LS contentKMN-XLS ceramics. For pure
KNN ceramics the optimum sintering temperature is found to be ¥12@&hereas with
the increase of LS content in KNDNS ceramics it decreases 1080°C. The lowering of
sintering temperature if1-x)KNN-XLS with x=0.04, 0.05 and 0.06 ceramics may be due
to the lower melting point of $0s (~655°C) and LyCOs (~72CF°C), which improves the
densification with the formation of liquid phase at higimperature [8]. It is known that
the formation of liquid phase, which leads to rearrangement of particles providing more
effective packing is critical for densification of KNN based ceramics. In Ki$\based
ceramics, at high sintering temperature, thapevation of alkali oxides and &b takes
place as they are volatile in nature. Hence, the formation of liquid phase occurs across the
grain boundary, which enhances the densification process. Again, both smaller and larger
volume fraction of the liquid mse results in poor microstructural and electrical
properties [9]. Therefore, the volume of liquid phase during this stage of sintering has to
be controlled in order to achieve full densification by filling the interstices completely. In
this case, withhe increase in LS content in KNS ceramics initially the RD (Relative
Density) increases and becomes maximum at x=0.05, but with further increase in
sintering temperature RBecreases which may be due to the formation of excess liquid
phase in the cerans. The RD of pure KNN ceramics is found to be ~ 91% whereas the

RD of 0.95KNNOQ.05LS ceramic is ~ 94.7%, which is a significant improvement. The
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results suggest that LS modification in KNN ceramics enhances the sinterability and

hence increases the degsit

96
1 —=— pure KNN
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Fig.4.4 Relative density of (X)KNN-xLS ceramics sintered at different
temperatures.

4.3 Morphology Study

Fig.4.5 shows the SEM micrographs of thexJKNN-xLiSbO; (x=0, 0.04,
0.05,0.06)ceramics sintered at optimum temperature. It can be seen that with the increase
in LS content the pore size decreases.-Noiform distributions of grains are observed in
all the ceramics. The average grain sizes of the ceramics are found to vdiryeady
with the increase in x content in KNDNS ceramics. For pure KNN ceramics the average
grain size is found to be ~ 2.9 um, whereas for x=0.05 it reaches ~ 4 um. With further
increase in x content it decreases to ~ 3.4 um. Relatively dense packingnsf ayea

observed in 0.95KNNO.0O5LS ceramics in comparison to other ceramics.
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1SkU X7+000 20m

Fig.4.5 SEM micrographs of (3x)KNN-xLiSbO3 ceramics sintered at optimum
temperature.

4.4 Structural Study

Fig.4.6 shows the XRD patterns of tljg&-x)KNN-xXLS ceramicssintered at
optimum temperatureXRD peaks reveal the development of single perovskite phase
without any trace of secondary phases in all the KI¥\ceramics. This suggests that Li
and SB° ions have completely diffused into the KNN lattice to form a bgemeous
solid solution. It can be seen that the ceramics w#th (KNN) and x=0.04 possess pure
orthorhombic structure at RT and is confirmed by matching the XRD patterns with the

JCPDS card no. 72171. The orthorhombic phase is characterized by (0@B)(Peak
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splitting whereas, the tetragonal phase is characterized by (002)/(200) peak splitting. For
x=0.06, the KNNLS ceramics possesses only the tetragonal phase, which is indexed by
JCPDS card no#@945. Therefore, it can be concluded that the orthnlho and

tetragonal phases @xist in KNN-LS ceramics for 0.04x0.06.

(a) Pure KNN (b) 0.96 KNN-0.04LS
(c) 0.95KNN-0.05LS (d) 0.94KNN-0.06LS
. Ss|g
- o = | -
— [= o - - — 8 — — —
=5 |2z = S o« =N =
H (@) E SIBEEEE
=
7)) C
c (©) ﬁL M A
£
= (b) . M A
)
20 30 40 50 60

20 (degrees)
Fig.4.6 XRD patterns of (2x) KNN-XLS ceramics sintered at optimum temperature.

In order to quantitatively investigate the effect of LS content on the crystalline phases

peak deconvolutontas been performed on the XRD patt

46.5 degrees for all the KNNS compositions ceramics. Fig.4.7 shows the XRD patterns
of KNN-LS cer ami cs i n idebaegzes. TheaXRD patteons of dll4he 5
composi ti omasge has beenhdm®isvoluged into four peaks, (2GQ)(002),
(020} and (002) using the Peakfit software with Gaussian approximations where the

subscripts AToO and AO0 denote the tetragon
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The fraction of he tetragonal ¢) and orthorhombic phaseg)fare determined from the

integrated peak intensities of the two phaseart b) using equation (4.1) & (4.2) [11].

fr =1t/ (It +lo)

= {1(002)r + 1(200)} / {I(002)1 + (200 + 1(002)p + 1(020)5} 4.1)
fo = |o/ (|o +|T)
={ 1(002)0+ 1(020)} / { 1(002)o + 1(020) + 1(002) + (200} (4.2)

where 1(002) , 1(200) , 1(002) and 1(020) are the integrated intensities of the
tetragonal (002) and (200) gks and orthorhombic (020) and (200) peaks,
respectively.The calculated values of the dndfp are mentioned in Fig.4.7. It is found

that with the increase in x conterdg,decreases andihcreases.

Intensity (a.u.)

o0 (002) 0.96KNN-0.04LS

i ° —m— Observed 2001 (002) (200
600 ] Pure KNN \l —+— Fitted —&— Observed| 4 ° i )T

_ —+— Fitted —— Fitted

500+ =090 \l — v Fitted 1504 | —— Fitted f=0.50

1 — < Fitted —— Fitted
400+ l - Fitted

| 3
300 - * = (020), \2100 . (002), 8

] U Z !
200 - " . . g

1 T oom " on £ 504
100 - 7(002)" (200) ¥ = =

] 8

0 -—. M L T — R
-100 T T T T T T T T T T T T T T T T T
445 45.0 45.5 46.0 46.5 445 45.0 455 46.0 46.5
2q (degrees) 2q (degrees)
Fig.4.7 (a) Fig.4.7 (b)

80



—m— Observed 0.95KNN-0.05LS _||—=— Observed 200
2004 | pog n (200 350 % con e 0.9aknn-0.06Ls  (200);
—s— Fitted i 300 [ Fitted
— +— Fitted ; L —— Fitted
3004 | o Fitted . \ f,=0.76 250 ] [+ Fitted
~ f ] -
S ‘ 5 200~
< 200 (0C2) : L 8
> = . 2 150+
G = (020) 8 @ a
2 oy § 100
S 1004 (0022 o 3 £
= 3 S’!%g I 504
ﬁ A Aj : 7 q
0- &0 b S ig 0-
T T T T v T r I -50 T T T T T T T T T
445 45.0 455 46.0 465 445 45.0 455 46.0 46.5
2q (degrees) 2q (degrees)
Fig.4.7 (c) Fig.4.7 (d)

Fig.4. 7 XRD patterns of (1x)KNN -xLiSbO3 ceramicsinthe2 d r angied6. o f 4 4.
degrees.

Table-4.1 Structure and unit cell parameters of1-x)KNN-xLiSbO3 ceramics.

Sample | a(d) | b(A) | c(A) | Volume Structure S.D.
Name (A)?
KNN 3.9388| 4.0280| 3.9953| 63.39 | Orthorhombic [0.0034

0.96KNN- | 3.9800( 4.0156| 3.9540( 63.19 | Orthorhombic [0.0044
0.04LS
0.95KNN- | 3.9638| 4.0141| 3.9657| 63.09 | Orthorhombic [0.0023
0.05LS | 3.9629| 3.9629| 4.0179| 63.10 Tetragonal [0.003]

0.94KNN- | 3.9521| 3.9521| 4.0060| 62.57 Tetragonal (0.002]
0.06LS

The structure andnit cell parameters of all the KNNS ceramics are listed in Tabfel.

It is found that pure KNN ceramics possess orthorhombic structure whereas thESKNN
ceramics with x=0.06 possess tetragonal structure at room temperature (RT). Hence, with
the increas in LS content the ceramic transforms from orthorhombic to tetragonal

structure. The XRD patterns of-KQKNN-xLiSbO; ceramics with x= 0.04, 0.05 and 0.06
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were refined with both tetragonal and orthorhombic structures. The unit cell volume of
0.95KNN-0.05LS ceramics is found to be nearly same for both tetragonal and
orthorhombic structures, which further hints about the cdence of both these phases at
RT in this compositiorf12]. Again, the unit cell volume is found to decrease with the
increase in LS @antent in KNNLS ceramics, which may be due to the fact that the ionic
radii of Li* (0.68 A) and SB(0.62 A)is smaller than the ionic radii of (NeKos)* and

Nb*™. It is reported that vacancies are created when higher ionic radii elements are
replacedby lower ionic radii elements, which in turn decreases the unit cell volume in a

compound [12].

4.5 Dielectric Properties

4. 5.1 Temperature DependgandRieleotfic Di el ectr i c
Loss (tani)

Fig. 4.8 (a), (b), (c) and (d) show the temperature dependence of dielectric
c o n s t)anfour diff€rent frequencies of LYKNN-xLiSbO; ceramics forx=0, 0.04,
0.05 and 0.06, respectively. It can be seen that with the increase in x content, the Curie
temperature (J) and the orthorhombitetragonal (6.1) polymorphic phase transition
(PPT) of the (IX)KNN-xLiISbO; ceramics decreases. Fig. 4.9 (a) and (b)wshthe
temperature dependenc ey foroafl the dorepostionedf €lct r i c
X)KNN-xLiSbO; ceramics at 1 MHz frequency. In order to eliminate the effect of space
charge polarization contributions at high temperatures and low frequerreythee 1
MHz data are given [13JAccording to previous reports, as per dielectric study, in pure
KNN ceramics two phase transitions occurs above RT in the temperature dependence

dielectric behavior. As shown in Fig. 4.9, in case of pure KNN ceramic$ore=0 the
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first phase transition ~ 188 is the orthorhombitetragonal (5.1) phase transition and

the second one ~ 445 is the ferroelectrigparaelectric phase transition temperaturg. (T

It is observed that both these phase transition temperatadsghly dependent on tke

content in (IX)KNN-xLiSbO; ceramics. In comparison to pure KNN ceramics, the
substitution of LS in KNN system has significantly lowered tiae- &nd T. of KNN-LS

ceramics. The dt is found to be ~19€, 115C, 43C and belowRT, whereas Jis

found to be ~42%C, 400.8C, 385.5C and 367C corresponding tx=0, 0.04, 0.05 &

0.06 in (2X)KNN-xLiISbOs;c er ami ¢ s, respect jircredsseslineaffhe RT
with the increase in x content in-KKNN-xLiSbOsceramics, which may be due to the
stabilization of tetragaemaéandTRaralistedindable at R
4.2. Fig.491) shows the temperature dependence
frequency of (IX)KNN-xLiSbO; ceramics withx=0, 0.04, 0.05 and 0.06. It can be seen

that with the increase in x content the v
theincrease n r el ative density in the sampl es. I
obtained with increasing temperature which may be due to the increase in the mobility of

ions and imperfections in the material [14]. It can also be seen that the tempeshtures

peak dielectric loss and peak dielectric constant do not coincide. Kidnangy

relation indicates that this can be the consequence of temperature dependent

relaxation near Curie temperature [15].
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Fig.4.8 Temperature dependencefd i el ect r i Jof @-R)KNNt ant (U
xLiSbO3ceramics sintered at optimum temperature for (a)x=0 (b)

x=0.04 (c)x=0.05 and (d)x=0.06.
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Fig.4.10 Temperature depeattMHzeguencyof (i el ect
X)KNN -xLiSbO 3 ceramics.

