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ABSTRACT

DEVELOPMENT OF PIEZOELECTRIC CERAMICS
FOR ULTRASONIC MOTOR APPLICATIONS

Kalem, VVolkan
Ph.D., Department of Metallurgical and Materials Engineering

Supervisor: Prof. Dr. Muharrem Timugin

January 2011, 157 pages

This study has been carried out to develop and manufacture piezoelectric ceramic
materials which are utilized for ultrasonic motor (USM) applications. For this
purpose, the effect of compositional modifications on the dielectric and
piezoelectric properties of lead zirconate titanate (PZT) based ceramics was

investigated.

PZT based powders were produced using the mixed oxide method. The base
composition was selected as Pb(Zros4Tip46)O3. The samples in the proximity of
morphotrophic phase boundary were doped with strontium, lanthanum, lead
manganese niobate (PMnN) and lead manganese antimonate (PMS) in order to
improve the structural characteristics and electromechanical properties which are
very important for USM applications. The dielectric constant, planar coupling
coefficient, mechanical quality factor, piezoelectric strain constant and tangent loss
values were evaluated in accordance with standard IRE (Institute of Radio

Engineers) test procedures.



The results on dielectric and piezoelectric properties showed that piezoelectric
ceramics with high mechanical quality factor, high piezoelectric strain constant and
low tangent loss could be produced by using the aforementioned dopants. As a
result, a new piezoelectric ceramic named as 0.97[PSLZT]-0.024[PMnN]-
0.006[PMS] was produced with K'= 1913, Qun= 1240, ds;= 540 pC/N, tan &=
0.89%, kp,= 0.57 and Tc= 235 °C. This composition is a good candidate for high
power applications.

The ceramic samples with the developed compositions were used to produce an
ultrasonic-wave type motor and the performance of the USM was evaluated in

terms of speed, torque and efficiency.

Keywords: PZT, Dielectric, Piezoelectric, Ultrasonic Motor.
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ULTRASONIK MOTOR UYGULAMALARI iCiN PIEZOELEKTRIK
SERAMIKLERIN GELISTIRILMESI

Kalem, Volkan
Doktora, Metalurji ve Malzeme Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Muharrem Timugin

Ocak 2011, 157 sayfa

Bu calisma, ultrasonik motor (USM) uygulamalarinda kullanilan piezoelektrik
seramik malzemelerin gelistirilmesi ve iretimi i¢in Yyapilmistir. Bu amagla,
kompozisyon degisimlerinin; kursun zirkonat titanat (PZT) seramiklerinin

dielektrik ve piezoelektrik 6zellikleri tizerindeki etkileri incelenmistir.

PZT tozlari, oksit karisim metodu ile tiretilmistir. Temel PZT kompozisyonu olarak
Pb(Zros4Tio4s)O3 bilesimi segilmistir. Morfotropik faz smirlar1 iginde kalan
numuneler; USM uygulamalar1 igin ¢ok 6nemli olan yapisal ve elektromekanik
ozellikleri gelistirmek amaciyla stronsiyum, lantan, kursun mangan niobit (PMnN)
ve kursun mangan antimonit (PMS) ile katkilanmustir. Dielektrik sabiti, diizlemsel
baglasim katsayisi, mekanik kalite faktorii, piezoelektrik gerinim sabiti ve kayip

tanjanti; standart IRE testlerine gore saptanmustir.

Dielektrik ve piezoelektrik 6zelliklere ait sonuglar; yukarida bahsedilen katkilarin
kullanimu ile yiiksek mekanik kalite faktort, yliksek piezoelektrik gerinim sabiti ve
disiik kaylp tanjantina sahip piezoelektrik seramiklerin retilebildigini

gostermistir. Sonug olarak, K'= 1913, Qm= 1240, d33= 540 pC/N, tan &= 0.89%,

Vi



k= 0.57 and Tc= 235 °C ozelliklerine sahip 0.97[PSLZT]-0.024[PMnN]-
0.006[PMS] isimli yeni bir piezoelektrik seramik kompozisyonu {iretilmistir.
Gelistirilen kompozisyonlarda iiretilen seramik numuneler ultrasonik-dalga tipi
motor tiretmek i¢in kullanilmis ve motorun performansi; hiz, ddonme momenti ve

verimlilik cinsinden saptanmuistir.

Anahtar Kelimeler: PZT, Dielektrik, Piezoelektrik, Ultrasonik Motor.
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CHAPTER 1

INTRODUCTION

Lead zirconate titanate (PZT) based ceramic materials are widely used as hard-
drive devices like transducers and actuators in a wide range of application areas.
Ultrasonic motor (USM) application is a specific field in which piezoelectric
ceramics show an increasing importance. An ultrasonic motor is an actuator with a
drive source of mechanical vibrations in the ultrasonic range. Piezoelectric
ceramics which mechanically vibrate with an applied ac electric field are used in

ultrasonic motors as the vibrational source to provide the ultrasonic waves [1].

Piezoelectricity is the generation of an electrical charge under applied mechanical
pressure on the material or vice versa which means the development of deformation
(strain) of the material when subjected to an applied electric field. Lead zirconate-
lead titanate (PZT) based compositions are the most successful and commonly used
piezoelectric ceramics in the electronics industry. Lead zirconate-titanate,
Pb(Zr«Ti1-x)O3, has the perovskite structure with ABO3; formula where A indicates
the divalent (Pb?*) and B indicates the tetravalent (Zr**, Ti*") cation. The
composition, microstructure and the structural alterations are the primary factors
that affect the physical and electrical properties of PZT ceramics. PZT ceramics
exhibit their optimum electrical properties in the vicinity of morphotropic phase
boundary (MPB) where the Zr/Ti ratio is approximately 53/47 [2]. MPB is the
boundary between PbTiO3 and PbZrO; phases, considering the Pb(Zr,Ti)O3 solid
solution, and is nearly independent of temperature. The isovalent and nonisovalent
(aliovalent) substituents at the A and/or B sites can modify the piezoelectric
properties of PZT [2].



One of the most important properties in hard-drive applications is the mechanical
quality factor, Qm, which is defined as the reciprocal of the internal friction in a
vibrating piezoelectric element. A low Qn indicates fatigue and tendency of
degradation in piezoelectric properties. Therefore, a high Qn, value is necessary for
piezoelectric materials to be used in cyclic motion (e.g. ultrasonic motors) [3].

A piezoelectric ceramic must be operated at its resonance frequency in order to
have an efficient conversion of electrical energy to mechanical energy. The
piezoelectric element exhibits the maximum displacement at this specific
frequency. The internal energy losses in a vibrating piezoelectric element due to the
dissipated heat and the internal friction affect the value of Q. The dissipated heat
in the body causes an increase in the temperature of the ceramic which in turn
results in the degradation of piezoelectric and dielectric properties [2, 3]. K. Nagata
et al. [4] determined that the temperature rise in a piezoelectric transformer under
operation became lower as the mechanical quality factor of the ceramic increased

as shown in Figure 1.1.

The most characteristic property of a piezoelectric ceramic, piezoelectric strain
coefficient, dss, is the mechanical strain generated by the material per unit electric
field applied to it. Materials with high d coefficients are desirable in motional or

vibrational devices [3].
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Figure 1.1 Temperature rise in a vibrating piezoelectric body [4].

Piezoelectric ceramic materials transform the mechanical energy to electrical
energy and vice versa. The measure of the effectiveness of this conversion is called
as the electromechanical coupling coefficient. The relation between the converted

energies is expressed as:

» _ storedmechanical energy ~ storedelectrical energy
suppliedelectrical energy  supplied mechanical energy

(1-1)

“k” is generally smaller than 0.7 for piezoelectrics and the maximum value of k
could reach to unity [3]. The planar coupling factor, k, is defined as the coupling
between an electric field parallel to the poling direction of the ceramic and radial

mechanical vibrations for a thin disc of piezoceramic.



In piezoelectric ceramics, an increase in d accompanies with a decrease in Qn
which is mainly due to the domain structure of ferroelectric ceramics.
Ferroelectrics are a subgroup of piezoelectrics which have also a spontaneous
polarization. Additionally, the direction of the spontaneous polarization can be
oriented in inverse direction by an applied electric field. The regions in
ferroelectric crystals in which all the electric dipoles are oriented in the same
direction are called as domains. A ferroelectric ceramic possess many domains

which are separated by interfaces called domain walls.

An increase in wall mobility results in an observed reduction in mechanical quality
factor and increase in piezoelectric coefficients and coupling factors. Piezoelectric
ceramic materials with these properties are called as “soft” piezoceramics. On the
other hand, decrease in wall mobility and stabilization of domains lead to high Qn,
piezoceramics, but attended with low piezoelectric constant and coupling

coefficient which are the characteristics of “hard” ceramics.

Piezoelectric ceramics used in high-power devices, such as transformers, actuators
and ultrasonic motors, are operated at their resonant frequencies in order to convert
electrical energy to mechanical energy and vice versa. Therefore, ceramics with
improved electrical properties like mechanical quality factor (Qn>1000), planar
electromechanical coupling factor (ky,>0.5), piezoelectric strain constant (ds3>200
pC/N) and also low dielectric loss (tan &) are needed to meet the demands for these

types of high power electromechanical applications [5-7].

In this regard, this study has two major goals:

» Developing piezoelectric lead zirconate titanate (PZT)-based ceramic
materials that possess appropriate piezoelectric properties (i.e., high dss, Qm and kp)
for ultrasonic motor applications by altering composition and processing

conditions.



» Constructing a piezoelectric (ultrasonic) motor by using the developed
ceramics and characterization of its performance in terms of speed, torque and

efficiency.

The thesis dissertation consists of seven parts. In chapter two, a literature review is
presented on PZT materials to layout the theoretical background. In consecutive
chapters, the details on the studies concerning the effects of doping PZT with Sr,
La, Mn, Nb or Sb are presented. The chapter on piezoelectric motor is devoted to
the performance results of an ultrasonic motor utilizing the piezoelectric ceramics
developed during this study. Final chapter of the thesis gives conclusions of the

study.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Piezoelectricity

Piezoelectricity is the ability of certain group of crystals to develop an electrical
polarization under the application of a mechanical stress. The magnitude of the
electric charge produced on the surface of the material is proportional to the
applied mechanical stress. This phenomenon, discovered by P. and J. Curie in
1880, is called as the direct piezoelectric effect. Piezoelectric materials also show
the opposite effect, called converse effect, which is defined as the generation of

geometric deformation (strain) by the application of an electric field [2].

The descriptions of the aforementioned piezoelectric effects are given by the basic

equations,

D =dT+¢*E (direct effect) (2-1)
S = s’ T+dE (converse effect) (2-2)

where D is the dielectric displacement, T is the stress, E is the electric field, S is the
strain, d is the piezoelectric coefficient which is numerically equal in both
equations, €* is the dielectric constant at constant stress which means the
piezoelectric element is mechanically unconstrained, and s& is the material
compliance (inverse of modulus of elasticity) at constant electric field which means

the electrodes on the elements are shorted together. Piezoceramics with high d



coefficients are needed for vibrational devices, such as ultrasonic echo sounders,

and underwater microphones.

The crystal lattice should have no center of symmetry in order the piezoelectric
phenomenon to occur in a material. 21 of the 32 crystal classes or point groups do
not possess a centre of symmetry and 20 of them are piezoelectric, as shown in
Figure 2.1. The only exception, (432) point group, in the cubic system possesses
symmetry elements which in turn lead to no piezoelectric effect [9]. 10 out of these
20 piezoelectric crystal classes contain a unique polar axis along which they are
spontaneously polarized. If the temperature of the crystal is changed, a change in
polarization is induced which leads to the term pyroelectricity. The ferroelectrics
are a subgroup of pyroelectrics. They have also a spontaneous polarization and the
direction of the spontaneous polarization can be reversed by an applied electric
field [8].

The application of stress to a crystal causes a deformation which in turn results in a
displacement of the positive and negative charges within the piezoelectric crystal.
The application of a stress in centrosymmetric crystals does not change the
positions of the center of positive and negative charges. But in acentric crystals, the
positive and negative charges are taken apart if an external stress is applied, and so
dipoles are developed in the crystal. The polarization developed in a piezoelectric

crystal is dependent on the orientation of the stress applied to the crystal.
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Figure 2.1 Relationship of piezoelectrics and subdivisions with symmetry groups
(Reproduced from [8]).



The visualization of the directional nature of the piezoelectric effect is possible by
considering the effect of tensile stress on a two-dimensional unit cell as shown in
Figure 2.2. If there is no external stress acting on the unit cell as shown in Figure
2.2a, then the centers of positive charge coincide. But, if a tensile stress is applied
in the direction shown in Figure 2.2b, the centers of positive and negative charge
are drawn apart. This provides the formation of a net polarization and
piezoelectricity is observed. On the other hand, no piezoelectricity is observed
since the centers of positive and negative charges are not separated when a tensile

stress is applied in the direction shown in Figure 2.2c [10].
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Figure 2.2 Schematic of a two dimensional unit cell showing the directional

dependency of piezoelectricity (Reproduced from [10]).