4.6 Diffusivity Study

It can also be seen from Fig. 4.9 (a) that with the increase in x content iFLIENN
ceramics, the br oadlgntreasas, whidh indidates the madase ofo f U
diffuse phase transition nature in KNNS ¢ er a mi edCurieWeissilawd, given
in relation 4.3, has been suggested to examine the diffuseness of the ferroelectric phase
transition [16, 17]:

1/-0 /89 (T-TwC (4.3)
Wher e, Jeamadn€t ant s. The parameter 2 (gi Ves
the phase transiti o+Weissflaw is followed, which meansrthe r ma |
transition of the system is completely ordered [18]. Whereas on the basis of a local

compositionapb uct uati on model , the value of 2=2 <
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system [ 19]. For systems exhibiting i nt er

materials are complex, hence partially disordered.
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Fig.4. 11 Plotof Il 1,# U L Yv&l | n ( H)I(IX)KNN-xLiSbO3 ceramics at 1 MHz
frequency.

The pl ot1k)sId(THTE) fof allthe KNNLS ceramics are shown in Figl4.

The value of o has been calculated from th
with increase in LS content and is found to be ~1.21, 1.51,1.78 and 1.81for pure KNN,
0.96KNN-0.04LS, 0.95KNNO0.05LS and 0.94KNMD.O6LS ceramics, respectively. This

confirms the increase of diffuse phase transition nature with the increase of LS content in
KNN-LS system. The appearance of diffuse phase transition with the increase in LS
content can be explained as follows: in perovskipe compounds, the diffuse phase
transition occurs when at least two cations occupy the same crystallographia sitds:

in ABO3 type perovskite structure. A cationic disorder induced ksit® substitution is

always regarded as the main cause for the appearance of diffusive behavior. However,
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according to previous reports, the diffusive behavior in Kibdded ceramics shiolu
attribute to a cationic disorder induced by botisife and Bsite substitutions [20]. In the

solid solution of KNNLS ceramics, K, Na and Li ions occupy-s#tes of ABQ
perovskite type structure, whereas"Rland SB° ions occupy Bsites, therefore thion
disorder in the perovskite unit cell can be accounted for the appearance of diffusive
behavior.

4.7 Poling Temperature Effect on Piezoelectric and Electromechanical
Properties

It is known that the MPB in KNN based ceramicsnsoathorhombietetragonal
polymorphic phase transition (PPT) type [3]. Unlike the MPB in PZT, the phase
boundary between orthorhombic and tetragonal phases in KNN based ceramics is not
vertical and shows strong temperature dependence. Hence optimizatipolirod
temperature (J) is needed to achieve desired piezoelectric properties [21]. Fig.4.12 (a)
and (b) show the effect of poling temperature on the values of piezoelectric coefficients
(dsz) ande|l ect r omechani cal p).cTheugettronmdeanical @aipliygc i e n t
coefficients (k) of the samples were calculated from the resonangeaifd ant
resonance £ frequencies using the equation:

ko = [2.51 x {(f-f,)/f}] 12 (4.4)

Where f and f are resonant and amw@sonant frequencies (Hz) ang ik a planar mode
coupling coefficient. At fand f,frequencies, the electrical impedance modulus of Z exhibits
a strong variation with a minimum value aahd a maximum value at fThe planar mode
electromechanical coupling coefficient)ks calculated by putting the values pd £ in

equation (1).It can be seen that for pure KNN ceramics with the increase of poling
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temperature, there is an increasing trend for beffamd k values. Thisnay be due to the

fact that the &1 in pure KNN ceramic occurs ~ 198 and the poling temperature is lower

than that. As shown in Fig.4.12, thg [Tas an obvious effect on the piezoelectric properties

and except for pure KNN ceramics, the piezoelectrimperties reach maximum values

when T,Y Tor. This is due to the fact that whep lles near orthorhombitetragonal PPT

temperatures, neh8(F domains can switch easily and be orientated owing to the

coexistence of the orthorhombic and tetragonal phaggs [2
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Fig.4.12 (a) piezoelectric coefficients ¢g) and (b) Planar mode coupling coefficients
(kp) of (1-x)KNN-xLiSbO3ceramicsas a functon of poling temperature.

The coexistence of the orthorhombic and tetragonal phases increases the number of

polarization directions. Consequently, the higher degree of the domain alignment gives rise

to highest piezoelectric properties near PPT. Maxinvafne of dz ~ 215 pC/N and k~

0.415 at RT is obtained in case of 0.95KHN5LS ceramics by choosing optimumniear

PPT. This shows that,Tplays an important role in the enhancement of piezoelectric

90



properties of the KNMbased ceramics. In additionany studies indicate that the reason for
high piezoelectric properties in KNbBased ceramics such as KNSTiOs;, KNN-LiNbO3,

etc., is also due to the formation of PPT at room temperature. In this study, maximum
piezoelectric properties are obtained in cab®.95KNN-0.05LS ceramics, which may be

due to the presence of PPT near RT.
4.8 TemperatureDependence oElectromechanicalProperties

Fig. 4.13 shows the temperature dependence of planar mode electromechanical
coupling coefficients (§ for the (Ex)KNN-xLiSbOs; ceramics. It can be seen that in all the

ceramics maximum value of ks also obtained near PPT.
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0.40 e 0.96KNN-0.04LS
] —A— 0.95KNN-0.05LS

0.354 —v— 0.94KNN-0.06LS

0.30 1

0.254
= 0.20-
0.154
0.104
0.054
0.00
-0.054

T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450
Temperature (°C)

Fig.4.13 Temperature dependence of thglanar mode coupling coefficient (k) of the
(1-x)KNN -xLiSbO 3 ceramics.

It has been sugsted that the domain structure of the kN&ksed ceramics near PPT region

is the coexistence of orthorhombic (O) and tetragonap(larized domains. There are 12
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possible spontaneous polarizatioPs) directions for theO phase, and six possibles
diredions for theT phase. The presence of more number of possible polarization states near
PPT improves the piezoelectric properties [23]. This phenomenon has also been observed in
other ceramics such as BagiGeramics and KNb&ceramics [24]. Highestalue of k, ~

0.43 is obtained for 0.95[@¢6Nays)NbOs]-0.05LiISbQ ceramics at ~4%&. For all the
ceramics after PPT, the value gfdecreases rapidly and reaches ~ 0 at thehich is due

to the thermal depoling of the ceramics at higher temperatures.

When a unrestrained piezoelectric ceramic element is exposed to a high frequency
alternating electric field, an impedance minimum, the planar or radial resonance
frequency, coincides with the series resonance frequepcyliie relationship between
the radial mode resonance frequency constét) and the diameter (L) of the ceramic

element is expressed by [25]:

Np= fr x L (4.5)

It was reported that the ceramic with high frequency constagjtc@ be useful for high
frequency applicans. Fig.4.14 shows the temperature dependence of frequency
constant () of (1-x)KNN-xLiSbO; ceramics. It can be seen that near RR& value of

Np attains a minimum value for all the-f)KNN-xLiSbO; ceramics except for x=0.06

and then increases withirther increase in temperature. It is known thaisNinversely
proportional to elastic compliancéelastic compliance s, is defined as the strain
produced in a piezoelectric material per unit of stress applied and is the reciprocal of the
modulus of elaticity (Young's modulus, Y). Therefore, the decrease phdans the

increase of elastic compliance. The reason behind the minimum valygadPRT may
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be due to the change in mechanical hardness of samples and/or the bonding strength of
ionic constituats in NbQo ct ahedr al at the phase ft/lransit
frassca n ky/kgec in the temperature range of 85to 300C for the KNNLS ceramics

are shown in Fig. 4.fl/9sscalntdk/kgscam évo Impoktanto wn t |
performance factors of the piezoelectric ceramiicsepresentshe change of,fand k

values with increase in temperature with respect to room temperature values which
determines the stability of the propertiésh e b e h d,¥f45-9i$ foundfto lseexactly
opposite to Kkpkec Bimilaratostheobehaviof of jde t he Vvial ue o
[fi3sec decreases with the increase in temperature up to PPT except for th& &KNN
ceramics with x=0. 006 kykgaédiacreasasswitht ihcesea mal ue
temperature up to PPT except for the KINN ceramics with x=0.06 and thelecreases

with further increase in temperature due to thermal depoling of the ceramics.
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Fig.4.14 Temperature dependence of the frequency constantNof (1-x)KNN -
XLiSbO3 ceramics.
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Fig.4.15 Variation s © fffisse@@ n dkp/keggs-c with temperature of (1-x)KNN -
XLiSbOj3ceramics.

3.9 Strainvs. Electric Held Behavior

Fig. 4. 16 s howsnduted straifs iofotKNAIXLS gezaimids. The
development of typical butterflghaped loops indicatebe piezoelectric nature of the
ceramics. The straie | e ¢ t r i-B) hystezekislloofsSwhich resembles the shape of a
butterpy develops mainly due to three typ
converse piezoelectric effect of the lattice, amel dather two are due to the switching and
movement of domain wall$Small displacements of all types of domain walls affect the
polarization of the material whereas in addition to the pure piezoelectric response of the
material within each domain, the maowent and switching of nebh8® walls may
invol ve a signiycant c¢ h 2n.dgke céramicddwitmxehie.i on s
pure KNN ceramics possess a remnant strain ~ 0.034% whereas for x=0.04, it reaches ~

0.052%. With further increase mcontent, the remnant strain increasg to ~0.07% at
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x=0.05 and then decreasesxa0.06. The maximum value of remnant strain at x=0.05
may be due to the presence of PPT close to RT which incrisa@sesen180° domain wall

motion because of the reduction of the potential balregween Oand T polarization

stateq28].

—&— Pure KNN

0.20 —— 0.96KNN-0.04LS
—A— 0.95KNN-0.05LS
—v— 0.94KNN-0.06LS
0.16 -
=
$.0.12
£
©
0 0.08 -

0.04
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-30 -20 -10 0 10 20 30
Electric Field (kV/cm)

Fig.4.16 Strain vs. Bectric field (S-E) loopsof (1-x)KNN-xLiSbO 3 ceramics.

3.10 FerroelectricProperties

In order to examine the ferroelectric nature of the KNW ceramics, the
polarization vs. elddc field loops are measured and shown in Fig.4.17. Saturated
hysteresis loops developed in all the KIS ceramics. It is found that initially with the
increase irx content up to«=0.05, Rincreases but with the further increasecicontent
P, startsdecreasingThe increase in /Amight be ascribed to the increase of the bulk
density that diminishes the leakage current and enhances the polarization [#8cess

30] . Maxi mum value of r ems @btained in @.P5KNN z at i o
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0.05LS ceramics; again this may be due to the presence of PPT near RT which may be

due to the presence of more number of polarization directions in the ceramics [23].

30
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Fig.4.17 PolarizationElectric field (P-E) hysteresis loopof (1-x)KNN -xLiSbO3
ceramics.

Table-4.2 Electrical and physical properties of (IxX)(NagsK .5 )NbO3 1 XLiSbO;
ceramics withx = 0-0.06.

X 0 0.04 0.05 0.06
0 (1 MHz) 277 488 832 931
T.(°C) 425 400.8 385.5 367

Tor (°C) 198 115 43 Below RT
P; (eClcm?) 11.6 13.9 18.7 17.2
da3 (pC/N) 72 134 215 161
Kp 0.30 0.33 0.415 0.36
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4.11 Chapter Summary

The effect of LiSb@ substitution in KNN ceramics near MPB region was
examined in (IX)(Nay sKo5)NbOs-xLiISbO; for x = 0, 0.04, 0.05 & 0.06 ceramics,
synthesized by conventional solid state reaction route. The piezoelectric and ferroelectric
properties with g5 =215pC/N, k =0.415and P =18 . 7 ° sv@¢ found to be
maximum forx = 0.05 The ceramics fok = 0.05 also exhibited maximum density and
the max. average grain size. The XRD study on the crystalline structure of-the (1
X)(Nag sKo 5)NbOs-xLiSbO; ceramics show that the fraction of the tetragonal phase
increased and that dhe orthorhombic phase decreased with the increase of x content.
The Curie temperature was found to decrease with the increase of x content-TThe O
phase transition temperature.f, was located close to RT (~ 48) for x=0.05. The
maximum piezoeledir performance observed xt0.05 was attributed to the ne@om:

temperature &1, the maximum grain size and the maximum density in this composition.
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CHAPTER-5

Structural and Microstructural Study of Ag, Ta and V
Modified 0.95[(KqsNag 5)NbO3] -0.05[LiSbOs] Ceramics

5.1Introduction

The various electrical properties of a ferroelectric material depend mainly on its
crystal symmetry and the quality tfe microstructure. Therefore, crystal structure and
microstructural study are the two important characterizations of the ferroelectric
materials. In KNN based ceramics, crystal symmetry plays an important role for the
enhancement of ferroelectric and gmelectric properties [1]. In this system, when the
orthorhombic to tetragonal polymorphic phase transition occurs around room temperature
(RT), coexistence of both orthorhombic and tetragonal structure have been reported at
RT. The presence of both thestructures at RT improves the ferroelectric and
piezoelectric properties [2]. The sintering of KNN based ceramics is difficult by
conventional solid state reaction route (CSSR) due to the presence of the volatile alkali
elements [3]. The sintering procassnainly carried out in the presence of liquid phase in
KNN based ceramics [4]. However, the presence of more amount of liquid phase
decreases the bulk density of the ceramics. Hence, sintering temperature has to be
optimized. Grain size is also an impnt factor which affects the ferroelectric and
piezoelectric properties [5]. In this chapter, the density, structural and microstructural
properties of the Ag, Ta and V modified 0.95{@Nay5)NbO;] -0.05[LiISbG] ceramics

are presented in detail.
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5.2XRD Analysis

X-ray diffraction experiments were performed orPANalytical's X'Pert PRO
di ffractometer in a wide °rwithhQuekymadiatioBr a g g
(_=1.5405A) at a continuous scan type having step size of 0.02 degree at room
temperature. All the peaks of the XRD patterns of all the compounds were indexed in
different crystal systems and unit cell configurations usimg&ues and/or inteplaner
spacing (d) of each peak DbROWBO c[obrp.utEhe plb
agreenent between the experimental and calculated values of d5(dgydca) =Dd =
minimum) was chosen for the confirmation of the crystal structures.
5.2.1 Ag Modified 0.95KNNOQ.05LS Ceramics

Fig.5.1 shows the XRD patterns 6f95[(KosNap s)1-xAgxNbO;]-0.05LISbQ

(KNAN-LS) ceramics calcined at 85Q for 6h. Single perovskite phase is developed in
all the KNAN-LS ceramics without any trace of secondary phase peaks. Fig.5.2 shows
the XRD patterns of KNANLS ceramics withx=0.0, 0.02, 0.04, O@and 0.08 sintered at
1080F°C for 4h, respectively. Single perovskite phase is also identified in all the sintered
KNAN-LS ceramics without any trace of secondary phase peaks. This suggests'that Ag
ions have completely diffused into the KNI lattice toform a homogeneous solid
solution. It can be seen that the ceramics witl® (pure KNNLS) possess both
orthorhombic and tetragonal structure at RT, which is already discussed in (see-chapter
4). Whereas, forx=0.02 the ceramics possess pure orthorhomtriectsire which is
confirmed by matching the XRD patterns with the JCPDS card r@171. Forx=0.08,

the KNAN-LS ceramics possesses the tetragonal structure only which is indexed by

101



JCPDS card no. 7@945.Therefore, it can be concluded that there exstsixed
structure region between orthorhombic and tetragonal structure forxQ@P8 in
KNAN-LS ceramics [78]. The transformation of crystal structure from mixed structure

to pure orthorhombic structure and again to tetragonal structure may be rggcluei to

the distortion created in the lattice with Agubstitution on the Aite of KNAN-LS
ceramics. Fig.5.3 shows the enlarged XRD patterns of the (kNABN) cer ami ¢cs i n
range from 44to 47. The positions of the draction peak of the ceramics initially shift
towards higher angles with the increasex content up to«=0.04. The XRD peaks shift
towards left for x=0.06 and with further increasexitcontent i.e., ax=0.08, it again shifts
towards right. This irregularity in the shifting of the position of XRD peaks is observed
due to the transforman of orthorhombic to tetragonal phas@fe XRD patterns of
KNAN-LS ceramics were indexed in different crystal systems and unit cell
configurations. The structure and unit cell parameters are listed in-TableThe unit

cell volume follows overall deeasing trend with increase in Ag content, except at
x=0.06 where unexpected behavior is observed. The decrease of unit cell volume with the
increase ok content can be attributed to the smaller ionic radii of idgs in comparison

to the (KosNays)" ions and the decrease of lattice space distance because of the shifting

of XRD peaks towards right [3].
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Fig.5.1 XRD patterns ofKNAN -LS ceramics calcined at 856C for 6h.
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Fig.5.2 XRD patterns ofKNAN -L S ceramics sintered at 108€C for 4h.
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Fig.5.3 Enlarged XRD patterns of KNAN-L S
degrees.
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I n t4i e

Table 5.1 Structure and unit cell parameters of KNANLS ceramics sintered at 1080

°C for 4h
X a (A) b (A) c (A) Vol. (A)* S.D. Structure
0 3.9638 | 4.0141 | 3.9657 63.09 0.0023 Orthorhombic
3.9629 | 3.9629 | 4.0179 63.10 0.0031 Tetragonal
0.02 | 3.9392 | 3.9912 [ 4.0039 62.95 0.0059 Orthorhombic
0.04 | 3.9424 | 3.9839 | 4.0021 62.85 0.0023 Orthorhombic
0.06 | 3.9539 | 4.0148 | 3.9755 63.10 0.0017 Orthorhombic
39594 | 3.9594 | 4.0183 62.99 0.0078 Tetragonal
0.08| 3.9584 | 3.9584 | 4.0066 62.77 0.0075 Tetragonal
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5.2.2 Ta Modified 0.95KNNO0.0O5LS Ceramics

Fig.5.4 shows the XRD patterns of 0.99HKlaysNb1TaO3]-
0.05[LiSbQ])/KNNT-LS ceramics calcined at 85C for 6h. Single perovskite phase is
developed in all the KNN-LS ceramics without any trace of secondary phase peaks. Fig.
5.5 shows the XRD patterns of KNNIS ceramics withx=0-0.08 sintered apptimum
temperature. Single perovskite phase is developed in all the ceramics, which suggests that
Ta™ ions have completely diffused into thesBe of the 0.95[KK.sNag sNb1-x) TaOs] -
0.05[LiSbQGJ/(KNNT -LS) ceramics to form a homogeneous solid soluffog.5.6 shows
the enlarged XRD patterns of the (KNNTS) cer ami ¢cs i n°todelt 2d r a
can be seen that the positions of théraction peak of the ceramics shift towards higher
angles with the increase xxcontent. This indicates the dease in lattice space distance
(d) and unit cell volume with the increasextontent in KNNTFLS ceramics [9]. The
XRD peaks of KNNTLS ceramic are indexed in both tetragonal and orthorhombic
crystal systems in diff er engaf XRDpeaks acdehe | con
determination of lattice parameters of KNN¥® ceramics are carried out using a
software package APOWDO. The calculated wur
given in Table 5.2. The unit cell volume of KNNIS ceramic withx=0 andx=0.02 are
found to be nearly same for both orthorhombic and tetragonal structures, which indicates
the possibility of the presence of both phases at room temperature [10]. It is found that
with the increase im content the unit cell volume is deaseng, which may be due to the
fact that the ionic radii of Ta is smaller than the ionic radii of Kb[11] . It is reported
that vacancies are created when higher ionic radii elements are replaced by lower ionic

radii elements, which in turn decreasies unit cell volume in a compound.
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Fig.5.4 XRD patterns of KNNT-LS Ceramics calcined at 858C for 6h.
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Fig.5.5 XRD patterns of KNNT-LS Ceramicssintered at 108(°C for 4h (x=0 and
0.02), 1100C (x=0.04 and 0.06) and 112C (x=0.08).
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Fig.5.6 Enlarged XRD patterns of KNNT-L S cerami cs i n #{die 2d
degrees.