Among piezoelectric ceramics, like barium titanate, lead niobate, lead titanate, etc,
PZT is the most widely used one. PZT ceramics exhibit excellent piezoelectric
characteristics and thus they are suitable for wider spectrum of technological
applications. A large spectrum of lead zirconate titanate based ceramic materials
was produced by chemical modifications which led to the optimization of
electromechanical properties for different applications. The studies on the
compositional modifications of the base PZT showed that the piezoelectric
properties of these ceramics could be enhanced by the use additives [11-15].

A conventional piezoelectric ceramic is formed of perovskite crystals. Each crystal
consists of a tetravalent metal ion, usually titanium or zirconium, in a lattice of
larger, divalent metal ions, usually lead or barium, and O ions as shown in Figure
2.3. If the crystal has tetragonal or rhombohedral symmetry, then it has a dipole
moment which is shown in Figure 2.3b [16].

Figure 2.3a shows that each perovskite crystal possesses a simple cubic symmetry
with no dipole moment above a specific temperature. This temperature is called as
the Curie temperature. As can be seen in Figure 2.3b, each crystal has tetragonal or
rhombohedral symmetry and thus a dipole moment at temperatures below the Curie

temperature.

Neighboring dipoles form regions of local orientation called domains. This
orientation provides a net dipole moment to the domain, and as a result a net
polarization is obtained for this domain. Since the polarization direction among the
adjoining domains is random, the ceramic element has no overall polarization as

shown in Figure 2.4a.

10
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Figure 2.3 Crystal structure of a traditional piezoelectric ceramic [16].

The domains in a ceramic element can be oriented in a certain direction by
applying a strong, direct current electric field to the ceramic element at a
temperature slightly below the Curie temperature. Domains align nearly parallel to
the direction of applied electric field during poling treatment. The domains that are
not aligned with the applied electric field are expended by the domains oriented
parallel to the field as shown in Figure 2.4b. As a result the ceramic element
lengthens in that direction. Most of the dipoles keep their configuration of near
alignment even if the electric field is removed as shown in Figure 2.4c. The
element now has a permanent polarization, called remanent polarization (P;), and is

permanently elongated.

A compression or tension stress on a poled piezoelectric ceramic alters the dipole

moment and creates a voltage between the parallel surfaces of the element.

Compression along the direction of polarization generates voltage of the same

polarity as the poling voltage which is visualized in Figure 2.5b. Tension stress

perpendicular to the direction of polarization also leads to the same result.
11



Compression perpendicular to the polarization direction or tension along that
direction results in the generation of a voltage with polarity opposite that of the
poling voltage as shown in Figure 2.5c. The direct piezoelectric effect is also
known as the generator action. The main application areas in which this behavior is
used are fuel-igniting devices, solid state batteries, and force-sensing devices. The
voltage and stress values are linearly proportional up to a certain stress value. The

same is also valid for applied voltage and generated strain.

.rftfr WTer 1°F
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Figure 2.4 Poling of a piezoelectric ceramic.

If the ceramic element is exposed to a voltage of the same polarity as the poling
voltage in the direction of the poling, it will lengthen as shown in Figure 2.5d. On
the other hand, when a voltage of opposite polarity is applied to the ceramic, this
time the element will shorten and become broader as shown in Figure 2.5e. If the
element is exposed to an alternating voltage, then the element will lengthen and
shorten continually. This is the converse piezoelectric effect, also known as motor
action, in which electrical energy is converted into mechanical energy. The

principle is utilized in sound generating devices, ultrasonic motors, and many

other applications [16].

12
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Figure 2.5 Direct and inverse behaviors of a piezoelectric element [16].

2.2 The Dielectric and Piezoelectric Parameters of Importance

The electrical properties of piezoelectrics are tensor quantities since they have
directional nature and they depend on the magnitude and the direction of the
applied stress or electric field. As a result, the coefficients describing the
electromechanical properties are defined by two subscripts (ij), which indicate the
direction of two quantities and by a superscript, which indicates that a quantity is
kept constant [2]. For example, in the direct effect, an applied stress in the direction
3 (j) generates a voltage on the planes normal to direction 3 (i). Figure 2.6 shows

the axes and directions of possible deformations.

2.2.1 Dielectric Constant, K

The relative dielectric constant is defined as the ratio between the electrical charge
accumulated on an electroded slab of material brought to a given voltage and the
charge accumulated on a set of identical electrodes separated by vacuum. It is

usually referred as the dielectric constant, K, and is dimensionless [2].

13



Figure 2.6 Designations of directions.

The measurement of the relative dielectric constant may be done at constant (zero)
stress which is called as the free dielectric constant and is denoted by the
superscript T. It may also be measured at constant (zero) strain and is then called

the clamped dielectric constant, denoted by the superscript S [2].

2.2.2 Loss Tangent, tan &

Loss tangent (tan &) is another important dielectric property indicating the
dielectric loss of a material driven by an alternating current. If the applied current
on a dielectric material is AC, then the charge accumulated on the material has both
real and imaginary components as a result of either resistive leakage or dielectric
absorption. The dielectric loss is expressed as the ratio of imaginary component to
the real component. This is also called as dissipation factor, and is usually referred

to as loss tangent, tan & in the literature [2].

14



2.2.3 Piezoelectric Strain Coefficient, d

Piezoelectric strain coefficient relates the electrical polarization in a material with
the applied mechanical stress for the direct effect. For the converse effect, it relates
the mechanical strain generated by the material with the electric field applied to it.

This electromechanical parameter is also defined as the proportionality constant
between dielectric displacement and mechanical stress or mechanical strain and
electric field. Materials with high piezoelectric strain coefficients are desirable
motional or vibrational devices [2].

ds3: induced polarization in the direction-3 per unit applied stress in the direction-3
/ induced strain in the direction-3 per unit applied electric field in the direction-3.

D
d=-=2 (2-3)

2.2.4 Electromechanical Coupling Factor, k

The electromechanical coupling factor is the measure of the fraction of the
electrical energy converted into mechanical and vice versa. The relation of energy

conversion can be expressed as:

K2 = stored mechanical energy ~ stored electrical energy
suppliedelectrical energy  supplied mechanical energy

(2-4)

“k” is usually smaller than 0.7 for piezoelectric ceramics [2]. The reminder can be
stored in the material elastically, dielectrically or dissipated but also the

unconverted energy can be, in some instances, recovered. The planar coupling

15



factor, kp, is the coupling between an electric field along the poling direction of the
ceramic element (direction 3) and mechanical effects that cause radial vibrations,
relative to the direction of polarization (direction 1 and 2) for a thin disc of

piezoceramic. [16].

2.2.5 Mechanical Quality Factor, Qn,

The dimensionless measure of the mechanical response to vibration by a
piezoelectric body is defined as the mechanical quality factor, Q. It is the ratio of
strain in phase with stress to strain out of phase with stress. The energy losses in
the ceramic body during vibration due to internal friction and dissipated heat affect
the value of Qn,. The heat is dissipated in a vibrating ceramic element due to the
friction during the domain wall motion which makes the temperature of the ceramic

rise and results in the degradation of piezoelectric properties.

The higher the mechanical quality factor, the higher the maximum deflection a
vibrating body possesses at its fundamental resonance. Hence, a piezoelectric

ceramic with high Qr, value is desirable in devices utilizing vibration [2].

2.3 Materials

Piezoelectric ceramics have been manufactured from a number of compositions
which include barium titanate, barium strontium titanate, lead zirconate-lead
titanate, bismuth titanate, sodium potassium niobate, lead magnesium niobate, etc.
Barium titanate is the main constituent in the ceramic capacitor applications but its
usage for electromechanical applications has been taken over by PZT based
materials. Because PZT compositions exhibit higher electromechanical coupling
coefficients; have higher Curie temperatures, can easily be poled, are relatively

easy to sinter; and form solid solutions with many chemical compositions [1].

16



Usually full solid solubility can be obtained between piezoelectric end members,
such as BaTiOs, SrTiOz, PbTiO; and PbZrOs, due to their similar crystal structure
and valences. Therefore, a remarkably wide range of piezoelectric properties can be
achieved. Some of the major families of ceramics based on PZT compositions are:

Pb(Zr«Ti;-x)Os3

Pb(Zr,Ti,Sn)O3

Pb(Mg,Nb)O3 — PbZrO; — PbTiO3
PbTiO3 + additives of Mn, La, Nd and In
(Pb,La)(Zr,Ti)Os3

High dielectric and piezoelectric parameters of PZT based ceramics are sensitive to
the type and amount of additives and to the Zr/Ti ratio in the vicinity of the MPB.
This is usually due to both the intrinsic and extrinsic effects, intrinsic one being the

unit cell distortion and extrinsic effect being the movement of domain walls.

In order to improve the piezoelectric properties of the base PZT ceramic material
for certain applications, PZT ceramics are always used with dopants. Excellent
electromechanical properties could be achieved in lead-based piezoelectric solid
solutions [17, 18].

These modifications can be done on A and/or B site of the ABO3 lattice depending
on the ionic radii and the solubility of the dopant. The substitutions can be
isovalent or nonisovalent; that is determined by the ionic charge of the dopant. The

effect of doping is a complex matter, but following generalizations can be made.

Sr** (isovalent): is an element that can be substituted into the A site of the
perovskite in PZT to replace lead. Sr decreases the Curie point and increases the
room temperature dielectric constant and the piezoelectric strain coefficient. It was
also reported that Sr does not change the dissipation factor very much but it slightly

raises the coupling factor along the phase boundary. MPB moves towards the

17



rhombohedral site and grain growth is inhibited with increasing Sr substitution into
PZT.

Donor Dopants: Those with higher valence than that of the ions they replace are
compensated by cation vacancies. Typical donor dopants are La®*" and Sb** on A-
site, and Nb°* and Sb** on B-site. For each, La**or Nb** introduced into the lattice,
one Pb vacancy occurs. The whole family of A-site vacancy compositions has
increased dielectric constants, low mechanical quality factors, low coercive field
and relatively square hysteresis fields, increased electrical volume resistivity and
high piezoelectric coupling factor.

Acceptor Dopants: Dopant of lower charge that of the replaced ions are
compensated by oxygen vacancies. In this case either A or B site of the lattice is
substituted with a lower valence element. Typical acceptor cations are Na* on A-
site, and Mn®*, Fe**, and Cr®* on B-site. This type of substitution results in
ceramics with lower dielectric constant and electrical resistivity, high Qm, high
coercive field; O-site vacancies inhibit domain wall motion effectively and high Qn,
could be attained. [2, 9].
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CHAPTER 3

GENERAL EXPERIMENTAL PROCEDURE

3.1 Method

Ceramic powders used in the experiments were prepared by processing the
constituent oxides through a standard thermochemical treatment known as the
mixed oxide route. Sample ceramics were produced by pressing the powders into
thin discs and then by sintering them under specified heat treatment schedules. The
constitution and microstructure of the ceramics were characterized by XRD and
SEM analyses. The dielectric and piezoelectric properties were measured on the

electroded and poled samples.

3.2 Preparation of Ceramic Powders

Powders of modified PZT ceramic compositions were prepared by the mixed oxide
route. High purity powders of PbO, ZrO,, TiO,, SrCOs, La,03, MnCO3, Nb,Os and
Sh,03; were used in forming the desired compositions. The sources of these raw-
materials were as follows: PbO (Merck 5658), ZrO, (SEPR CS10), TiO, (Merck
808), SrCO3 (Merck 7861), La,O3 (Merck 11222), MnCOj; (Strem Chem. 93-2533),
Nb,Os (Merck 6868), Sb,O3; (Merck 7835).

All of these powders had a certified purity in excess of 99 weight percent (wt%). In
order to prepare modified PZT compositions, the powders were weighed in

accordance with the molar ratios of unit formula and each powder batch was
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blended thoroughly in an agate mortar with pestle in a medium of ethanol. The
dried mixture was compacted as a slug in a hardened steel die and then calcined at
820 °C for 2 h. The product was ball milled for 4 h; it was dried and then given a
second calcination at 850 °C for 2 h. The final slug was crushed and ball milled in a
plastic vial for 16 h. All millings were done with stabilized zirconia balls in a
medium of ethanol. The average particle size of the powder obtained by this
process, determined with a Malvern Mastersizer 2000 laser particle size analyzer,
was about 1um. As shown in Figure 3.1, the powder was heated to 600 °C and kept
there for 1 h to allow for the combustion of plastics introduced from the plastic
bottle during milling.

3.3 Sintering of Ceramic Samples

Green ceramic discs, each measuring 15 mm in diameter and 1 mm in thickness,
were prepared from the PZT based powders plasticized by 3 wt% PEG addition.
The discs were compacted by uniaxial pressing in a hardened tool steel die under a
load of 150 MPa. Before sintering, the organic additive in green discs was removed
by heating them at 600 °C for 30 min.

Sintering experiments were conducted in a muffle furnace equipped with
Honeywell UDC-2000 type temperature controller. The discs were sintered by
soaking at 1240 °C for 2 h in a closed saggar assembly which contained PZT
bedding to inhibit PbO evaporation from the ceramic samples. All heating and
cooling rates were maintained as 4 °C /min in line with the suggestions made by
Mohiddon and Yadav [19]. The appearance of ceramic samples manufactured for

measurements is shown in Figure 3.2.
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Powders of PbO, Zr0O,, TiO, (and SrCOs3, La,0O3, MNnCOs, Nb205 and szOg)

Weighing and mixing in mortar and pestle in alcohol

PELLET PRESSING (Unﬂiaxial Pressing, 32 mm die)
CALCINATION #1 (in closedﬂalumina crucible, 820 °C, 2 h)
GRINDING #1 (v%ith ZrO; balls, 4 h)

Plastic Removﬂal (600 °C, 1 h)

PELLET PRESSING ((U%axial Pressing, 15 mm die)
CALCINATION #2 (in closedﬂalumina crucible, 850 °C, 2 h)
GRINDING #2 (Wﬂith ZrO; balls, 16 h)

Drying (Oven, 1%0 °C, Overnight)

Plastic RemO\%l (600 °C, 1 h)

!