Table 5.2 Structure and unit cell parameters of KNNFLS ceramics sintered at 1080
°C for 4h (x=0 and 0.02), 1106C (x=0.04 and 0.06) and 112C (x=0.08.

X a (A) b (A) c (A) Vol. (A)® S.D Structure

0 3.9638 | 4.0141 | 3.9657 63.09 0.0023 Orthorhombic

3.9629 | 3.9629 | 4.0179 63.10 0.0031 Tetragonal

0.02| 3.9597 | 4.0135 | 3.9631 62.98 0.0058 Orthorhombic

3.9611 | 3.9611 | 4.0142 62.98 0.0065 Tetragonal
0.04| 3.9582 | 3.9582 [ 4.0104 62.83 0.0078 Tetragonal
0.06| 3.9572 | 3.9572 | 4.0067 62.74 0.0047 “Tetragonal
0.08 | 3.9445 | 3.9445 | 3.9891 62.06 0.0089 Tetragonal
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5.2.3 V Modified 0.95KNNO0.05LS Ceramics

Fig. 5.7 shows the XRD patterns of 0.95KlaysNb1.VxO3]-
0.05[LiSbQ)/(KNNV-LS) ceramics calcined at 8%D for 6h. Single perovskite phase is
obtained in all the samples exceptxaD.08. Forx=0.08 perovskite phase along with
secondary phases are detected, which may be due to the solubility limit of V in KNNV
LS ceramics. i§5.8 shows the XRD patterns of KNNMS ceramics withx=0-0.08
sintered at optimum temperature. The XRD peaks are found to be sharp and distinct
indicating good homogeneity and crystallinity of the samples. The formation of
secondary phase along with thergvskite phase is also detected xa0.08. The
development of single perovskite phase in KNN§ ceramics fox=0-0.06 suggests that
V*° ions have completely diffused into thesBe of the KNNVLLS ceramics to form a
homogeneous solid solution and defirtbe solid solutionlimit of V in KNNV-LS
ceramics. Fig.5.9 shows the enlarged XRD patterns of the (kNN8Y) cer ami ¢cs i n
range from 44.5to 46.5. It can be seen that the positions of th@raition peak of the
ceramics shift towards right with the increasexitonent. This indicates the decrease in
lattice space distance (d) and unit cell volume with the increaseantent. The XRD
peaks of KNNVLS ceramic are indexed in different crystal systems and unit cell
conygurations. The c alatice pammetetds ane givert in Taleld | v o
5.3. The crystal structure of the ceramics transforms from mixed structure-Goto
orthorhombic structure for=0.02, which may be due to the large distortion created by V
substitution in place of Nb in KNS cerames. With further increase ir content

orthorhombic structure is stabilized in KNMN\S ceramics. The unit cell volume
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decreases with the increasexinontent in KNN\ALS ceramics, which may be due to the

lower ionic radii of V°(0.54 A) in comparison tdat of N5>(0.69 A).

* Secondary Phase

=
S
> ‘*‘ "“ * B x=0.08
; [
|5 X x=0.06
c
- A M A x=0.04 )
) W A x=0.02}
20 30 40 50 60 70

2q (degrees)

Fig.5.7 XRD patterns of KNNV-LS Ceramics calcined at 856C for 6h.
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Fig.5.8 XRD patterns of KNNV-LS Ceramicssintered at 1086C (x=0), 1056C

(x=0.02), 1030%X=0.04), 1010X=0.06) and 996C (x=0.08) for 4h.
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Fig.5.9 Enlarged XRD patterns of KNNV\L S cer ami cs i n ti466 2d r
degrees.

Table 5.3 Structure and unit cell parameters of KNNVLS ceramics sintered at
sintered at 1086C (x=0), 1056C (x=0.02), 1030%=0.04), 1010X=0.06) and 996C
(x=0.08)for 4h.

x | ad | bA) | ¢ | vol. (A)° | S.D. Structure

0 | 3.9638| 4.0141| 3.9657| 63.09 | 0.0023| Orthorhombic

3.9629| 3.9629| 4.0179| 63.10 | 0.0031 Tetragonal

0.02| 3.9465| 3.9931| 3.9926| 62.92 | 0.0062| Orthorhombic

0.04| 3.9432| 3.9926( 3.9900( 62.82 | 0.0043| Orthorhombic

0.06| 3.9435| 3.9967( 3.9816 62.61 | 0.0019( Orthorhombic

0.08| 3.9305| 3.9902( 3.9823| 62.46 | 0.0058| Orthorhombic
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5.3 Sintering and Densification Behavior

The bulk density of a ferroelectric material plays an important role for the
improvement of ferroelectricnal piezoelectric as well as dielectric properties. Bulk
density is one of the crucial parameters on which the material properties depend and
hence plays an important part in devices of the system. Especially in KNN based
ceramics the phase stability is Ited to 1140°C and hence higher sintering temperature
is not possible [12]. The sintering process in KNN based ceramics is a crucial step to
produce materials with high piezoelectric properties. It has been found that in this system
a narrow sintering rage exists where the materials experience considerable changes in
the grain size, density, porosity, appearance of secondary phases, liquid phase and the
piezoelectric and ferroelectric properties. Therefore, sintering temperature has to be
optimized to oldin desired electrical properties. The bulk density is measured by

Archimedes principle.
5.3.1 Ag Modified 0.95KNNO.0O5LS Ceramics

Fig.5.10 shows the effect of sintering temperature on the relative density (RD) of
the KNAN-LS ceramics withx=0.0-0.08. Therelative density increases with the increase
in sintering temperature from 1060 to 1680 whereas with the further increase in
sintering temperature, RD decreases. The
affect the optimum sintering temperature 1080C. At 1080C sintering temperature,
the RD increases initially with the increase in Ag content up=@06, but with the
further increase inx content RD decreases, which defines the optimum amount of Ag
content in KNANLS ceramics. Maximum RD 96.5% is obtained for the KNAINS

ceramics withk=0.06, which is higher than the RD reported for pure KINNceramics.
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Fig.5.10 Relative density (RD) of KNANLS ceramics as a function of sintering
temperature.

5.3.2 Ta Modified 0.95KNN-0.05LS Ceramics

Fig. 5.11 shows the relative density (RD) of KNHN$ ceramics as a function of
sintering temperature. The sintering temperature has been optimized for each
composition to obtain maximum RD. The optimum sintering temperature e edth
the increase ix content. This is due to the fact that the melting temperature of KTaO
(~1370C) is higher than KNb&(1039C) ceramics [21], which increases the sintering
temperature. The RD increases with the increase dantent up to 0.06with further
increase in x content the RD decreaddsximum RD ~96.8 % is obtained for the
KNNT-LS ceramics withx=0.06, which is higher than the RD reported for pure KNN

ceramics.
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Fig. 511 Relative density (RD) of KNNT-LS ceramics as a functionof sintering
temperature.

5.3.2 V Modified 0.95KNN0.05LS Ceramics

Fig. 5.11 shows the relative density (RD) of KNN8 ceramics as a function
of sintering temperature. @s is a low melting point oxide, previously which has been
used in other ferroelectric systems to significantly lower the optimum sintering
temperature. In this case, sintering is carried out in a temperature range fradfi8@90
°C. It is found that with the increase in V content in KNINS ceramics optimum
sintering terperature decreases linearly. Be10.02 the optimum sintering temperature
reaches ~ 105C and forx=0.08 it reaches ~ 990. This may be due to the effect of
lower melting point of YOs. The value of RD is found to be maximum for KNN\5
ceramic withx=0.06 sintered at 102C for 4h. The maximum value of RD is found to be

lower than the other modified ceramics in this study.
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5.4 Morphology Study

5.4.1 Ag Modified 0.95KNNOQ.05LS Ceramics

Fig.5.13 shows the SEM micrographs of the KNAS ceramics sintered at
108C°C for 4 h. SEM micrograph shows the polycrystalline microstructure with nearly
rectangular grains of different grain sizes, whiche amoruniformly distributed
throughout the sample surface. The grains and grain boundaries are well defined and
clearly visible. Fox=0 the ceramics contain few pores, but with increasecontent the
pore size decreases and the dense packing of gpamgs. The packing of grains
become more and more dense with the increasecontent which may be due to the
lower melting point of AgO. The lower melting point of A enhances the sintering of
KNAN-LS ceramics with the formation of liquid phase whisha well-known fact in

KNN based ceramics as discussed in chagter
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Fig. 5.13SEM micrographs of KNAN-LS ceramics sintered at 108{C for 4 h.
5.4.2 Ta Modified 0.95KNNO.05LS Ceramics
Fig.5.14 shows the SEM micrographs of the KNNJ ceamics sintered at
optimum temperature. All the ceramics are found to be dense witkdefeled grain
boundaries. The average grain size of the ceramics decreases with the increase in Ta
content. It can be seen that with increase in Ta content the sintemperature of the
ceramics also increases. The packing of grains are found to increase with increase in

content but the distribution of grain size become-upifiorm.
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Fig. 5.14 SEM micrographs of KNNTLS ceramics sintered at 108 (x=0 and
0.02), 1106C (x=0.04 and 0.06) and 112C (x=0.08).

5.4.3 V Modified 0.95KNN-0.05LS Ceramics

Fig.5.15 shows the SEM micrographs of the KNNS ceramics sintered at
optimum temperature. All the ceramics are found to possess appreciable amouas of po

and the porosity is found to be maximum for the ceramicsx&i@h08. The average grain
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size of the ceramics decreases with the increaseontent. Well defined grain boundary

is obtained for unmodified KNNLS ceramics but for the V modified ceramithe grain
boundaries are not visible clearly. The sintering here in this case is taking place in the
presence of liquid phase. The decrease of RD in V modified ceramics may be due to the

formation of more amount of liquid phase.
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195k ARE, BEE R=T 18,56 SBR 0 ] ) F\GB ) 1l1Mrr A .\' "sl 1 (\ﬂ SE I
: X 5 N PIL

Lﬁwk*xmanem Ale 46 Sk w O ‘
Fig.5.15SEM micrographs of KNNV-LS ceramics smtered at 108‘(!: (x 0), 1056C
(x=0.02), 1030%=0.04), 1010%=0.06) and 996C (x=0.08) for 4h.
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CHAPTER-6

Dielectric, Ferroelectric and Piezoelectric Properties of Ag, Ta
and V Modified 0.95[(Kq sNag 5)NbO3] -0.05[LiSbO;] Ceramics

6.1 Introduction

Dielectric study of the ferroelectric materials gives information about the phase
transtion temperatures, dielectric constant and dielectric loss dependence on temperature
and frequency. For multilayer capacitors (MLC) and high power applications high value
of dielect)riwitchonlsavandi glU0ectric | stsdgof (t anu)
ferroelectric and piezoelectric properties gives information about remnant polarization
(P,), coercive field (B), piezoelectric coefficient ¢g) and electromechanical coupling
coefficients (k). High value of B, with low E, is required for no-volatile ferroelectric
random access memory (NVFRAM) applicationdiereas high values oggand k are
required for transducer applications-3R In pure KNN ceramics above room
temperature (RT) two phase transition peaks are observed in the temgdegiandent
dielectric curve. The first phase transition (~20Dis called as the orthorhombic to
tetragonal (.1) polymorphic phase transition temperature (PPT) whereas the second one
(~420C) is the ferroelectric to paraelectric phase transition temye. According to
previous reports, in KNN based systems the shifting of the Towards room
temperature (RT) side enhances the dielectric as well as the ferroelectric and piezoelectric
properties [4]. However, with the shifting of theoqT in KNN basd systems, the
piezoelectric properties become highly temperature dependent. Therefore, in KNN based
systems the temperature dependent piezoelectric property needs to be studied [5]. In the

present chapter, looking at the importance of the above mentiprogebrties the
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dielectric, ferroelectric and piezoelectric properties of the Ag, Ta and V modified

0.95KNN-0.05LS ceramics are discussed in detail.
6.2 Dielectric Properties
6.2.1 Temperature Depen)deanmntd DDiedleeccttrriicc Cloos

6.2.1.1 0.95(K sNag 5)(1-)AgxNbO3-0.05LiSbO; / KNAN-LS (x=0, 0.02, 0.04, 0.06 and
0.08) Ceramics

The variation ofe with temperature at different frequencie§ KNAN-LS
ceramics sintered at 108D for 4h is shown in Fig. 6.1(a, b, c, d, e). It is found that in all
the ceramics with the increase in frequenoyalue decrease3he decrease in the value
o f, cdh be explained on the basis of decrease in polarnzatith the increase in
frequency. Polarization of a dielectric material is the sum of the contributions of dipolar,
electronic, ionic and interfacial polarizations.[B} low frequencies, all the polarization
mechanism respond easily to the time varyahertric field but as the frequency of the
electric field increases different polarization contributions filters out, as a result, the net
polarization of the materialedc r eases whi ch | eads t, oThea he de
temper at ur e ,dneltp & atWlokiHzdrequendy follKNANLS ceramics with
x=0, 0.02, 0.04, 0.06 and 0.08 are shown in Fig. 6.2 (a) and (b). For pureLENN
ceramics two phase transit®mre observed at ~43 and ~385.%C, respectively. The
first phase transition temperature is known as the orthorhetatragonal phase
transition temperature gF) and the second one is the Curie temperatw)eofTthe pure
KNN-LS ceramics. The occumee of To.r close to RT confirms the possibility of the
simultaneous presence of orthorhombic and tetragonal structures in pureL&NN
ceramics [4]. It is found that for the ceramics witt0.02 theTo.t and T; are shifted to

120°C and 386C respectivelyHowever, with further increase ix content, there is a
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decrement in both these phase transition temperatures are observed. It can also be seen
that with the increase ir content fromx=0.02 to 0.08 the value &J at RT increases

which may be due to thstabilization of tetragonal structure with the shifting @f+T
towards | ower temper at uraeRTssioldamedwiek0.08Ma x i mu
which indicates that the presence efrImust be just below RT. This is because value of

U near phast¢ransition temperature is more than the nearby temperatures [8]. The values
of, Ut aor @nd T Bre given in Tabks.1. It can be seen that with increase in
temperature the value of tanl increases |

increaseof space charge polarization and mobility of charged defects in the material [9].
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Fig. 6.1 Temper adatvanoes frdqaepaesotkBANt-LS Geramics with
(a) x=0 (b) x=0.02 (c)x=0.04(d)x=0.06 and (e)x=0.08 sintered at 108fC.
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Fig.6.2 (a) Temperature dependent) of KNAN -LS ceramics at 10 kHz frequency
with (a) x=0 (b) x=0.02 (c)x=0.04(d)x=0.06 and (e)x=0.08 sintered at 108fC.

0.354|—=— x=0
1—*— x=0.02
0.309|—a— x=0.04

—v— x=0.06
—<4— x=0.08

0.25 4

© 0.20 4

c

S |

+ 0.15 4
0.10
0.05 -

0.00 -+

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fi g. 6.2 (b) Temperature daeatd@kiHdfeequeneyofof di e
KNAN-LS ceramics with (a) x=0 (b) x=0.02 (c)x=0.04(d) x=0.06 and (e)x=0.08
sintered at 1086C.
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Table-6.1U,t an U,
sintered at 1080C.

Th-¢ of KNAN -LS ceramics at 10 kHz frequency

X 0 0.02 0.04 0.06 0.08
U (10 kHz) 903 633 740 858 941
tand (] 0.0465| 0.048 0.039 0.035 0.041
Tc (C) 385.5 380 376 368 331
Tor(°C) 43 120 101 65 Below RT

6.2.1.2 0.950.5Nag s)Nb 15 TaxO3-0.05LiSbO; / KNNT -LS (x=0.02, 0.04, 0.06 and
0.08) Ceramics

The variation ofe. with temperature at different frequencies of KNIN$ samples
sintered at optimum temperatures (ceramics with highest relative densitgh fare
shown in Fig. 6.3 (a, b, ¢, d). With the increase in frequeneglue decreases in all the
ceramics, this mage due to the decrease in the net polarization in the materials at higher
frequency. The temperature dependence of dielectric constantof the KNNT-LS
ceramics at 10 kHz frequency is shown in Fig. 6.&ajilar to pure KNN ceramics, the
KNNT-LS ceramics withk=0 shows two phase transitions. The first one locatedG-#3
the orthorhombidetragonal phase transition {¥) whereas thesecond one located
~385.5C is called as the ferroelectmraelectric phase transitionfTHowever, with
the increase ix content both these phase transition temperatures are found to decrease,
which may be due to the stabilization of tetragonal etesRT. The reason behind the
decrease of Jcan be further explained in terms of the decrease of the c/a ratio in the
ceramics (chaptes). Since it is known that c/a ratio is the direct reflection of
tetragonality i.e., with decrease in c/a ratio, wrality decreases which in turn
. R The KNANT-LS @eramics idFound to increase

decreasesthe.,T 1 0] . The
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with the increase in content up to x=0.06, whereas with the further increagecantent

t he v a/ldacreasesThe tdinperatureelpendence of dielectric
of KNNT-LS ceramics at 10 kHz frequency is shown in Fig. 6.4 (b). In low temperature

region (RT to 12%C) initialyt he val ues of tanl decreases W
this may be due to the improvemaeritbulk density with the increase in x content and

shifting of To.r below RT (chapteb) [11].Hi gher val ue ofx=@08nu i s
which may be due to the increase in porosity and decreassaitive densityin the
ceramicsThe t anu NTaS geeamiosffox=0.02 remains very less in a broad
temperature range, which is very important for high temperature applications [12]. The

val uegs toafndtl KNNTALS Teramics are given in Tabe2.
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Fig.6.3 Temper at of kNNT-1S® peeamidsesintered Cht (a)x=0
(1080°C) (b) x=0.02 (1086C) (c) x=0.04 (1106C) (d) x=0.06 (1106C) and (e)x=0.08
(11200C).
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x=0.06 (1106C) and x=0.08 (1126C).
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1120C (x=0.08).

Table-6.20U, t anu, and -L$ ceramits atkiN KHE frequencyat 1080°C
(x=0 and 0.02), 110%C (x=0.04 and 006) and 1126C (x=0.08).

X 0 0.02 0.04 0.06 0.08

U (10 kHz) 903 1023 1112 1070 794
tand (] 0.0465 0.038 0.0036 0.034 0.048
Tc (C) 385.5 376 371 356 341

6.2.1.3 0.95(K sNag 5) Nb(1-)VxO3-0.05LiSbO; / KNNV -LS (x=0.02, 0.04, 0.06 and
0.08) Ceramics

The variation ok as a function of temperature at different frequencies of KNNV
LS samples sintered at optimum temperatures (ceramics with highest relative density) for
4h are shown in Fig. 6.5(a, b, c, d). Decrement in the v@lu is observed with the
increase in frequency in all the ceramics, this may be also due to the decrease in the net

polarization in the materials at higher frequendyhe comparison between the

129



temperature dependence of dielectric tomsn,)tof tife Wifferent KNNVLLS ceramics at

10 kHz is shown in Fig. 6.6(alt is found that 5.t and T, of KNNV-LS ceramics for

x=0.02 are found to be ~3%5 and 133C, respectively which is higher than the
unmodified KNNLS ceramics. The increase of.f and T; with the initial increase ok

content is attributed to the large mismatch in the ionic radius b¢\0.54 Pm) and NB

(0.69Pm). This mismatch increases the distortion in the unit cell which increasesrthe T

and T. [13]. However, with furter increase in V content both these transition
temperature decreases. Generally, when higher ionic radii atom is replaced by lower ionic

radii atom, the unit cell volume decreases, which in turn decreasesithth@ materials

[14]. This suggests thatepond x=0.02, the effect of decrement of unit cell volume
dominates over ionic size mismatch and hence there is decrease and T for higher

V. content . T tisdourTo be rakimuen foo the KINYS ceramics with

x=0.06 ceramics, which ma&e due to the enhanced relative bulk density in the ceramics
(seechapteb). The temperature dependence of -diel ec
LS ceramics at 10 kHz frequency is shown
increases initially with iorease inx content and then decreases %0.06 and again

increases fok=0.08. It can be seen thatin allthe KNNVS cer ami cs, the v
increases with increase in temperature, this may be due to the increase of space charge
polarizatonand moi | ity of defects at hi,ghteandt eampder

of KNNV-LS ceramics are given in Tabe3.
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Fig. 6.5 Temper atofi KNNV-IdSecpranticd simered &t (a)x=0.02
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Table-6.3J, t ani,

a n d -LS aeramids at KONKNAfrequency sintered at
1050°C (x=0.02), 1036C (x=0.04), 1016C (x=0.06 and 99CC (x=0.08).