Modified PZT Powder

Figure 3.1 Production of PZT-based powder by the mixed oxide route.
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Figure 3.2 PZT-based ceramics prepared for measurements.

3.4 Ceramic Characterization
3.4.1 Phase Analysis and Microstructure

A PZT-based ceramic with a proper Zr/Ti ratio exhibits the rhombohedral and
tetragonal phases. This is because the composition is in the morphotropic phase
boundary (MPB) range (Figure 3.3). MPB is defined as the Zr/Ti ratio in PZT
which causes a sudden structural change from tetragonal to rhombohedral
symmetry and the location of which is almost independent of temperature [9]. The
optimum piezoelectric properties of PZT ceramics can be obtained near the MPB.
It is a result of 14 possible directions for polarization arising from 6 in tetragonal
and 8 in rhombohedral structures. MPB depends on the changes in compositions

like Zr/Ti ratio and amounts of dopants [1].
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Figure 3.3 Phase diagram of PbZrO;-PbTiO3 system [20].

The phases present in the PZT-based powder and sintered ceramics were
determined by an X-ray diffractometer Rigaku D/max2200/PC using Cu-K,
radiation. The x-ray diffraction study was operated under an accelerating voltage of
40 kV and a current of 40 mA. The diffraction data were collected over the 26
ranging from 20° to 60° with a step size of 0.02°. Using these XRD patterns, lattice
parameters and theoretical densities were calculated. These values along with the

experimental density values are given in the Appendix B.

The microstructural studies were conducted mainly on polished sections under FEI
Nova Nano 430 FEG and JEOL JSM 6400 scanning electron microscopes (SEM).
The polished surfaces were given a thermal etch at 1000 °C for 1 h in enclosures
containing PZT bedding to compensate for PbO loss. Preceding the SEM work, the

sample surfaces were sputtered with gold. The average grain size was calculated on
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the SEM micrographs by the usual linear intercept method [21]. The extent of
porosity in the ceramics was also ascertained from examination of their fracture

surfaces under SEM.

3.4.2 Sintered Density

The density of sintered ceramics was measured by the liquid displacement
technique based on Archimedes principle. At the start of the density measurement,
the dry weight Wqy of the samples, lapped on an emery paper, were determined.
Then they were immersed in xylene for 2 days to allow the penetration of liquid
into possible pore channels. The weighing process was carried out while the
samples were inside the liquid and taken outside the liquid; so the suspended
weight (Wss) and the saturated weight (Ws:) of each sample were determined.

Sintered density, psintered, OF @ Sample was calculated as follows:

_ Wd ry XIO xylene

= 3-1
P Wsat - Wsus ( )

where ... = 0.861 g/cm’.

3.4.3 Measurement of Dielectric and Piezoelectric Parameters

Before the measurement of dielectric and piezoelectric parameters, ceramic discs
with ~1 mm thickness were lapped on 1200 grit emery paper so that clean and
smooth surfaces were obtained. Diameter and thickness were measured and the
samples were electroded with silver paste. The surface was metalized by firing the
paste at 700 °C and 30 min. Electroded ceramic discs were poled in silicon oil bath
at 120 °C for 30 min under a maximum DC electric field of 3kVV/mm. During the
poling process, the electric field was increased gradually with 250 V increments,

allowing 10 min at each voltage. The dielectric and piezoelectric properties of the
24



poled discs were evaluated according to the IRE standards [22]. The reliability of
the data was checked by conducting measurements on duplicate samples, the

experimental uncertainty was confined to + 4% of the reported values.

3.4.3.1 Measurement of the Dielectric Constant

The capacitances of the poled ceramics were measured in HP 4194A
Impedance/Gain Phase Analyzer. During this measurement the frequency was
maintained at 1 kHz. The capacitance values of the samples were used to calculate
their dielectric constants from the following relationship:

_ C'xt
g, x A

KT

(3-2)

where A is the cross-sectional area of the sample in m? t is thickness in mand C"
is the material capacitance in Farads(F), &, is the dielectric permittivity of vacuum,

8.85x10™*2 F/m. The dielectric constant calculated at 1 kHz is called the “free

dielectric constant” and is designated by the symbol K.

3.4.3.2 Measurement of Piezoelectric Parameters
3.4.3.2.1 Electromechanical Coupling Factor

The electromechanical coupling coefficient of the poled ceramics was determined
from the measurement of the resonant and anti-resonant frequencies of the analog
circuit. The resonant, f, and anti-resonant, f,, frequencies were determined from the
impedance spectra of the piezoelectric ceramics. The impedance spectrum for each
poled ceramic disc was obtained in the form of an impedance-frequency plot by
operating the HP 4149-A Impedance/Gain Phase Analyzer in the impedance mode.
The frequencies of the peaks in the first harmonic are the fundamental resonant and

anti-resonant frequencies of the ceramic element.
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The planar coupling coefficient, kj, is related to the resonant frequency, f, and anti-

resonant frequency, f, by the following relationship [14]:

f f 1/2
kp= a__t (3-3)
0.395F, + 0.574(f. —T.)

3.4.3.2.2 Mechanical Quality Factor

Mechanical quality factor, Qm, was calculated by using the values of the impedance

spectrum parameters in Equation (3-4).

f2
" 2#jz,[Cf, (F2 - 12)

Qm (3-4)

where f, is the antiresonant frequency, f; the resonant frequency, Z,, the resonant
impedance and C the capacitance at 1 kHz which were measured using HP 4194-A

Impedance/Gain Phase Analyzer [23].

3.4.3.2.3 Piezoelectric Strain Constant

The axial piezoelectric strain constant, ds3 is the ratio of strain in the z-direction to
the electric field applied in the same direction. Piezoelectric strain coefficient can
be determined utilizing either one of the direct or the converse piezoelectric effects.
In the former, a known stress is applied to the ceramic and the resulting electric
charge is measured. The applied stress can be static or dynamic. In commercially
available piezometers a cyclic stress is applied to the piezoelectric element and the
charge generated is converted to piezoelectric strain constant. In this study a

Berlincourt Piezo ds; Meter was used to measure the dss-values. Prior to
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measurements, the equipment was calibrated with several standard piezoelectric

elements of known ds; values.

3.5 Particle Size

The particle size distribution of the starting powder synthesized by mixed-oxide
technique was determined by laser scattering with a Mastersizer 2000 (Malvern
Inst.) laser particle size analyzer at R&D Training and Measure Center at Central
Laboratory, METU. Figure 3.4 shows the particle size distribution of the
0.97[Pbo.64Sro0sL20.01(Zr 053 Tio.47)0.997503]-0.024[Pb(MnysNby/5)O5]-0.006 [Pb(Mny
Sb,,3)03] powder ball-milled for 20h. The particle size distribution was narrow and
the d(0.1), d(0.5) and d(0.9) values were 0.456pum, 1.055um and 2.755um,
respectively. The peak in the distribution at ~9um is a result of agglomeration of
particles although the precipitation of particles in suspension was tried to be
hindered using an ultrasonic bath.

8
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Figure 3.4 Fractional particle size distribution of ball-milled modified PZT

powder.
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3.6 Stoichiometry

Chemical elemental analysis of the sintered ceramics was carried out in order to
determine the stoichiometry using inductively coupled plasma - optical emission
spectrometry (ICP-OES) technique.

The ceramic samples in this study were prepared by means of solid-state reaction.
This preparation method requires the use of high temperatures. Under these
conditions, the calcined and sintered material can lose oxygen and/or lead [24].
Because the chemical stoichiometry strongly influences the dielectric and
piezoelectric properties of these materials, the chemical composition has to be
controlled.

In order to carry out stoichiometry and element distribution determination,
inductively coupled plasma - optical emission spectrometry (ICP-OES, Perkin
Elmer Optima 4300DV) technique was used at R&D Training and Measure Center
at Central Laboratory, METU. The sintered ceramic  samples
0.97[Pbo.94Sro.05La0.01(Zr0.53T 10.47)0.997503]—0.024[Pb(Mny,3NDb2/3)O3]-0.006[Pb(Mny5Sby3)

O3] were pulverized and digested by microwave-assistance in a 5 ml HCI+0.5 ml

HF acid solution for 100 mg of sample [25]. Two specimens were prepared and

parallel measurements were carried out for each element analyzed.

The results are listed in Table 3.1. In contrast to the claim made in literature [25],
Pb could not be taken up totally by the acid solution, therefore this element was left
outside the scope of analysis. The weight percentages of elements determined by
analyses were in good agreement with the expected values considering the +2%

error tolerance in ICP-OES technique.
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Table 3.1 ICP-OES analysis of modified PZT samples sintered at 1240 °C for 2h.

ICP Results
Expected
Element Sample-1 Sample-2
(Wt%o)
(Wt%o) (Wt%o)
Zr 14.678 14.19+0.08 14.09+0.10
Ti 6.8299 6.44+0.04 6.41+0.04
Sr 1.3704 1.36+0.03 1.34+0.01
Nb 0.4842 0.47+0.005 0.482+0.005
La 0.4345 0.418+0.003 0.422+0.001
Sb 0.1543 0.157+0.004 0.1603+0.011
Mn 0.1081 0.1001+0.0001 0.1018+0.0006
o) 15.015 15.002+0.09 15.011+0.10

3.7 Curie Temperature (T;)

Ferroelectric crystals in a piezoceramic have polar axes and exhibit a spontaneous
polarization below a specific temperature called the Curie temperature. The non-
polar phase above this temperature is known as the paraelectric phase (Pc) which is
shown in Figure 3.3. The line indicating the transition between the Pc phase and
tetragonal (Ft) or rhombohedral (Fg) phases shows the Curie temperature of the
compositions between PbZrO3; and PbTiOs. The spontaneous polarization reaches
to a maximum at temperatures well below the Curie temperature and decreases to

zero as the Curie temperature is approached [6].

Piezoelectrics utilized in high-power applications are operated close to their

resonant frequencies which in turn causes heating of the ceramic element due to
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internal frictions during vibration. If the temperature throughout the ceramic
element increases close to Curie temperature then the piezoelectric and dielectric
properties will be deteriorated. Therefore, a high Curie temperature is desirable for
this kind of piezoelectric materials.

The dielectric permittivity of the material exhibits a peak value at the Curie
temperature. In order to determine the Curie temperature of ceramics produced in
this study, the dielectric response was measured at the frequency of 1 kHz using
HP4194A Impedance Analyzer in the temperature range from 50 °C to 400 °C. The
measurements were done by placing the samples in a small pot furnace in which
the data on permittivity were taken upon cooling the ceramics from high
temperature at a rate of 3 °C/min. Capacitance were converted to dielectric constant
using the sample geometry and permittivity of air. The free dielectric constant K"
was determined using the Equation (3-2).

3.8 Hysteresis Loops

Ferroelectric materials exhibit polar axes which provide spontaneous polarization
in the as-produced material and the orientation of this polarization can be reversed
by an external field. Hysteresis loop, which is a plot of polarization versus electric
field, is among the important properties of a ferroelectric ceramic. It describes the

dynamic nonlinear polarization-switching behavior as a function of field.

General insight into the ferroelectric behavior of the ceramics could be gained from
measurement of the major hysteresis loop at room temperature. Figure 3.5
illustrates a typical hysteresis loop. The application of an electric field to a virgin
ferroelectric electroded disc produces very little effect at first. But dipoles in the
ferroelectric crystallites are switched as the field becomes sufficiently high. Further
increase in the applied field causes the polarization to change slightly and to
approach saturation. If the electric field is reduced to zero, The material posses a

net permanent polarization known as remnant polarization, P,. As the applied field

30



IS reversed, polarization is first reached to zero and then changes sign as the field
produces saturation polarization in the opposite direction. As a result, the hysteresis
loop is obtained. The field at which the polarization equals to zero is called the
coercive field, E.. The area of the loop indicates the energy which is dissipated as
heat within the sample. Such a hysteresis loop is a good evidence of ferroelectricity

[3].

The charge field hysteresis of the samples was used to determine the remnant
polarization and coercive field values. Remnant polarization is a true measure of
the degree of ferroelectricity and the coercive field value shows the materials
resistance to depoling.

Figure 3.5 Hysteresis loop for a ferroelectric crystal.
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The polarization (P) versus electric field (E) was measured using a modified
Sawyer-Tower circuit at room temperature as shown in Figure 3.6 [26]. The
hysteresis loop was displayed by an oscilloscope in which the voltage across the
resistance R, is measured at X axis. On the other hand, at Y axis the voltage
induced across the capacitor Cy is measured. The magnitude on the X axis is
proportional to the field on the sample. Electric field was obtained by dividing the
values on X axis to the sample thickness. Since the charge accumulated on the
material is equal to the product of capacitance and the induced voltage, the charge
accumulated across the sample could be obtained by using the measured voltage if
the capacitance of the capacitor Cy was known. Once the charge accumulated was
known, then the polarization could be calculated by dividing the charge to the
surface area of the sample. The small resistance in R, makes sure the voltage across

the oscilloscope is small and detectable.