X 0 0.02 0.04 0.06 | 0.08
¥ 903 701 519 745 406

t anutl 0.046 | 0.067| 0.073 | 0.048| 0.08
Tc (°C) 385.5 395 378 350 343
Tor(°C) 43 131 109 87 81

6.3 Ferroelectric Properties

In this section, the polarizations versus elecfredd (P-E) hysteresis loop study of
conventionally synthesized Ag, Ta and V modified KN ceramics has been
discussed.

6.3.1 0.95(k sNag 5)1-xAgdxNbO3-0.05LiSbO; / KNAN -LS (x=0, 0.02,
0.04, 0.06 and 0.08) Ceramics

Fig. 6.7 shows the -E hyderesis loops of the KNANLS ceramics sintered at
1080C for 4h, respectively. The development of saturatdfl ysteresis loops confirm
the ferroelectric nature of the KNANS ceramics. The values of remnant polarization,
P, spontaneous polarizationg, Rnd coercive field, & of all the KNAN-LS ceramic
samples are given in Table 2. The increment in the value of remnant polarizgticn (P
observed fromx =0.02 (R ~ 13.7uC/crf)) up to a maximum value (P 21.9uC/cm) at
x=0.06, and then it decreaseagm whenx= 0.08. The maximum value of Bt x=0.06
could be attributed to the shifting of orthorhombic to tetragonal polymorphic phase

transition temperature (PPT) towards RT, higher relative bulk density and optimum
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amount of Ag content in the ceramicBhe presence of PPT near RT increases the
number of polarization directions due to the presence of both orthorhombic and
tetragonal structures, which increases the ferroelectric properties [15].

6.3.2 0.95(k%.sNag 5)Nb (1.4 TaxO3-0.05LiSbO; / KNNT -LS (x=0, 0.02, 0.04,
0.06 and 0.08) Ceramics

In order to examine the ferroelectric nature of the KNMNS ceramics, the
polarization vs. electric field loops are measured and shown in Fig.6.8. Saturated
hysteresis loops developed in all th&lKT-LS ceramics. Maximum value of remnant
pol ari zat i o fis obtaird for KENTICS/ ceramics witix=0.02; again this
may be due to the presence of PPT near RT which facilitates the easy alignment of
domains. It has been suggested that the donraictgre of the KNNbased ceramics near
PPT region is the coexistence of orthorhombic (O) and tetragonpb(d@jzed domains.
There are 12 possible spontaneous polarizaBshdirections for theo structuresand six
possiblePs in directions for thé structures. The presence of more number of possible
polarization states near PPT improves the ferroelectric properties [16].

6.3.3 0.95(k%.sNag 5)Nb (1. Vx03-0.05LiSbO; / KNNV-LS (x=0, 0.02, 0.04,
0.06 and 0.08) Ceramics

Fig.6.9 shows the -E hysteresis loops of the KNNYS ceramics sintered at
optimum temperatures. The development eE Pysteresis loops again confirm the
ferroelectric nature of the KNN\VS ceramics. It is found that with the increase in V
content the value of Rlecreases uptx=0.04, but forx=0.06 it increases and reaches a
maximum value ~ 14.60 uC/émHowever with the further increasesxisontent Pvalue
decreases. The overall decrease @i increase of Evalue in the KNNVLLS ceramics

in comparison to the other mifidd KNN-LS ceramics is attributed to the low relative

135



bulk density due to the development of higher amount of liquid phase in the grain

boundary region. The development of excess liquid phase also increases the dielectric

loss i.e., conductivity in theecamics [17].
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6.4 Strain vs. Electric Field (SE) Study

In this section, the study of straimersus electric field (&) loops of
conventionally synthesized Ag, Ta and V modified KINN ceramics have been
discussed.

6.4.1 0.95(k sNag 5)1-0AdxNbO3-0.05LiISbO; / KNAN -LS (x=0, 0.02,
0.04, 0.06 and 0.08) Ceramics

Fig.6.10show t he b tindurddatrr gieh d( ST E)-LSlceramcs of K
with x= 0 , 0.02, 0.04, 0. 06 hampe dO0O .SCE. | Dypisc alr e
all the ceramics with varying remnant strain. The sti@ih e c t r i-E) hygterésid (S
loops, whichre e mbl es t he shape of a butterpy deve
The first one is the normal converse piezoelectric effect of the lattice, and the other two
are due to the switching and movement of domain walls. Small displacements of all types
of domain walls affect the polarization of the material whereas the movement and

switching of nor18® wal | s may involve a signiycant
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sample, in addition to the pure piezoelectric response of the material within each domain
[18]. The ceramics withx=0 possess a remnant strain ~ 0.07% whereag=f0:02 it
reaches ~ 0.04%. With further increasexinontent, the remnant strain increases up to
~0.085% ak=0.06. The maximum value of remnant straix=0.06 may be again due to

the shifting of PPT ~ 6%C which facilitates the ne8® domain wall motion because of

the reduction of the potential barrier between o and t polarization states [19].

6.4.2 0.95(k% sNag 5)Nb (1., TaxO03-0.05LiSbO; / KNNT -LS (x=0, 0.02, 0.04,
0.06 ard 0.08) Ceramics

Fig. 6. 11 s howidutetdset rbaiipno | (aS1T E)dSlaamgs o f
with x=0, 0.02, 0.04, 0.06 and 0.08. The ceramics with i.e. Pure KNNLS ceramic
possess a remnant strain ~ 0.07% whereag=0:102 it reaches 6.084%. With further
increase irx content, the remnant strain decreases. The maximum value of remnant strain
at x=0.02 may be due to the presence gf dlose to RT which increases the At8(’
domain wall motion because of the reduction of the potebéierier between O and T
polarization states [20According to Devonshire theory, a little discrepancy of the free
energy exists in the mixed phases near MPB of any system. In KNN based ceramics the
orthorhombic to tetragonal polymorphic phase transitiays a similar role like MPB in
PZT based systems. Therefore, domain wall motion and ferroelectric phase transitions in
these compositions are prone to be induced by electric field [21].

6.4.3 0.95(k sNag 5)Nb(1:VxO3-0.05LiSbO; / KNNV-LS (x=0, 0.02, (04,
0.06 and 0.08) Ceramics

Fig. 6. 11shows -ihdoceds thri piod an Siye)l d-LSoop s
ceramics withk=0, 0.02, 0.04, 0.06 and 0.08. It can be seen that with increaseirent

the remnant strain in the ceramics decreases. The ceramics@iff2 possessramnant
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strain ~ 0.035% whereas fo=0.04 it reaches ~ 0.03%. With further increasexin
content, the remnant strain attains a maximum value ~ 0.046%. The maximum value of
remnant strain at=0.06 may be due to the shifting of.F towards RT which incie&ses

the nonl8C domain wall motion because of the reduction of the potential barrier

between O and T polarization states [19].
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6.5 Piezoelectric Properties

6.5.1 Poling Temperature Dependent Piezoelectric and Electromechanical
Properties

In this section, the effect of pof temperature on the piezoelectric coefficients
(dsz3) and planar mode coupling coefficientg)(kave been investigated. It is reported that
better piezoelectric properties are obtained when the orthorhombic to tetragonal phase
polymorphic phase trangith temperature (PPT) lies near RT in KNN based ceramics
[22]. This suggests that maximum domain alignment occurs around the PPT region
because of the presence of both orthorhombic and tetragonal structures. Therefore, it is
expected that the poling of treeseramics near PPT region will be very effective to

achieve better piezoelectric properties.
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6.5.1.1 0.95(K sNap 5)1-x)AgxNbO3-0.05LiSbO; / KNAN -LS (x=0, 0.02,
0.04, 0.06 and 0.08) Ceramics

Fig. 6.13 shows the effect of poling tempeara on the values ofzgland k
piezoelectric coefficients of KNANLS ceramics. It has recently been reported that the
MPB in KNN based ceramics is an orthorhombic to tetragonal polymorphic phase
transition (PPT) [23]. Unlike the MPB in PZT, the phasertatauy between orthorhombic
and tetragonal phases in KNN based ceramics is not vertical and shows strong
temperature dependence. Hence, optimization of poling temperag)na @NN based
ceramics is very important to achieve the desired piezoelectrienie When [ lies
near orthorhombidetragonal PPT temperatures, fiB8(’ domains can switch and be
orientated owing to the coexistence of the orthorhombic and tetragonal phases [24].
Consequently, the higher degree of the domain alignment can beeohtainich results
in large piezoelectric properties. As shown in Fig. 6.13, thka® an obvious effect on
the piezoelectric properties of the KNADNS ceramics and the piezoelectric properties
reach maximum values when Y  Jit. Maximum values of piezoelectric coefficients
(dsz3) ~ 227pC/N and planar mode coupling coefficienty tk0.425 are obtained in case
of KNAN-LS (with x=0.06) ceramics by choosing optimum, fiear PPT. The
improvement of the piezoelectric propertighile poling at optimum Jmay be due to
the ceexistence of orthorhombic (O) and tetragonal (T) structures which increases the
number of poling directions and hence better poling takes place. The valugs @f d
and k of all the KNAN-LS ceramics aredted in Tableé.4. The dz and k values of
KNAN-LS ceramics (wittk=0.06) are found to be higher than pure KINSI ceramics
even though the PPT of pure KNMS occurs ~4%C, which may be due to the effect of

optimum amount of Ag content in KNANS ceramicsThe above results suggest that in
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KNN based ceramics where two phase transition exists above the RT, thepenhbstT

be chosen near the orthorhombic to tetragonal polymorphic phase transition temperature.
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Fig.6.13 k, and ds3 piezoelectric coefficients as a function of poling temperatureof
the KNAN-LS ceramics sintered at 108%C.