The samples denoted by Cs were submerged into silicon oil to obtain a uniform
temperature and to prevent arcing. The AC power was supplied using a high
voltage amplifier. The remnant polarization (P,) and the coercive field (Ec) values
were evaluated by measuring the electrical polarization values at zero electric field

and electric field values at zero polarization, respectively.

32



Cs a > Sample

AC Voltage

Source

(2kV 50Hz

Cy

Oscilloscope

24

Figure 3.6 Modified Sawyer-Tower circuit.
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CHAPTER 4

PSZT-PSLZT CERAMICS

4.1 Introduction

Piezoelectric ceramics based on lead-zirconate-titanate (PZT) are widely used for
numerous applications in the microelectronics industry. In order to tailor the
physical properties required in specific applications, PZT ceramics are usually
doped with small amounts of other oxides. The compositions neighboring the
morphotropic phase boundary (MPB) exhibit enhanced piezoelectric activity;
therefore the Zr/Ti ratio in the ceramic has also been given an important
consideration in the production of PZT ceramics. The effects of Zr/Ti ratio and
those of different additives on the structural and electrical properties of PZT

ceramics were investigated extensively in various earlier studies [2, 27-35].

Present study is concerned with the dual incorporation of Sr and La into PZT
ceramics. Sr is an isovalent additive substituting Pb on the A site in the perovskite
structure. Kulcsar [36] was the first to note that PZT ceramics produced with Sr
additions exhibited improved dielectric permittivity, €, and larger piezoelectric
strain constant, ds;, with slight increase in the planar coupling factor, ky. These
effects were attributed to the straining of the PZT lattice due to the smaller size of

Sr as compared to that of the parent Pb [2].

Following the findings of Kulcsar [36], Sr has entered into the formulation of a

large number of PZT ceramics, including both the soft and the hard types [37-40].

34



The ceramic with composition PbggsSro05Zros3Ti0.4703 Or Pbo9aSro.06Zro53Ti0.4703
has been denoted as the basis for the commercial PZT4 [39, 40]. Lal et al. [41]
verified that the improvement in the electromechanical properties of this MPB type
PSZT ceramic was linked with the distortions in the lattices of the coexisting
tetragonal and rhombohedral phases. Bedoya et al. [42] showed that PSZT
ceramics with 6 atomic percent (at%) Sr exhibited favorable depoling
characteristics, typical of a hard PZT. Such ceramics are favored generally in high
power applications which require low dielectric loss, tan 8, and high mechanical
quality factor, Qm [43].

The size of the La®* ion (0.136nm) is compatible with that of Pb** (0.149nm) [44].
Therefore, La®* can replace Pb?* in the perovskite lattice resulting in excess charge
which is compensated by vacancies distributed mainly over the A-site cationic
positions of PZT [45-47]. The PLZT ceramics with compositions rich in Zr display
high photostrictive effect which makes these materials interesting for electrooptic
applications. The notable composition developed for this purpose was a hot-pressed
transparent PLZT denoted as 9/65/35, the ratio standing for the atomic percentages
of La/Zr/Ti [48]. In a more recent publication, Galassi et al. [49] reported that
electrostrictive, piezoelectric and ferroelectric properties of the 9/65/35 type PLZT
ceramics were highly sensitive to the practices adapted during calcination and

sintering stages.

PLZT ceramics with Zr/Ti ratio closer to the MPB region of the PZT system have
been the subject of intensive dielectric and piezoelectric investigations. In the
ceramic Pb(Zros4Tio4s)O3 large improvements were obtained in dielectric
permittivity and piezoelectric strain coefficient by 1 or 2 wt% addition of La,0O;
[50]. Tawfik [51] showed that 0.1 or 0.2 mole percent (mole%) La,O3 addition to
the same PZT ceramic resulted in increased compliance and lower resonant
frequencies of transducers due, probably, to the freedom attained by the domain
walls with smaller ionic size of La**. Hammer and Hoffman [52] observed that in
the PLZT the MPB has shifted to higher Zr/Ti ratio implying that the tetragonal

phase attained greater stability, which was argued as the cause of higher dielectric

35



permittivity. The method of powder preparation has prefound influence on the
properties of PZT ceramics. Until now, the highest piezoelectric strain constant
reported in the literature for a MPB type pure PLZT ceramic was achieved in the
composition Pbgg7Lag03(Zros3Tio.47)Os; the value attained was ds3=455 pC/N and

the powders of this ceramic was produced by a mechanochemical technique [53].

The electromechanical properties of PZT ceramics may be improved significantly
with proper combination of multiple dopants. Kulcsar [50] observed that dielectric
permittivity and the radial piezoelectric strain coefficient were enhanced upon
incremental additions of La,O3 into the base ceramic PbggsSro0s(Zros4Tlo.46)Os3.
However, the results were rather inconsistent and the synergy emanating from dual
doping was not clear. Mehta et al. [54] examined the structural changes in
Pbo.gaSrxLay(Zros2Tio.4s)Os in terms of the variation in the tetragonality index as a
function of co-doping. No data was provided on electromechanical properties.
Ramam and Lopez [55] investigated the effect of Sr additions on the dielectric and
piezeoelectric properties of PLZTN ceramics containing 1.2 at% La and 0.75 at%
Nb. Although the roles of dopant couples (Sr, La) and (Sr, Nb) could not be
resolved, the results showed that small substitutions of Sr (< 1.5 at%) caused large
enhancements in ¢ and ds3. Despite the data provided recently by Ramam and
Chandramouli [56] on the effects of limited substitutions of Sr into a PZT which
contained La and Mn as co-dopants, the information on electromechanical
properties of such ceramics remained rather scarce. Therefore, the focus of the
present study was to examine in detail the effects of (Sr, La) co-doping on the
dielectric and piezoelectric properties of PZT ceramics and the changes in the

associated microstructures.

4.2 Compositions Studied

PZT based piezoelectric ceramics obtained by doping with various levels of Sr**
and La**, and designated as PSZT or PSLZT, were prepared by the mixed-oxide
method. High purity powders of PbO, SrCOgs, La,O3, TiO, (Merck) and ZrO,
(SEPR-CS10) were used to prepare the desired compositions. The oxide
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constituents were weighed in accordance with the molecular formula
Pb1x-ySrxLay(Zr;Ti1-2) 1403 (x=0.0 to 0.05, y= 0.0 to 0.05, and z =0.5 to 0.6). This
formulation was preferred due to the enhanced sinterability stemming from the
slight excess of PbO over the A-site formula despite the fact that the charge
neutrality condition is met by forming vacancies on both the A and B sites of the
perovskite lattice [46, 47].

The effects of Sr** and La** additions, and that of the Zr/Ti ratio on microstructure,
on phase constitution, and on the dielectric and piezoelectric properties were
investigated. Structural and electrical characterization studies were performed

according to the procedures given in Section 3.4.

4.3 Results and Discussion

4.3.1 PSZT Ceramics

The PSZT ceramics were based on PZT having 5 at% Sr. The ceramics were
produced with Zr/Ti ratio ranging between 50/50 to 60/40. The data related to
various physical properties are summarized in Table 4.1. The porosity in the PSZT
ceramics was rather small; the values of % TD which is an indicator of the degree
of densification achieved in the sintering process were in excess of 96% of the

theoretical.

The average grain size in the PSZT ceramics, evaluated from micrographs similar
to those shown in Figure 4.1, revealed that the change in the Zr/Ti ratio had little
effect on the size of the polycrystals; the average grain size in all PSZT ceramics
was about 4.4 um. A PZT ceramic with composition Pb(Zros3Tip47)O3 was
produced under the same sintering conditions of the PSZT group samples. The
SEM micrograph of this ceramic is presented in Figure 4.1 for comparison. The
average grain size in the ceramic without Sr was 2.5 um, indicating the fact that Sr

had a significant role in the grain growth during firing.
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Table 4.1 Physical and electrical properties of Pbg.gsSro.05(Zr,Tii-,)O3 ceramics.

7 050 | 052 | 054 | 056 | 058 0.60
dss (PC/IN) | 250 305 305 259 207 192
K 0.36 048 | 044 | 041 0.33 0.36
Onm 750 440 345 325 316 310
KT 1118 1350 1138 640 573 596
tan s (%) | 0.49 042 | 044 | 0.99 1.19 1.20
Density | 96.87 | 9650 | 96.94 | 97.12 | 96.87 | 96.62
(%TD) (£0.07) | (£0.04) | (£0.07) | (£0.09) | (£0.06) | (£0.10)
Gﬁ;’ﬂgge 4.45 445 | 451 4.42 4.40 4.43
) (£0.03) | (£0.03) | (£0.04) | (0.03) | (£0.02) | (£0.04)
Op:gr/;'ict’sed 073 | 081 | 062 | o060/ | 075 | 077
y 2.40 2.69 2.44 2.28 2.38 2.61
(vol%)

Figure 4.2 shows the XRD patterns of PSZT ceramics with different Zr/Ti ratio. All
of the samples had pure perovskite structure. The variations in the morphology of
the peaks in the XRD patterns shown in Figure 4.2 indicated that, for the present
study, the MPB in the PSZT ceramics covered a wide range of Zr/Ti ratios. The
overlapping triplet peaks from the (200)T, (200)R, and (002)T planes of the
perovskite in the 20 range 43° to 46° were deconvoluted using the Lorentzian
profile function by a computer program, Peakfit v4.0, and the relative volume

fractions of rhombohedral and tetragonal phases, %R and %T, were estimated from

the intensities 1o0)r, ooyt, and lozyr through the following relationships [52]:

%R =

(200R

200t + 200k + 00T
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Figure 4.1 SEM micrographs of Pbg ¢5Sro05(Zr,Ti;-,)O3 ceramics having variable
Zr/Tiratio: (a) PZT without Sr, (b) z=0.52, (c), z=0.56, and (d) z=0.60.

The calculations on the relative proportions of the T and R phases in PSZT
ceramics in the composition range Zr/Ti = 50/50 to Zr/Ti = 60/40 resulted in the
quantitative distribution shown in Figure 4.3. T and R modifications coexisted in
the composition interval extending from Zr/Ti=52/48 to Zr/Ti=58/42. In earlier
studies on undoped PZT ceramics the T+R field was located from Zr/Ti=48/52 up
to Zr/Ti=55/45 [57, 58]. The differences in the location and the width of the MPB
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were related to the compositional fluctuations arising from powder preparation
practices which may lead to micro-heterogeneity in the distribution of cations in the
perovskite lattice [58, 59]. The proportion of the T phase in the ceramic
Pbo.94Sro.06(Zros3Tlp.47)O3 determined by Bedoya et al. [42] was 69 volume percent
(vol%). The lower proportion of the T phase attained in their work should be
attributed to the lower sintering temperature.
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Figure 4.2 The XRD patterns of the Pbg.gsSro 05(Zr,Ti1.;)O3 ceramics. The values of
z in the figure indicate the Zr content in the PSZT.
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Figure 4.3 Relative proportions of tetragonal and rhombohedral modifications in

the Pbg.gsSro.05(Zr,Tii;)O3 ceramics.

In contrast to the situation observed on grain size, the piezoelectric and dielectric
properties were highly sensitive to the Zr/Ti ratio. The piezoelectric strain
coefficient dss, the electromechanical coupling coefficient k,, and the dielectric
constant K", displayed in Figure 4.4, exhibited visible maxima in the interval of the
Zr/Ti ratios corresponding to the MPB region of the PSZT system examined. The
maxima in these parameters were due to the coexistence of the tetragonal (T) and
the rhombohedral (R) phases which lead to high levels of electromechanical
response. The enhanced piezoelectric activity within the transition MPB region has
been attributed to the presence of a large number of energetically equivalent states
allowing a high degree of alignment of ferroelectric dipoles and enhanced

polarizability of the ceramic [2, 57, 60].
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Figure 4.4 Variations in the dielectric and piezoelectric properties of

Pbo.95Sr0.05(Zr,Tii-;)O3 ceramics.

Lal et al. [41] made similar measurements on PbggsSroos(Zr,Tii;)O3 ceramics.
Their powders were produced by spray drying nitrate solutions of the constituents.
As a result of ideal mixing on atomic scale, the properties K', dss, and k, exhibited
sharp peaks at the MPB which was located at 53/47 ratio of Zr/Ti. Despite this
difference, the results of the present study, in terms of peak values of these
variables are in good agreement with those of Lal et al. [41]. Their values at MPB
were K'= 1360, ds3 = 305, k,=0.53, and tan 5=0.34%.

The higher degree of tetragonal distortion at low Zr/Ti ratio within the MPB
indicated that such ceramics would have higher internal stresses leading to the
increase in the population of domains per unit volume. Thus the ceramics with high

(c/a)T ratio would have harder polarization characteristics due to the more difficult
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nature of domain orientation and hindered domain wall mobility. This is reflected
in the variation of Qn, and tan & with respect to Zr/Ti ratio, depicted by the curves in
Figure 4.5. In the Zr-poor side of the composition spectrum, the Q, values were
higher and tan & values were lower, typical of hard PZT ceramics. As the PSZT
composition moved towards higher Zr, the Qn was lowered and tan & was

increased due to the enhanced mobility of the domain walls.
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Figure 4.5 Variations in Qnand tan & with Zr/Ti ratio in Pbg.gsSro.0s(Zr; Ti1-;)O3

ceramics.
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4.3.2 PSLZT Ceramics

43.2.1 Pbo_gs.ysro_osLay(Zro.54Tio.46)O3 Ceramics

The ceramic Pbgg5Sro.0sZr0s4Tlo.4603 Which exhibited a high ds3 was modified by
partial substitution of La®" ions for Pb?* with increasing levels of La from 0.5 up to

5 at% replacement in the molecular formula of the PSLZT. The data on the

piezoelectric and dielectric properties of these ceramics are given in Table 4.2.

Table 4.2 Physical and electrical properties of Pbggs.ySrooslay(ZrosaTioss)O3

ceramics.
y 0.005 0.01 0.02 0.03 0.04 0.05
das (pC/N) 490 640 535 490 430 425
Ko 0.51 0.56 0.52 0.50 0.46 0.42
Qn 92 70 78 76 76 71
KT 1347 1800 1963 1944 1850 1460
tan & (%) 1.40 1.55 1.55 1.65 1.77 1.86

Density 97.80 98.29 98.78 98.78 97.38 96.63
(%TD) (£0.06) | (£0.07) | (£0.06) | (£0.08) | (+0.06) | (+0.04)

GAr;'i?]raSgiie 4.02 3.62 2.93 2.52 2.21 1.75
(um) (+0.03) | (£0.04) | (+0.04) | (£0.03) | (+0.03) | (0.02)
Op;gr/()cs'i‘t)sed 082/ | 063 | 048/ | 050/ | 10U | 099/
y 138 1.08 0.74 0.72 161 538
(vol%)
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The densification behavior was rather complex; at low levels of La, up to 3 at%,
the ceramics attained higher densities than the base PSZT, but the densification
became increasingly poor above 3 at% La. At all levels of La, however, the amount
of porosity was quite lower than that reported by Hammer and Hoffmann [52]
probably due to the higher sintering temperature applied in the present work. The
SEM micrographs shown in Figure 4.6 revealed that average grain size decreased
continuously with increased La substitution, supporting the findings of the earlier
studies in which the grain size decreased sharply towards 2 um and even lower

when the doping level in the PLZT ceramics exceeded 1 at% La [52, 61].

The reduction in the grain size with increasing La substitution in PLZT ceramics
has been explained by the solid solution impurity drag mechanism in which the La
ion concentration gradient present at grain boundaries was claimed to cause
blocking of grain boundary mobility leading to substantially slower grain growth
rate [62].

The XRD patterns of the Pbggs.,SroosLay(Zros4aTio46)O3 ceramics are shown in
Figure 4.7. At all levels of La addition, the perovskite PSLZT consisted of a
mixture of T and R phases, with T being the dominant modification as seen in
Figure 4.8. Obviously, in this group of PSLZT ceramics, La additions did not
destroy the stability of the T phase. This observation is somehow different than the
findings of Hammer and Hoffmann [52]. According to their XRD work on the
PLZT solid solutions with Zr/Ti ratio of 53/47, the T phase content showed
fluctuations with varying levels of La addition; at low La contents (<0.2 at%), the
T phase proportion rose sharply to 83 vol%, verifying the results of the present
study, then the proportion dropped to about 67 vol% up to 3 at% La, and then
increased back to 83 vol% T when La content became 6 at% and higher. The
greater stability obtained in the relative amount of the T phase in this work may be

linked with the coexistence of Sr and La.
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Figure 4.6 SEM micrographs of Pbo gs.,Sro.0sLay(Zros4Tio.46)O3 ceramics with
increasing La content: (a) y=0.01, (b) y=0.03, (c) y=0.04, and (d) y=0.05.
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Figure 4.7 The XRD patterns of the Pbg g5.,SroosLay(Zro.s4Tio.46)O3 ceramics. The
values of y in the figure indicate the La content in the PSLZT.
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Figure 4.8 Relative proportions of tetragonal and rhombohedral modifications in

the Pbo.g5.ySro.0sLay(Zros4Tio.46)O3 ceramics as a function of La doping.

The variations in the piezoelectric properties of Pbg.gs.ySrooslay(ZrosaTio.ss)O3
ceramics with La content are shown in Figure 4.9. A small amount of La
substitution in the base PSZT caused a large increase in the piezoelectric strain
coefficient ds3 which exhibited a peak value of 640 pC/N at 1 at% La. ds3 of 640
pC/N is the highest level of ds; ever reported in PSLZT [55,56]. Additions of La
beyond this limit moved the composition away from the MPB and resulted in
reduced ds3 values. The same trend was observed in k, and K'. The curve for K’
exhibited a rather diffuse pattern which may be attributed to the gradual reduction
of coupling, caused by increased La substitution, between (Zr, Ti)Og octahedra and

the A site occupants [63].
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Figure 4.9 Variations in the dielectric and piezoelectric properties of

Pbo.g5-ySro.osLay (Zros4Tio.46)O3 ceramics with increasing La substitution.

The complex behavior observed for das, ko, and K in Figure 4.9 was attributed to
the competition between the vacancy effect and the grain growth inhibition brought
by La, both being manifested in the movement of domain walls. In the PSLZT
ceramics of interest, the T phase is dominant which means that the 180° domains
and 90° domains belonging to this modification are of importance. During the
poling process, virtually all 180° domains are oriented along the poling direction;
therefore the 90° domains gain further significance. At low levels of La, the
vacancies introduced by doping facilitate the rotation of 90° domains and promote
the motion of the 90° domain walls leading to enhancement in electromechanical
properties. On the other hand, additions of La cause reduction in the grain size
which implies that the domain size is also reduced [61]. Furthermore, the sintered
density starts declining at La levels above 3 at%. Under these conditions, the

domains get clamped gradually by increasing La substitution due to the pinning
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action of grain boundaries and the dominance of space charge effects [64]. Hence,
reductions in the electromechanical properties are observed when La doping is

increased beyond a certain value.

The addition of La made the PSZT ceramic a soft piezoelectric as seen in Figure
4.10. The material assumed lossy characteristics upon the smallest La substitution.
The trends in Qn and tan 3 were very much similar to those observed by Pdungsap

et al. [65].
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Figure 4.10 Variations in Qmand tan 6 with La content in

Pbo.95_y Sroos Lay(Zro,54Tio,46)03 ceramics.
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4.3.2.2 Pbo_94s Io.05 Lao,01(Z rl.zTiz)O3 Ceramics

The data on physical properties of PSLZT ceramics with 1 at% La and 5 at% Sr,
but variable Zr content are given in Table 4.3. Based on comparison with x-ray
densities, the ceramics densified to better than 97% of the theoretical. SEM
micrographs from thermally etched surfaces revealed limited porosity. The average
grain size was not affected much by the Zr/Ti ratio. However, the size distribution,
as seen in the SEM micrographs of Figure 4.11, was rather wide; small grains
filling the interstices among the larger ones may be the reason for better
densification.

Table 4.3 Physical and electrical properties of PbogsSrooslagoi(Zr,Tii-z)O3

ceramics.

z 0.50 0.52 0.54 0.56 0.58 0.60

dss (pC/N) | 393 480 640 560 427 380

Ko 0.39 0.42 0.56 0.53 0.42 0.40
Qm 96 83 70 84 99 115
KT 972 1475 1800 1138 608 487

tan o (%) 1.15 1.46 1.55 1.89 2.22 2.34

Density | 98.12 | 97.98 | 98.29 | 98.36 | 97.23 | 97.48
(%TD) | (£0.09) | (£0.06) | (£0.07) | (£0.05) | (x0.05) | (+0.07)

GAr;’ienraS%ge 331 | 344 | 362 | 364 | 364 | 3.70
(um) (£0.04) | (£0.02) | (£0.04) | (£0.03) | (£0.03) | (£0.04)
Op;gr/(?s'i‘t)sed 078/ | 094/ | 063 | 063 | 082 | 097
Y | 110 | 108 | 108 | 101 | 195 | 155

(vol%)
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Figure 4.11 SEM micrographs of Pbg.94Sro .05 Lag o1(Zr, Ti1.;)O3 ceramics with Zr
content of (a) z=0.52 , (b) z=0.54, (c) z=0.58, (d) z=0.60.
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Figure 4.12 shows XRD patterns of the Pbg g4Sro.0sLa0.01(Zr,Ti1,)O3 ceramics. The
patterns revealed the co-existence of T and R modifications. The proportions of T
and R phases in the MPB are displayed in Figure 4.13. Compared to the
distribution in the PSZT system observed in Figure 4.3, the width of the MPB, as

well as its limits and the midpoint were not affected noticeably by presence of La.
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Figure 4.12 The XRD patterns of the Pbg 94Sro.0sLa0.01(Zr,Ti1-;)O3 ceramics. The

values of z in the figure indicate the Zr content in the PSLZT.
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Figure 4.13 Relative proportions of tetragonal and rhombohedral modifications in

the Pbg.g4Sro.0sLap 01(Zr,Tii-;)O3 ceramics.

The dielectric and piezoelectric properties of the Pbg.g4Sro.0sLag.01(Zr,Tii-z)O3 group
ceramics, displayed in Figure 4.14, exhibited changes typical of MPB
compositions. The curves for dsz and kp had sharp peaks at Zr/Ti ratio of 54/46. The
discussion offered in the Section 4.3.1 is also valid for the electromechanical

properties displayed in Figure 4.14.
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Figure 4.14 Variations in the dielectric and piezoelectric properties of

Pbo.94Sro.0sLa0.01(Zr,Ti1-) O3 ceramics.

Hysteresis behavior of the PbggsSrogslage1(Zr,Tii;)Os ceramics are displayed by
the polarization curves as shown in Figure 4.15. The PSLZT ceramics could be
polarized rather easily. In all samples the coercive field, E., was equal to or smaller
than 1 kV/mm, comparable to the magnitude of E. reported earlier for PLZT
ceramics [61]. The ceramics with lower Zr/Ti ratio exhibited loops of
ferroelectrically harder PZT ceramics owing to the dominance of the T phase [66].
As shown in Figure 4.16, the increase in the Zr/Ti ratio resulted in higher
remanance and lower coercive field. The area occupied by the hysteresis loop,
which is a measure of polarization energy, became increasingly smaller as the Zr
content was increased. These features are correlated with the increased proportion

of the rhombohedral phase in PZT compositions having relatively higher Zr [67].
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Figure 4.15 The hysteresis behavior in Pbg g4Sro.0sLao.01(Zr,Ti;-)O3 ceramics
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Figure 4.16 Variations of coercive field and remnant polarization with Zr/Ti ratio

in Pbo.94Sro.0sLao01(Zr,Tii-z)O3 ceramics.

4.3.2.3 Pbgg9-xSrxLaoo1(ZrossTip.46)O3 Ceramics

The effect of Sr content on the dielectric and piezoelectric properties of Pbggo-
xSrxLap01(Zros4Tio.46)O3 ceramics was studied by changing the Sr-content from 0 to
5 at%. Various physical properties measured are listed in Table 4.4. The
densification was improved with increasing Sr substitution in PLZT. Sr was
instrumental in grain growth as evidenced by the SEM micrographs shown in
Figure 4.17. The average grain size in the PSLZT ceramic doped with 5 at% Sr

increased to 3.62 um as opposed to 1.4 um in the version without Sr.
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Table 4.4 Physical and electrical properties of Pbggg-xSrxLaoo1(Zros4Tio.46)O3

ceramics.

X 0.00 0.01 0.02 0.03 0.04 0.05

dss(PC/N) | 260 | 400 | 505 | 610 | 625 | 640

Ko 0.40 0.48 0.49 0.52 0.54 0.56
Qm 55 58 63 60 67 70
KT 810 895 1020 1240 1520 1800

tan o (%) 1.60 1.64 1.48 1.50 1.55 1.55

Density | 94.06 | 95.62 | 96.25 | 96.89 | 97.83 | 98.29
(%TD) | (£0.07) | (20.05) | (£0.07) | (0.08) | (£0.07) | (£0.07)

Gﬁ‘;’;rasﬂge 140 | 160 | 200 | 275 | 325 | 3.62
(um) (£0.05) | (£0.05) | (£0.04) | (£0.06) | (£0.06) | (£0.04)
Op;gr/é:sli?sed 115/ | 102/ | 103 | 08y | 08U | 063/
Y | 479 | 336 | 272 | 222 | 126 | 1.08

(vol%)
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Figure 4.17 SEM micrographs of Pbg gg-xSrxLag 01(Zros4 Tio.46)O3 ceramics modified
with various levels of Sr addition: (a) undoped, (b) x=0.02, (c)x=0.04, and (d)
x=0.05.

The XRD patterns shown in Figure 4.18, and the fractions of T and R phases given
in Figure 4.19 revealed that the tetragonal phase formation was favored at all levels
of Sr substitution. The proportion of the T phase increased steadily from 55 vol%

in the Sr-free PLZT ceramic to 83 vol% as Sr was raised to 5 at%.
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Figure 4.18 The XRD patterns of the Pbg g9-xSrxLao01(Zro.s4Tio.46)O3 ceramics. The
values of x indicate the Sr content in the PSLZT.
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Figure 4.19 Relative proportions of tetragonal and rhombohedral modifications in

the Pbg.ggxSrxLao01(Zros4 Tio.46)O3 ceramics with variable Sr content.