Table-6.4kp, d3s, Qmand P values of KNAN-LS ceramics sintered at 1086C.

X 0 0.02 [ 0.04 | 0.06 | 0.08
Kp 0.415| 0.35 | 0.36 | 0.425| 0.38
dss3 215 143 | 157 | 227 | 186
(PCIN)

Pr 18.7 | 13.7 |15.1 | 21.9 | 16.97
(eClen)

QOm 71 88 112 |81 69

6.5.1.2 0.95(K sNag s)Nb 1 TaxO3-0.05LiISbO; / KNNT -LS (x=0, 0.02, 0.04, 0.06 and
0.08) Ceramics

Fig. 6.14 shows the effect of poling temperature on the valueszgfadd k

piezoelectric coefficients of KNNLS ceramics. From dielectric study (section 6.2.1.2)
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it is found that with the increase in Ta content, ther Df the KNNT-LS ceramics
decreases andlies below RT. Therefore, the optimum poling temperatug ifiust be

selected near RT.
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—<4— x=0.08

1 T
0.2 T T T T T T T T T T T T T T T T
30 40 50 60 70 80 90 100 110

Poling Temperature (°C)

Fig.6.14 k, and ds3 piezoelectric coefficients as a function of poling temperaturef
KNNT -LS ceramics sintered at 1088 (x=0 and 0.02), 110 (x=0.04 and 006) and
1120C (x=0.08).

As shown in Fig. 6.14, maximum piezoelectric properties are obtained by poling at
around ~ RT in all the ceramics except ¥0. Since forx=0, the To.t of the ceramics
occurs ~ 43C. The best properties@obtained in the compositions in which e lies

close to room temperature, which means that the positida-pplays an important role

in improving the piezoelectric properties, similar to MPB in PZT ceramics. Both of them
are based on a twghasecoexistence zone where there are more number of spontaneous
polarization states are available. The planar mode electromechanical coupling factor (k
piezoelectric constant 4¢ and remnant polarization JRnitially increases with increase

in X contert, reach the maxima approximatelyxat 0.02 and then decreases with the
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further increase ix content. The maximum value &t0.02 is attributed to the presence
of both the orthorhombic and tetragonal structure at RT, which is confirmed by XRD
study (chater5). The values oflz3, Qn and k of all the KNNT-LS ceramics are listed

in Table6.5

Table-6.5 kp, ds3, Qm and P values of KNNT-LS ceramicssintered at 1086C (x=0
and 0.02), 1108C (x=0.04 and 0.06) and 112C (x=0.08).

X 0 0.02 | 0.04 | 0.06]| 0.08
Kp 0.415/0.47 |0.43 0.4 |0.36
dss3 215 | 252 |229 | 184 | 158
(pC/N)

Pr 18.7 | 246 |21.8 | 159|135
(eClcn)

Qm 71 98 122 | 134 | 147

6.5.1.3 0.95(K sNap 5)Nb(1VxO3-0.05LiSbO; / KNNV -LS (x=0, 0.02, 0.04, 0.06 and
0.08 Ceramics

Fig. 6.15 shows the effect of poling temperature gradd k values of KNNVW-LS
ceramics. In this case also the best piezoelectric properties are obtained by poling the
ceramics near orthorhombic to tetragonal polymorphic phase transition temperature
(PPT). Maximum piezoelectric properties are obtained for the KNUS\¢eramics with
x=0.06, this may be due to the higher relative density and low dielectric loss in the
ceramics. The properties of KNNMS ceramics are found to be lower than the other
modified ceramics. Relatively poor piezoelectric properties of KNMVceamics than
the KNAN-LS and KNNTLS ceramics may be due to the combined effect of the high
dielectric loss and low relative density in the ceramics. VEthaes ofdss, Qn and k, of all

the KNNV-LS ceramics are listed in Tabte6
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Fig.6.15 k, and ds3 piezoelectric coefficients as a function of poling temperaturef
KNNV -LS ceramics sintered at 108 (x=0), 1050C (x=0.02), 1036C (x=0.04),
1010°C (x=0.06) and 996C (x=0.08).

Table-6.6 kp, dss, Qmand P values of KNNV-LS ceramics sintered at 1080C (x=0),
1050°C (x=0.02), 1036C (x=0.04), 1016C (x=0.06) and 996C (x=0.08)

X 0 0.02 | 0.04 | 0.06]| 0.08
Kp 0.415|0.28 | 0.22 | 0.31|0.165
dss 215 | 103 |85 121 | 42
(pC/N)

Pr 18.7 |126 | 6.8 |14.6|4.7
(eClcn)

Onm 71 125 141 | 112 | 124

6.5.2 Temperature Dependent Piezoelectric Properties
The temperature dependent piezoelectric properties study of any piezoelectric

material is important, since it provides the information about the applicability of the
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material inthe high temperature region [12]. Generallge temperature range of a
piezoelectric to be used in various applications is ff6eiC to 200C [25]. In this region

the material should possess nearly temperature independent properties [25]. In the present
study the temperature dependent (from RT ¢p planar mode coupling coefficients
measurement has been carried out. Fig.6.16 shows the temperature dependent planar
mode coupling coefficients gk Ag, Ta and V modified KNALS ceramics showing

better piezoelctric properties. It can be seen that in case of Ta modified-KSIN
ceramics, the kvalue remains nearly unchanged up to ~°200which suggests its
usefulness for high temperature applications. Whereas, in Ag, and V modifiecLENN

ceramics the kvalue is highly temperature dependent.

0.5 1 —m— KNN-LS
AgO.OG
0.4 ATy,
VO.OG
0.3 1
N ]
=~ 0.2
0.1-
0.0 1

— T - T T T T T T T T T T T T T
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Fig. 6.16 Temperature dependent kcoefficients of KNN-LS, KNAN-LS (x=0.06),
KNNT -LS (x=0.02) and KNNV-LS (x=0.06) ceramics.
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CHAPTER-7
Microwave Processing of KNNLS Based Ceramics

7.1 Introduction

The applications of microwave energy in remote sensing, telecommunication and
food processing industries had significant impacts on our standards of living [1]. Earlier,
microwaves were limited to only communications, but later it was found that this energy
could also be used for heating purposes [2]. Medays, the microwave oven is a
common household kitchen appliance that is being used for cooking purposes.
Microwave technology has proven to be useful in a number of applications and is
currently used foprocessing of different materials as an alternative route to conventional
processing techniques. Microwave (M\@)ocessing of perovskite based ceramics has
been studied since 1980-3. The unique sintering mechanism makes MWP valuable in
regard to the the and energy savings as well as improving product properties for the
material systems which are dielectrically lossy at microwave frequency. Moreover, the
dependence of microwave absorption of materials on the dielectric properties makes it
possible to sythesize and sinter these fairly lossy and highly refractory ceramics much
more efficiently in a microwave field than by conventional methods. According to
previous reports, the application of microwave heating for sintering of some ceramics
results in lowtemperature processing compared to conventional sintering meth@&ls [7,
The improvements in the electrical properties like ferroelectric and piezoelectric

properties are also reported by microwave processing technigilg.[$herefore, in the
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present hapter, we have studied the effect of microwave processing on the ceramics
synthesized by conventional route and showing best electrical properties.

In this chapter, all the best conventionally processed (CP) ceramics are processed
by microwave techniquélhe single phase formation and optimum sintering conditions
have been optimized by varying the sintering time. The dielectric, ferroelectric,
piezoelectric and electromechanical properties are also investigated and compared with

the same ceramics procegsmnventionally.
7.2 Optimization of Calcination Time

7.2.1 0.95[k sNag sNbO3]-0.05[LiSbO;] / KNN-LS Ceramics

Fig. 7.1 shows the XRD patterns of KNNs ceramics calcined at 85Q for 20,
40 and 60 mins in a microwave furnace. Single perovskite ghasation is confirmed
at 850°C for 60 mirs whereas at other calcination times XRD peaks of secondary phases
are detected. The formation of secondary phases at lower calcination time confirms the
presence of unreacted phases in the compound. The fonno&tsingle perovskite phase
occurs at 85T for 6h in the same compound by conventional processing (CP) technique,
which shows the effectiveness of microwave processing technique. The XRD peaks in
case of microwave processed ceramics are found to be ahdrglistinct than the
conventional one. This may be due to the increase in crystallinity and homogeneity in the
ceramics [12]. The crystal structural study at RT confirms the presence of mixed structure
in the ceramics.
7.2.2 0.95[(K.sNao 5)0.94Ad0.0dNbO3]-0.05[LiSbOs] / KNABN-LS Ceramics

Fig. 7.2 shows the XRD patterns of KNAEGMN ceramics calcined at 85Q for

20, 40 and 60 mins. The formation of single perovskite phase is confirmed % &0

150



60 mirs whereas at other calcination times XRD peaksemiondary phases are detected.
The appearance of small amount of impurity peaks% 285 and 28.5in case of 20
mins calcined samples and ~ 28.for 40 mirs calcined samples indicates that the
decomposition of carbonates and oxides are not completech XRD analysis, mixed
structure is obtained in the KNABNS ceramics at RT. The coarsening of the particles is
greatly reduced due to the rapid heating by microwave processing technique [13].
7.2.3 0.95[(ky.sNag 5)Nbg 9gTap 0203]-0.05[LiSbOs] / KNNT2-L S Ceramics

Fig. 7.3 shows the XRD patterns of KNNLS ceramics calcined at 85C for
20, 40 and 60 mins. The formation of single perovskite is developed &\C8fs 60
mins whereas at other calcination times XRD peaks of secondary phases are detected.
The XRD peaks are found to be sharp and distinct which may be due to the increase in
crystallinity and homogeneity in the samples. The crystal structural study at RT confirms
the presence of mixed structure in the ceramics.
7.2.4 0.95[(ko.sNag 5)Nbg.9gV0.0603]-0.05[LiISbO3] / KNNV6-LS Ceramics

Fig. 7.4 shows the XRD patterns of KNN\M6 ceramics calcined at 85Q for
20, 40 and 60 mins. Single perovskite phase is confirmed a8y 60 mirs whereas
at other calcination times XRD peaks of secondarysghaare detected. The room

temperature XRD analysis confirms the presence of orthorhombic structure.
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(a) Calcined at 850°C-20min
(b) Calcined at 850°C-40min
(c) Calcined at 850°C-60min
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Fig. 7.1 XRD patterns of MW processedKNN-LS ceramics calcined at 856C for

20, 40 and 60 mins.