Figure 4.20 shows the changes in the dielectric and piezoelectric properties of the
Pbo.9g-xSrxLao01(Zros4Tio46)O3 ceramics. With increasing Sr substitution the
dielectric constant K" exhibited a continuous rise, indicating a steady enhancement
in polarization due to the elimination of the effect of compression of the 180°
domains in the T phase [66]. The effect of Sr on the piezoelectric strain coefficient
was more striking; the parameter ds3 was a modest 260 pC/N at zero Sr but it raised
to 610 pC/N with 3 at% replacement of Pb with Sr. Seemingly, however, the
piezoelectric activity reached near saturation at 3 at% Sr addition. Planar coupling
coefficient showed steady improvement with Sr, but the loss tangent was not

affected drastically from the presence of Sr in PLZT.
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Figure 4.20 Variations in the dielectric and piezoelectric properties of
PDo.99-x SrxLa0.01(Zro.54Tio.46) O3 ceramics.

The deflection in the ds3 curve at 3 at% Sr substitution is reflected in the dynamic
polarization behavior of the PSZLT ceramics as depicted by the hysteresis curves
shown in Figure 4.21. The ceramics having less than 3 at% Sr displayed lower
remanance and lower coercivity. Those with 3 at% and more Sr had evidently

higher polarization energy.

The hysteresis loops could be classified under two major groups. The loops of the
ceramics with low Sr were round in shape; these samples had smaller grain size and
they exhibited lower electromechanical coupling. The ceramics having Sr> 3at%
had square-like hysteresis loops; they had higher k;, and their remanance was also
higher due to the increased freedom of domains emanating from removal of the

clamping effect on domains which is associated with larger grain size.
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Figure 4.21 The hysteresis behavior in Pbg gg-xSrxLag01(Zros4Tip.46)O3 ceramics.

The coercive field and remanance values in the low Sr group could be compared
with the data provided by Nasar et al. [68] on the Pb(Zros3Tio.47)O3 ceramics doped
with up to 1.5 at% Sr. Their results for the ceramic with 1.5 at% Sr were E. = 780

V/mm, and P; = 8.9 uC/cm?®. The values determined for the low-Sr group ceramics
of this study, shown in Figure 4.22, were quite comparable; E; = 720 V/mm, and P,

= 8.5 uClem?.
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Figure 4.22 Variations of coercive field and remnant polarization with Zr/Ti ratio

in Pbo.g9-xSrxLao 01(Zro54Tio.46)O3 ceramics.

Temperature dependence of the dielectric constant of the Phbggo-
xSrxLap01(ZrosaTio46)O3 ceramics is displayed by the curves in Figure 4.23. The
shrinkage or elongation of crystal lattice can shift the Curie temperature of
perovskites. If the unit cell dimensions are forced to shrink then the Curie
temperature decreases. As a result of shrinkage in the ar axis given in Table B.4,
there was a continuous decrease in the Curie temperature (T¢) with increasing Sr
addition. Since The Curie temperature of the undoped Pb(Zrs4Tip.46)O3 ceramic
was reported as 385 °C [36]. La addition at 1 at% level caused a large decrease in
the Curie temperature of this ceramic; the T¢ was measured as 339 °C. The PSLZT
ceramic with 1 at% La and 5 at% Sr had a T¢ of 272 °C. Since Sr and La exhibit
similar straining effects on the perovskite lattice the drop in T¢ was consistent with
studies reported in the literature [36, 53]. The trend of lower T¢ in the presence of
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Sr has been observed in other PZT families [69, 70]; the effect has been correlated
with the ease of transformation from T phase to R modification at lower

temperatures due to the smaller size of the dopants [70].
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Figure 4.23 The change in the dielectric constant of the Pbg g9«

SryLag01(Zros4Tio.46)O3 ceramics with temperature.

4.4 Conclusions of the PSZT — PSLZT Ceramics

1. PZT ceramics modified with simultaneous additions of Sr and La were produced
in pure perovskite structure through conventional ceramic processing techniques.

The incorporation of Sr?* into the PZT lattice stabilized the tetragonal symmetry
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over the rhombohedral one and enhanced the grain growth during sintering.
Although La had similar effect on the stability of the tetragonal phase it had the
tendency of decreasing the grain size. In the co-doped ceramics, satisfactory
densification could be attained due to effective development of the microstructure

consisting of a mixture of large and small grains.

2. The overall weight loss in the PSLZT discs during sintering was typically less
than 0.4% indicating that the small excess of PbO due to B-site formulation was
nullified during sintering, and also no PbO was gained from the bedding.
Consequently, in the SEM micrographs, there was no evidence of PbO as a second

phase.

3. PSLZT ceramics prepared in this study were essentially soft in nature. Sr had a
dominant role in the improvement of the piezoelectric moduli and the dielectric
constant. The Sr-La co-doping may be used to manufacture bulk PZT ceramics

with tailorable properties.

4. Combination of Sr and La as co-dopants had great implications on the dielectric
and piezoelectric properties of the PZT ceramics. A remarkably high strain constant
ds3 of 640 pC/N was attained in the PSLZT ceramic containing 1 at% La and 5 at%
Sr, the Zr/Ti ratio being the one on the MPB. The Curie temperature of this

particular ceramic was 272 °C.
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CHAPTER 5

PSLZT CERAMICS MODIFIED BY Mn, Nb AND Sb

5.1 Introduction

PZT based ceramics have been studied extensively for many years. However, their
usage in high-power/hard-drive devices such as ultrasonic motors and ultrasonic
transformers was studied actively only in the last decade. In such applications,
these ceramic materials are driven near their resonance frequencies in order to
obtain high mechanical vibration. Therefore, it is necessary for these piezoelectric
ceramics to combine a high mechanical quality factor, Q»>1000, with high
piezoelectric constant, ds3>200 pC/N, and high electromechanical coupling
coefficient, ky>0.5 [5, 71].

For high-power applications, high Qn, is the most important requirement. Since Qm
is the indicator of internal friction and heat dissipation in the piezoelectric [3]. Low
Qm ceramics will heat faster as a result of energy loss; this alters the resonance
frequency, which will be detrimental to piezoelectric properties. Hence, for high-
power applications ceramics that exhibit high Qn, and low dielectric loss, tan o, are
desirable. Furthermore, piezoelectric ceramics utilized in the ultrasonic motors are
required to have high transformation efficiency, i.e. their electromechanical
coupling factor k, must be also high. In addition, the piezoelectric ceramic should
have high dss since it is the indicator of the extent of piezoelectric activity. Many
ternary and quaternary piezoelectric solid solutions have been manufactured by
chemical modifications in the base PZT composition in order to satisfy the
requirements of high power applications. [6, 13, 23, 70].
67



In order to obtain high Qn, ceramics, usually acceptor dopants are used which are
incorporated mainly to the B-site of the ABOs structure of PZT. Common acceptor
dopants include cations such as Cr**, Mn**, AI¥*, and Fe** [2, 29, 37, 38, 71-73].
Acceptors, also known as hardeners, lead to the formation of oxygen vacancies
when they enter to the B-site to substitute for Ti* and Zr*" and provide fine
grained materials. The increase in Qn, has been linked to the reduced domain wall
mobility due to finer domain size. As a disadvantage, however, the acceptors lower
the piezoelectric constant, electromechanical coupling factor and generally

deteriorate the dielectric parameters [3].

The dielectric and piezoelectric properties of PZT ceramics that have been
modified in composition for attaining high Qq are listed in Table 5.1; that
represents a summary of the references available in the literature on high Qn
ceramics. The noteworthy feature of the table is that with modifications in chemical
composition and using proper processing conditions, PZT ceramics can be

manufactured with Qn, values reaching 2600.

One of the objectives of this thesis investigation was to develop high Qn ceramics
from a base PSLZT which exhibited an unusually high dss. For this purpose, the
PSLZT ceramics of the present study were modified by manganese, niobium, and
antimony in order to obtain high Qn materials. In the following, a review of
previous literature related to the use of the specified modifier elements will be

presented in order to highlight their role in PZT.
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Table 5.1 PZT-based ceramic compositions developed for high power applications.

. . Oas T tan &
Reference Base Composition Additive(s) Qnm (PCIN) ko K (%)
g:I'K['glél]ang o PD0.97Sr0.03[Zr0.458 T 10.452(MN13ND2/3)0.00] O3 0.1wt% Cr.0; | 2000 X 0.58 | 1200 X
EI. E}gl;(]?her et [PDo.ss(Ba,Sr)o.11][(Zro7Tios)09ssMNo01)Os 1.0at% F 2000 | 125 0.58 | 350 X
H.Chen et al. .
[6] Pbolggsroloz(M gl/3NbZI3)O.06(M n1/3Nb2/3)0,05(2r0,43T|0,52)0,8803 0.2 wt. CeOz 2379 307 0.55 1200 0.5
S.Priya et .
al.[81] 0.9(Pbo.94Sr0.06)(Zr0.57T10.43)O03-0.1Pb(MnysNb2;3) O3 X 1644 | 154 | 0.44 | 501 | 0.6
[Bég]'l_l etal. PDB[Zr0.499 Ti0.461MNo 053NDg.1/3] O3 X 1300 X 0.55 X X
%.%hen etal. 0.93Pb(Zro 503 Tig.497)03-0.07Pb(Mny;3Nb3) O4 X 2050 X 0.61 X X
Z.G.Zhu et booeS b .
a|[88] Pbggs roloz(M Ny3S 2/3)yerT|1_y_203 (0 <y< 0.10,04<z< 05) X 1620 348 0.57 | 1370 0.62
B-]'-'ang etal- | 0.93Pb(ZrosTio)05-0.07Pb(Mny:Sby)Os X 1520 | 230 | 066 | 675 | 0.52
L.Sun et P0.96Sr0.02Ba0.02[ (Zr0.455 T 0.445) (ZN1/3ND2/3)0.03
1.0 wt% Pb3;O 1671 285 0.52 | 1294 04
al.[70] (Sny3NDB213)0.03(MN13Sb213)0.04] O3 0 Fhe
;-J-[\G(;’]O” € | 0.02Pb(YWy5)05 0.98Pb(Zro 5 Tio.4s) O 0.7Wt% MnO, | 1000 | 240 | 055 | 800 | 1.2
C.Galassi et . .
[Pb(Lio.25Nbo.75)]0.06[P(Md0.33NDo 67)]0.06[PP(Zr 050 Ti0.50) J0.8303 0.7wt% MnO, | 2132 | 148.7 | 0.54 | 447 X

al. [35]




0.

Table 5.1 (Continued)

. . d33 T tan 8
Reference Base Composition Additive(s) Qnm (PCIN) ko K (%)
J.H.Yoo et al 0.5 Wt PO *
[89] " | PB(Niy2W112)0.02(MnN13NB2s3)0.07(Zr0.49 T l051)0.9103 0.3 wt% Fe;O3+ | 1886 X 0.50 | 1302 X
0.25 wt% CeO;
G.Feng et al. .
[90] 0.80Pb(ZrosTios)Os - 0.20Pb(ZnysNbys)Os 1.0 Wt% WO; 1178 | 314 | 0.62 | 1200 | 0.425
2:}’%‘1‘1”9 0.96Pb(Zro.; Tio.45) O2-0.04Pb(Mn 30, Wo 35, SDo.16,Nbio 1) Os X 2344 | x| 0561 755 | X
. 0.5 wt% MnO, +
?ég]hao etal 9-%35’6%5{%;“0@03)‘0 0.06Pb(Snu/sNbzs)Os 0.5Wi% Sh,0;+ | 2614 | 314 | 0.58 | 1665 | 0.4
: W3IND213)3 0.5 wt% Cr,03
H.L.Du et al 1 mole% ex. PbO
[92] ) (Pbog5Sf005)[(M n1/38b2/3)0.06(Ni1/2W1/2)0,02(Zr1/2Ti1/2)0,92]03 + 0.2 wt% Mn02 1275 380 0.61 2138 0.58
+0.25 wt% CeO;
Y.Hou et al. .
[93] (Pb0,95Sr0,05) ((an/3Nb2/3)0.20(Zf0.50T|0.50)0.30)03 0.5 wt%M nOz 1360 325 0.62 1240 0.2
C.Y.Chen et . 0.3 wt%
a1, [04] 0.07Pb(MnysNbz;)05-0.468PbZrO5-0.462PbTiO; 2C20.F&,0s 2150 | x| 053 x | 025
E-lgleOO etal. Pbo.54Ba0.06(Zr05Tio 48)0.525(MN1sNb2)0 07503 0.25 mole% CeO, | 1792 X 0.52 | 767 X
" 'é']m € | 0.96PbZr0s;Tio4s05-0.04Pb(Mno32,Wo 36, Sbo16,Nbo 16) O3 X 2344 | x| 056 | 755 | x
RZhang et 0.90Pb(Zr0,51Ti0,49)03— 0.07Pb(|\/|n1/3Nb2/3)O3 0
2l [96]  0.03Pb(Niy ;W) 0.1 wt% CeO, 1405 388 0.60 | 2140 | 0.59




5.1.1 Manganese

According to the research reported in literature, when manganese is added into PZT
as a modifier it is usually introduced in the form of MnO; in which Mn is in the
form of Mn*" ion [73]. During calcination and sintering stages Mn** is reduced
partially into Mn** and Mn*®* in proportions depending on the prevailing oxygen
partial pressure in the environment. Thus, in PZT the manganese may be present in
2%, 3%, and 4" states of valency. Boucher et al. [57] made an analytical study on the
coexistence of Mn*, Mn**, and Mn*" ions in the PZT through ESR. The ESR
spectra displayed Mn** and Mn** conclusively. Since Mn** has even number of 3d
electrons it could not be detected by ESR but its presence was ascertained by mass
balance calculations on Mn. These calculations, carried over a range of Zr/Ti ratios,
indicated that the proportion of Mn®* was maximized at the MPB.

In an earlier work published in 2000, He and Li [73] had also studied the state of
valency of Mn in an MPB type PZT through ESR methods. Their spectra showed
the presence of the Mn?* ion only but none of Mn**. The presence of the Mn** ion
could be ascertained visually from the darker color of the ceramic as opposed to the
pale PZT which has Mn?* only. When the observations of He and Li [73] are
combined with those of Boucher et al. [57], it may be concluded that the relative
abundance of Mn** type manganese cation is highly sensitive to the Zr/Ti ratio of
the PZT ceramic in hand. With compositions near or at MPB all Mn** fraction is
converted into Mn®*" due probably to the combination reaction Mn** + Mn*" —
2Mn*,

The size of the Mn®*" ion is 66 nm [74]. Therefore it can fit into the Zr/Ti positions
in the octahedral cage of the perovskite, making Mn** an acceptor dopant. The size
of the Mn*" ion in 8-fold coordination within perovskite structure is 110 nm,
therefore it can place Pb on the A site of the PZT [43]. On the other hand, in 6-fold
coordination the size of Mn®* is 82 nm [74]. Hence it may partly occupy the B site
positions as well. The effect of manganese on PZT properties is found to be

concentration dependent. Rema and Kumar [43] noted that when the concentration
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of manganese was kept below 0.1 at% it entered into the A site as Mn** and caused
a dipole moment whose effect was to increase moderately the Curie temperature,
T, and to decrease slightly the ds; of the ceramic. Above 0.1 at% addition, up to
0.4 at%, Mn appeared as Mn®" acting as acceptor. Therefore within this additive
range the Qn of the ceramic increased steadily due to the pinning of the domain
walls by oxygen vacancies. Interestingly, in the same additive range, the ceramic
Pbo.94Sro.06(Zr0.53Tlo.47)1-314xMnNxO3 exhibited enhanced dss3 values; the maximum
attained at 0.004 mole Mn*" addition was d33=450 pC/N [43].

The role of manganese is unique in combining the “soft” and “hard” piezoelectric
characteristics in the same PZT. Boucher et al. [57] showed that small amounts of
Mn additions modified the conventional subsolidus phase diagram of the PZT
system greatly. The new diagram, reproduced in Figure 5.1, revealed that the MPB
in the PZT system became an area consisting of the mixture of tetragonal and
rhombohedral phases. The coexistence of T and R was spread over the composition
interval ranging from 48 mole% PZ to 55 mole% PZ.

500

—ea— Mn =1% F =0%
-0- Mn=1% F =1%

400 Pc

Temperature (°C)

40 45 50 55 60 65 70
at. % PbZrO,

Figure 5.1 Phase diagram of PZT doped with Mn and/or F showing the range of
MPB region [57].
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The reason why the PZT doped with Mn** exhibited soft piezoelectric behavior in
addition to the hard characteristics was explained with the Jahn-Teller distortion in
the MnOs octahedra [43]. While at one hand the Mn®" acceptor creates oxygen
vacancies that pin the domain walls which increase the Qn, on the other hand, the
J-T distortion brings about the gradual change from tetragonal to rhombohedral
symmetry increasing the dielectric and electromechanical characteristics through
enhanced domain wall mobility.

The views on the solubility limit of Mn®* in the perovskite lattice are rather
conflicting. Rema and Kumar [43] placed the limit at 0.4 at% Mn; they argued that
above this level the manganese separated into a second phase, resulting in
deterioration of dielectric and piezoelectric characteristics. In contrast, He and L.i
[73] claimed that up to 1.5 at% Mn®" could be incorporated in the B site of the
perovskite leading to high Qm; beyond this level it accumulated at the grain

boundaries giving rise to the decrease in piezoelectric properties.

5.1.2 Antimony

Two oxides of antimony, Sb,O3 and Sh,0s, have found use as dopants in the
development of electronic ceramics for applications involving semi-conductivity
and piezoelectricity. The size of the Sb®" ion is 245 nm and that of Sb°* is 62 nm
[74]. Sb* is too large to fit into the B site cationic positions of PZT, therefore no
study is found in the literature concerning the acceptor action of this ion. Sb*" is
also too large to fit into the A site, but, surprisingly a publication was released by
Rai and Sharma [75] on its use in a PZT as a donor dopant. The base ceramic was a
PLZT with a molecular composition of PboglLag1(Zross Tioss)o.7503. Sb** was
introduced as a partial substitute for La>* in quantities up to 7 at% in the PZT. The
notable effects of the Sb®" involvement were increase in the dielectric permittivity
and increase of the Curie temperature of the PLZT ceramic. No data were provided

on the piezoelectric properties.
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The Sb>" ion may be introduced into the B site of the PZT ceramics either alone or
in combination with Nb and/or Mn. In common practice the Mn-Nb, Mn-Sb, and
Mn-Nb-Sb additions are made in the form of niobate or antimonite combinations
which will be discussed in the following.

5.1.3 Niobates and Antimonates

An outstanding PZT group of ceramics is typified by compensating valence
substitutions made in accordance with the stoichiometry XXaVa + ZXgVs = 6
where X is concentration and V is the valency of ions entering the A and B
positions of perovskite [2]. Notable piezoelectric ceramic products having
compensating dopants occupying only the B site positions in perovskite are solid
solutions of Pb(Zr, Ti)O3 with compounds such as Pb(Mgi;sNbys3)0s,
Pb(Zny3Nby3)O3, Ph(Fe12Nbi/2)Os, Pb(Y23W13)Os, and Pb(Niy,W1/2)Os.

The compound Pb(Mg13Nb3)O3, which is called lead-magnesium niobate and
denoted with the acronym PMN, is the basis of the niobate chemistry in PZT
technology. This compound, synthesized first in late 1950’s, has later proved to be
an excellent dielectric material. High dielectric constants and broad maxima
observed in the dielectric spectrum around the ferroelectric transition temperature
are two important features of PMN. With an increase in applied frequency the
magnitude of the dielectric permittivity maximum decreases and the transition
temperature increases. The materials having these characteristics are classified as

relaxor dielectrics [76, 77].

PMN based ceramics are capable to generate large strains up to 0.1 percent under
moderate electric fields due to the large dielectric permittivities of these materials
which are several times higher than that of PZT ceramics. Their thermal expansion
coefficients are smaller by a factor of 10 than the PZT group materials. With these

superior properties over PZT, PMN group ceramics have become materials of
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choice for actuator applications such as medical transducers, optical equipment,

precision machinery, and piezoelectric motors [78].

Like PZT, PMN crystallizes in the perovskite structure. Therefore PMN can form
solid solutions with PT, PZ, and PZT. As shown in the PMN-PT-PZ system in
Figure 5.2, PMN and PT have a MPB similar to the one in the PZT system [2].
This boundary extends into the ternary upon additions of PZ. Likewise, the MPB of
the PZT system extends into the ternary with additions of PMN. With proper
processing, extraordinarily high dielectric and piezoelectric properties can be
obtained in the PMN-PT or PMN-PZT group systems having compositions along
MPB. A good example is the PMN-PT ceramics in which ds3 values as high as 830
pC/N could be attained upon 5 at% La addition [79].

Pb (Mg, 5 Nb_,_ﬂ) O3

PbZrO;

Mole basis

Figure 5.2 The system Pb(Mg1/3Nb;3)O3-PbTiO3-PbZrO; at room temperature [2].
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In the past two decades the population of the PMN type perovskites that could be
used for modifying the properties of PZT ceramics have enlarged extensively.
Examples of newer PMN type compounds are niobates such as Pb(MnysNb/3)Os,
Pb(Zn13Nb23)03, Pb(NiysNbas)Os, and Pb(SnisNbzs)Os. In contrast to the
abundance of niobates only a single antimonate compound has been used in the
alloying process of PZT. The antimonate equivalent of the PMN is PMS which is

represented by the molecular formula Pb(Mny/3Sb/3)Os.

The kind of ceramics in which high Qn, values are obtainable with the use of
niobates and/or antimonates were listed in Table 5.1. Although the exact
mechanism of enhancement in piezoelectric properties has not been completely
understood, the factors related to domain structure, domain wall motion, degree
of poling, and proximity of chemical composition to MPB definitely play role in
them [3]. In the present study, the compensating valence substitutions in the form
of Pb(Mny3Nby;3)O3 (PMnN) and Pb(Mny;sSh,3)03 (PMS) were of particular

interest. Therefore literature relevant to these was examined with greater attention.

The first report on a Rosen type piezoelectric transformer made from a PZT-PMnN
material was published by Ise et al. [80]. The authors claimed that very high
resonant velocities could be attained by using PZT-PMnN type ceramics. Although
some details of sintering procedure related to ceramic manufacture were provided
in their publication, no information was given on the chemical composition of their

ceramics.

Chen and coworkers [6] showed that tetragonal PZT ceramics (Zr/Ti=0.50/0.50)
modified by combined additions of PMN and PMnN could attain Qn values
reaching 2400 and dz3 = 307 pC/N which made them good candidates for ultrasonic
motors. In search of a ceramic for piezoelectric transformer with a low coefficient
of temperature dependence in resonant frequency (TCF), Priya et al. [81] worked
on a PSZT system doped with 10 mole% PMnN. They showed that a ceramic with
Zr/Ti ratio of 51/49 had Q= 800 and ds3 = 274 pC/N with reasonable TCF. Their
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Qm would reach 1600 by increasing the Zr/Ti ratio to 57/43 in which case the ds3
would fall down to 154 pC/N and the TCF became exceedingly high.

Li et al. [82] prepared PZT ceramics with 4 mole% PMnN from fine particle size
powders obtained through sort of an attrition milling. The PZT had a composition
close to the MPB, i.e., Zr/Ti = 52/48. The firing temperature was varied in the
range 1070 to 1280 °C. The data on ds3 were not disclosed. The Qn of the ceramic
fluctuated between 1000 to 1500 displaying no systematic dependence on sintering
temperature. Recently, Chen and coworkers [83] studied the effect of sintering
temperature on the Qy, characteristics of a PZT-PMnN ceramic. The Zr/Ti ratio of
their PZT component was 50/50 and the ceramic was doped with 7 mole% PMnN.
The Qm increased steadily from 800 to 2100 as the sintering temperature was raised

from 1050 to 1250 °C. Again, no data was given for das.

While PMnN crystallizes as a perovskite, PMS is a ferroelectric compound
basically with pyrochlore structure. However, the phase diagram of the PT-PZ-
PMS system, shown in Figure 5.3 reveals that the PZT can form perovskite solid
solutions with PMS up to about 20 mole% PMS addition without the appearance of
the pyrochlore phase. This diagram, reproduced from the work of Takahashi et al.
[84], was the basis of their work in developing transducers for piezoelectric devices
durable at high vibration levels. Although the entire pizeoelectric characterization
was not made, they showed that PMS additions up to 10 mole% level improved the
mechanical dissipation behavior of the PZT-PMS ceramics working under high

drive conditions.
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Figure 5.3 The phase diagram of the PbTiO3-PbZrO3-Pb(Mn;/3Sh,3)O3 system at
room temperature [84].

Lee et al. [85] worked on PZT ceramics alloyed with 10 mole% PMS. The PZT had
a Zr/Ti ratio of 52/48. The PZT-PMS ceramics fired at 1250 °C for 2 h had the
following piezoelectric properties: ds3 = 350 pC/N, Qn = 1300, and k,= 0.54. Long
et al. [12] investigated the piezoelectric properties of PSZT-PMS ceramics with
compositions designated as Pbo.ggSro.02(Zro.sTlo5)1-x(Mn13Shy3)x03. Their ceramics
also had an extraneous 0.2 wt% CeO, addition for unspecified reasons. The
proportion of PMS component was increased up to 10 mole%. The piezoelectric
properties were maximized at 5 mole% PMS with ds; = 405, Qm = 1220, k, = 0.62.
A small amount of Nb addition to this ceramic, 0.1 mole%, raised the ds3 to 450

pC/N without a substantial loss in Q.

The effects of rare-earth substitutions in PZT-PMS ceramics were studied by Yoon
et al. [86] and later by Gao et al. [87]. Yoon et al. [86] selected a tetragonal PZT
with Zr/Ti ratio of 47/53 and alloyed it with 5 mole% PMS. The ceramic was
doped on the B site with Lu which has the smallest ionic size in the rare earth
family. The sintering was done at 1200 °C for 1 h. The Lu-free PZT-PMS had a

78



Qm of 1933 and a ds; of 251 pC/N. Lu addition deteriorated the Qm, the value
dropped sharply to 714 when 2 at% Lu was added.