(a) calcined 850°C-20min.
(b) calcined 850°C-40min.
(c) calcined 850°C-60min.
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Fig. 7.2 XRD patterns of MW processedKNABN -LS ceramics calcined at 8568C for
20, 40 and 60mins.
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(a) Calcined at 850°C/ 20 min
(b) Calcined at 850°C/ 40 min
(c) Calcined at 850°C/ 60 min
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Fig. 7.3 XRD patterns of MW processedKNNT2-LS ceramics calcined at 85 for
20, 40 and 60 mins.

(a) Calcined at 850°C/ 20 min
(b) Calcined at 850°C/ 40 min
(c) Calcined at 850°C/ 60 min
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Fig. 7.4 XRD patterns of MW processedKNNV6-LS ceramics calcinedat 850°C for
20, 40 and 60 mins.
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7.3 Sintering, Morphology and Density Study

7.3.1 0.95[K sNag sNbO3]-0.05[LiSbOs] / KNN-LS Ceramics
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Fig. 7.5 SEM micrographs of MWprocessedKNN-LS ceramics.

Fig.7.5 shows the EM micrographs of KNNLS ceramics sintered at 1080 for
5, 10, 20, 30 and 40 mins, respectively. The micrographs reveal -aniform
distribution of grains. The grain size of the KNI$ ceramics sintered for 5 and 10 mins
are found to be small in compson to the 20 mis sintered ceramics. This result

demonstrates that the grains of KNUS ceramics sintered at 5 and 10 mins do not grow
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sufficiently, and the atomic binding force is smaller than intergranular force for these

ceramics. With the increasesimtering time, the pore size significantly decreases and the

average grain size increases. The microstructure of the sample sintered for 20 mins is

denser and fine, the grain boundary is clear, the averagengras i z e

S

about

indicates that the grains of the sample sintered 20 mins grow sufficiently, and the atomic

binding force is greater than intergranular force [14]. However, with further increase in

sintering time, the inhomogeneity of the grasize distribution increases. The

microstructure of the sample sintered for 40 mins becomes more inhomogeneous and

many distinct pores exist in grain boundary as can be seen in Fig. 7.5. This is because that

the abnormal grain appears when the sintering #xteeds 20 mins.
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Fig. 7.6 Relative density (RD) of KNNLS ceramics as a function of sintering time.
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The relative density (RD) of the KNNS ceramics as a function of sintering time
is shown in Fig. 7.6. RD is found to increase with theahihcrease in sintering time up
to 20 mins and then it decreases. The RD ~ 98.3% is obtained for theLKNEramics
sintered for 20 mins, which is much higher than the same samples sintered by
conventional technique. The decrease of RD at higher sigtenie may be due to the
melting of alkali elements, since these are volatile in nature [15].

7.3.2 095[(%5N305)094A9006Nb03]-005[L|Sb03] / KNAG6N-LS Ceramics

Fig. 7.7 SEM micrographs of MWprocessedKNAGN-LS Ceramics.

Fig.7.7 shows the SEM micrographs of the KNABN samples sintered at

1080C for 10, 20, 30 and 40 mins, respectively. Initially, with the increase in sintering
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time dense microstructure develops gradually, which indicates that the increase of
sintering ime is very effective in improving the density of ceramics. The ceramic
sintered for 20 mins possesses denser microstructure. The density of the ceramics
decreases as they are sintered over the optimum time i.e., above20 mere are two
reasons for ta poor microstructure of the ceramic sintered over the optimum time. First,
high sintering time cannot be applied in KNN based ceramics in order to avoid the
volatilization of alkali elements. Second, in the present study the grain growth cannot
eliminatethe pores completely because the morphology of the grain is almost cubical. In
the polycrystalline ceramics, it is difficult for cubic grains to be stacked orderly; therefore

some pores are also preserved.
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Fig. 7.8 Relative density (RD) of KNAGNLS Ceramics as a function of sintering
time.
The relative density of the KNAGMNS ceramics as a function sintering time is
shown in Fig. 7.8. RD increases with the initial increase in sintering time up to 20 mins

and then it decreases. The RD of 20 sisntered ceramics is found to be highest, which
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is ~ 97.8% of the theoretical density. The decrease of RD at higher sintering time may
also be due to the melting of alkali elements, since these are volatile in nature [16].

7.3.3 095[(%5Na05)Nb098Ta00203]-005[L|Sb03] / KNNT2-LS Ceramics
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Fig. 7.9 SEM micrographs of MWprocessedKNNT2-LS Ceramics.

Fig.7.9 shows the SEM micrographs of the KNNIR ceramics sintered at
108C°C for different time intervaldlt is well known that optimization of sintering process
is very important to end up with a ceramic having better dielectric and ferroelectric
properties [17]. Therefore, in the present case the optimum condition for sintering is
defined by varying the stering time. It is found that with the increase in sintering time
up to 30 min an increment in the grain size and reduction in pore size is observed.

However, with further increase in sintering time the packing of grains become poor and
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pores are observett the grain boundary. Relatively dense microstructure is obtained in

case of the KNNTZS sample sintered for 3Qins.
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Fig. 7.10 Relative density (RD) of KNNTZS Ceramics as a function of sintering
time.

Fig.7.10 shows the RD of KNNTRS ceramics as a function of sintering time.
The RD of the ceramics is found to be ~ 91% for the 1G siimtered ceramics whereas
it reaches ~ 97.6% for the 30 min sintered ceramics. It can be seen that the optimum
sintering time for the pure KNS ceramicds 20 mirs but for Ta doped ceramics it is
30 mirs. The increase of optimum sintering time in case of Ta doped ceramics may be

attributed to the higher melting point of KTaQ-1370C) than the KNb@ (1039°C)

ceramics [18].
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Fig. 7.11 SEM microgahs of MWprocessedKNNV6-LS Ceramics.

Fig.7.11shows the SEM micrographs of KNNM& ceramics sintered at 100
for 10, 20 and 30 mins. It can be seen that liquid phase appears across the grain boundary,
which may be due to the low melting point ofQé. It is distinctl observed that the grain
size becomes smaller with the increase in sintering time. This is because increasing the
sintering time period facilitates the liquphase sintering and improves the nucleation
rate of the ceramics. Therefore, the grains becanmaler with the increase of sintering
time. It is clear from Fig.1l1 that a few pores exist in the grain boundary for the
ceramics sintered for 10 nd@and the pores are nearly eliminated in ceramics sintered for
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20 mirs. With further increase in sintegrtime the evaporation of alkali elements takes
place and more pores appeared across the grain boundary. Fig.7.12 shows the RD of
KNNV6-LS ceramics as a function of sintering time. The RD of the ceramics sintered for
10, 20 and 30 mins is found to be ~493, 95.1% and 89.4% respectively. The RD of
KNNV-LS ceramics is found to be lower than the other microwave processed ceramics,
which may be due to the development of excess liquid phase in the sample (circled in

Fig.7.9).
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Fig. 7.12 Relative dasity (RD) of KNNV6-LS Ceramics as a function of sintering
time.

7.4 Dielectric Study
7.4.1 Temperature Dependent Dielectric Con
Fig.7.13 shows the temperature dependence dielectric constant at various

frequencies of microwave processed KNS ceramics sintered at 1080for 20 mins.

In pure KNN ceramics two phase transitions are observed above room temperature (RT)
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in the temperature dependent dielectric constant curve behavior. The first one located ~
200°C is the orthorhombic to tetragor@lo.t) polymorphic phase transition temperature

and the second one ~ 42Dis called as the ferroelectric to paraelectric phase transition
(Curie) temperature [19]. In the present case both these phase transition temperatures are
shifted towards low tempature region with the substitution of Li and Sb in place of
(KosNas) and Nb, respectively. Theok and T in microwave processed KNNS
ceramicsare observed ~ 4@ and 387C, respectively whereas for the conventionally
prepared KNNLS ceramics &t and T occurs ~ 43 and 385.%C, respectively. The

v a | u eat Rirffor the microwave processed KNIS ceramics at 10 kHz frequency is

found to be ~ 960 which is higher than the conventionally prepared ceramics (~ 903).
This may be due to the combined effect of better microstru@nde enhanced bulk
density in case of microwave processed ceramics [20]. Fig.7.14 shows the temperature
d e p e n d,ean \@mous Urequencies of microwave processed KNAGNceramics
sintered at 1081 for 20 mins. The & and T. of KNA6N-LS ceramics are find to be

~ 63C and 363C respectively, whereas in case of conventionally prepared ceramics
these two phase transitions occur ~°6%and 368C (chaptet6 ) . The Rt val ue
10 kHz frequency for microwave processed ceramic is also found to be) (rig&er

than the same ceramics processed conventionally (~858). Fig.7.15 shows the temperature
d e p e n d,ean vasous Urequencies of microwave processed KNN$2ceramics
sintered at 108 for 30 mins. The &t and T, of KNNT2-LS ceramics are found fme

~ below RTand377°C, respectively, whereas in case of conventionally prepared ceramics
these two phase transitions occur ~ below RT and@378 The v atlRT éor o f 0

microwave processed ceramic is also found to be (~1171) higher than the conVentiona

162



one (~1023). Fig. 7. 16 s hqguatsvaridud feequéeneieapfe r at u
microwave processed KNNVBS ceramics sintered at 100for 20 mins. The &t and

T. of KNNV6-LS ceramics are found to be ~°82and348C, respectively, whereas in

caseof conventionally prepared ceramics these two phase transitions occlt -agd

35C. The RT,atdw@kHzfequenty fodmicrowave processed ceramic is also

found to be (~905) higher than the conventional one (~745). The microwave processed
cerani cs are found t o pthansteesconvehntionglly @repareda | u e
ceramics, which shows the effectiveness of microwave processing over conventional one.

The values ofjand T; of conventional and microwave processed ceramics are compared

in Table7.1.
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Fig. 7.13 Tempe r, afKNN-L&S ceramics satered@mnl08&Cf U
for 20 mins.
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Fig.7.14 Temper adf KNAGN-LS aeramiastsintered atal 08T tor
20 mins.
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Fig.7.15 Temper aodf KNNE2-LS aaramiast sinatened at 108 for
30 mins.
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