In contrast to the findings of Yoon and coworkers [86], Gao et al. [87] observed
that rare earth additions in the form of Yb, Eu, or Ce enhanced the Q, of the PZT-
PMS ceramics. The improvement was better with increasing cation size of the rare
earth. The base composition of their ceramics was 0.90Pb(Zros,Tig4s)Os3-
0.10Pb(Mny3 Shy3)Os. The ceramic was modified by adding the rare earths Yb**,
Eu®*, or Ce*" without any effort for charge compensation. Hence, vacancies were
probably created on the Pb site of the perovskite. The Qn, of the base ceramic was
1150, it increased to 1250 with 2 at% Yb*" addition, and to 1650 with 2 at% Ce**
addition.

The piezoelectric properties of PSZT-PMS ceramics were investigated by Zhu et al.
[88]. The ceramic was a combination of PbgogSroo2(ZrxTiix)Os with up to 10
mole% PMS addition. The Zr/Ti ratio of the PSZT was confined to 0.4<x<0.5
which meant that the structure was tetragonal. For a ceramic of undisclosed Zr/Ti
ratio, the dielectric and piezoelectric properties were maximized in a sintering
regime involving a soak at 1240 °C for 2 h. The values reported were ds3 = 374

pCIN, Qm= 1250, K" = 1550, and tan & = 0.40%.

The effect of sintering temperature on the properties of PZT-PMS ceramics were
investigated recently by Hong-liang et al. [7]. The base PZT had a Zr/Ti ratio of
0.50/0.50. The PZT was alloyed with up to 9 mole% PMS. A compromise among
the “good” electromechanical properties was achieved in a ceramic which
contained 7 mole% PMS and sintered at 1250 °C for 2 h. The set of values was: ds3

=230 pC/N, Qm= 1520, k,= 0.66, K™= 675, tan & = 0.53%.

From the information provided above, the highlights of the existing literature on

PZT-PMnN, and PZT-PMS type ceramics can be summarized as follows:
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(2) In the PZT-PMnN material system high drive ceramics with Qn, values like
1000 and piezoelectric constant of ds; around 300 have been developed. However,
it is noted that the effect of Zr/Ti ratio has not been studied fully, and no work has
been reported on PSLZT-PMnN type ceramics.

(2) In the PZT-PMS system, additions of PMS are limited due to the possibility of
existence of the pyrochlore phase. With 10 mole% PMS addition into a PSZT type
ceramics with Qn = 1250-1500 and ds3 = 230-374 pC/N could be manufactured.
Again, the effect of Zr/Ti ratio covering the T and R phases has not been studied.
Also, no information is available on PSLZT-PMS type systems.

(3) The effects of combined additions of PMnN and PMS on PZT type ceramics
have not been studied at all. In this context, PSLZT-PMnN-PMS ceramics have

never been the subject of earlier investigations on PZT based material systems.

5.2 Compositions Studied

The starting ceramic in quest for high Qn was the PSLZT with the composition
Pbo.94Sr0.0sLa0.01(Zr054 Tlo.46)0.997503. This ceramic had a ds3 value of 640 pC/N but
exhibited a rather too low Qn, of 70. The aim in this part of the thesis was to modify
this base PSLZT in chemical composition to enhance its Qn,. For this purpose, three

distinct set of experiments were planned:

(@) Incorporate Mn and Nb in the form of the niobate Pb(Mny;3Nb23)O3 (as
PMnN) to the B-site of the ceramic by substituting increasing amounts of
MnN for (Zr, Ti) positions,

(b) Optimize the Zr/Ti ratio of the PSLZT ceramic for the PMnN substitution
which yields higher Qp,

(c) Modify the PSLZT of optimized PMnN content with Sb°>* additions to

increase the Qn to still higher values. This modification was based on the

80



addition of Mn, Nb, and Sb in the form of the mixed niobate-antimonate
Mny/3[ND2-x3Sby3] Os.

The chemical formulations of the PSLZT ceramics for high Qn research are
summarized in Table 5.2. The samples of the ceramics in Table 5.2 were
synthesized from powders of PbO, ZrO,, TiO,, SrCOs, La,03, MnCO3, Nb,Os and
Sb,03 in accordance with the mixed oxide technique. The XRD patterns of the
calcined powders of the PSLZT-PMnN group revealed the formation of pure
perovskite phase during that stage of the thermal treatment. A typical XRD pattern

belonging to this group is presented in Figure 5.4.
The green ceramic discs produced from these powders were sintered by a thermal

schedule in which the heating and cooling rates were 4 °C/min, and the soaking
was done at 1240 °C for 2 h.
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Table 5.2 Chemical formulations of PZT samples.

Sample Designation Sample Composition
1.0[PSLZT] - 0.0[PMnN] Pbo.94Sr0.05L-80.01[(Zr'0.54Ti0.46)0.9975] O3
0.99[PSLZT] - 0.01[PMnN] 0.99[Pby 94Sro.05L30.01(Zr 0,54 Ti0.46)0.997503] — 0.01[Pb(Mny,3Nby/3) O3]
0.97[PSLZT] - 0.03[PMnN] 0.97[Pby.94Sro.05L30.01(Zr 0,54 Ti0.46)0.997503] — 0.03[Pb(Mny,3Nby/3) O3]
0.95[PSLZT] - 0.05[PMnN] 0.95[Pby 94Sr0.05L30.01(Zr 0,54 Ti0.46)0.997503] — 0.05[Pb(Mny,3Nby/3) O3]
0.93[PSLZT] - 0.07[PMnN] 0.93[Pby.94Sr0.05L80.01(Zr0.54Ti0.46)0.997503] — 0.07[Pb(Mny/3Nby/3) O3]
0.91[PSLZT] - 0.09[PMnN] 0.91[Pby.94Sro.05L80.01(Zro.54Tio.46)0.997503] — 0.09[Pb(Mny/3Nby/3) O3]
0.90[PSLZT] - 0.10[PMnN] 0.90[Pby.94Sr0.05L80.01(Zr0.54Ti0.46)0.997503] — 0.10[Pb(Mny/3Nby/3) O3]
0.97[PSLZT] - 0.03[PMnN] 52/48 0.97[Pby 94Sro.05La0.01(Zr 052 Tio.48)0.997503] — 0.03[Pb(Mny,3Nby/3)Os]
0.97[PSLZT] - 0.03[PMnN] 53/47 0.97[Pbg 94Sro.05L30.01(Zr 053 Tio.47)0.997503] — 0.03[Pb(Mny,3Nby/3)Os]
0.97[PSLZT] - 0.03[PMnN] 54/46 0.97[Pbg 94Sro.05L30.01(ZF 054 Tio.46)0.997503] — 0.03[Pb(Mny,3Nby/3)Os]
0.97[PSLZT] - 0.03[PMnN] 55/45 0.97[Pby.94Srg.05La0.01(ZF 055 Tio.45)0.097503] — 0.03[Pb(Mny,3Nby/3)Os]
0.97[PSLZT] - 0.03[PMnN] 56/44 0.97[Pby.94Sro.05La0.01(ZF 056 Tio.44)0.097503] — 0.03[Pb(Mny,3Nby/3) O3]
0.97[PSLZT] - 0.028[PMnN] — 0.002[PMS] 0.97[Pbg.94Sro.05La0.01(Zr .53 Tip.47)0.997503] — 0.028[Pb(Mny,3Nby/3) O3] — 0.002[Pb(Mn1/3Shy/3) O3]
0.97[PSLZT] - 0.026[PMnN] - 0.004[PMS] 0.97[Pby.94Sro.05L80.01(Zro.53 Tio.47)0.997503] — 0.026[Pb(Mny;3Nb,3) O3] — 0.004[Pb(Mny;3Sby/3) O3]

097[PSLZT] - 0024[PMn N] - OOOG[PMS] 0.97[Pb0,94Sr0,05La0,01(Zr0,53Ti0,47)0,997503] — 0.024[Pb(Mn1/3Nb2/3)03] — 0.00G[Pb(Mn1/38b2/3)03]
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Figure 5.4 The XRD pattern of 0.97[PSLZT] - 0.03[PMnN] powder.
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5.3 Results and Discussion

5.3.1 PMnN Addition

The data on physical and electrical properties of PSLZT-PMnN content are given
in Table 5.3. PMnN addition was very effective on both the densification of the
ceramics and their electromechanical properties. SEM images of thermally etched
surfaces of PSLZT samples doped with Pb(Mn3,3Nb,3)O3 are shown in Figure 5.5.
The simultaneous doping of Mn*" and Nb°* refined the microstructure. As the
amount of PMnN increased the microstructure became finer. The average grain size
was decreased from approximately 4 um to 1 um when the PMnN addition was
increased from 0.01 mole to 0.10 mole. The inhibition of grain growth is attributed
to the greater difficulty of diffusion accompanying the lattice shrinkage caused by
Mn. As a result of finer microstructure, the density of doped samples, which are
tabulated in Table 5.3, reached to values of about 99 %TD.

Table 5.3 Physical and electrical properties of (1-x)[PSLZT]-x[PMnN] ceramics.

X 0 0.01 0.03 0.05 0.07 0.09 0.10

dss (pC/N) | 640 645 660 550 490 455 440

Ko 0.56 0.54 0.60 0.59 0.56 0.51 0.52
Qm 70 90 400 660 590 308 280
KT 1800 2293 1940 1430 1282 1435 1546

tan o (%) 1.55 1.47 0.90 1.06 1.26 1.25 1.22

Density 98.29 98.35 | 98.68 | 98.44 | 98.19 | 98.20 | 98.42
(%TD) (£0.07) | (£0.08) | (£0.06) | (£0.07) | (£0.08) | (£0.06) | (+0.07)
Open/Closed

Porosity
(vol%)

0.63/ 0.65/ 0.49/ 0.67/ 0.71 0.83/ 0.68/
1.08 1.00 0.83 0.89 1.10 0.97 0.90
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Figure 5.5 SEM micrographs of PSLZT samples doped with (a) 0.01, (b) 0.05,
(c) 0.07 and (d) 0.10 mole PMnN.
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The XRD patterns of PMnN doped PSLZT samples are shown in Figure 5.6. All of
the samples had pure perovskite structure. The experimental diffraction lines of any
MPB composition consisted of three separated peaks between 260 values of 43° and
46°. Two of the peaks, with the intensity of the one being approximately half of the
other, corresponded to the line splitting of the tetragonal phase and the third
corresponded to the central peak of the rhombohedral phase. In order to resolve for
the tetragonal and rhombohedral fractions, Peakfit v4.0 software was used to

deconvolute the peaks assuming Lorentzian line shape [75].

The results obtained by processing the peak intensities in Equation (4-1) are shown
in Figure 5.7. The composition without the PMnN dopant was mainly tetragonal.
PMnN doping into PSLZT caused an increase in rhombohedral fraction. On further
increasing the PMnN dopant content beyond 0.06 mole the perovskite structure
changed from tetragonal to rhombohedral symmetry. It was concluded from these
results that the (MnysNbys) doping in the B-site of the formulation of these
ceramics shifted the MPB to the Ti-rich region. The incorporation of Mn into B-
site of perovskite structure stabilized the rhombohedral phase against the tetragonal
one [12].
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Figure 5.6 The XRD patterns of (1-x)[PSLZT]-(X)[PMnN] samples. The values of
x in the figure indicate the PMnN content in the PSLZT-PMnN.
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Figure 5.7 Relative proportions of tetragonal and rhombohedral modifications in
[PSLZT] - [PMnN] ceramics with varying PMnN content.
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The effect of Mn?* and Nb>* doping on the dielectric and piezoelectric properties of
PSLZT-based ceramics were examined. The variation in these properties as a
function of Pb(Mn;3Nby/3)O3 content were given in Table 5.3. Obviously, additions
of PMnN caused rather interesting changes in electromechanical properties which
could be attributed to the conflicting individual effects exerted by Mn®* and Nb*".

The variations in the electromechanical properties of PSLZT ceramics doped with
PMnN are also shown graphically in Figure 5.8 and Figure 5.9. Piezoelectric strain
constant, dss, electromechanical coupling factor, k, and dielectric constant, K,
reached to their maximum values when PMnN addition is increased from 0.01 to
0.03 mole. PMnN addition into PSLZT caused a transition from tetragonal phase
dominant region to a tetragonal- rhombohedral coexistence region and finally to
single rhombohedral phase as previously given in Figure 5.7. Since the activation
energy for domain motion is low near the two coexisting phases, the compositions
near that region between 0.01 and 0.03 mole PMnN exhibited higher piezoelectric

and dielectric values as shown in Figure 5.8.

In Figure 5.9, mechanical quality factor, Qm,, and tangent loss, tan &, changed in
almost the opposite sense with increasing amount of PMnN. Dielectric loss shows
higher values for undoped and 0.01 mole PMnN doped compositions in which the
tetragonal and rhombohedral phases coexisted. On the other hand, as expected,
mechanical quality factor exhibited lower values at this level of doping. Further
doping caused Qn, to increase and reach the maximum value at 0.05 mole PMnN.
This effect can be correlated to the decreasing grain size of ceramics with PMnN
addition. In addition to the phase coexistence, the domain wall motion is also
affected by the grain size. Since grain boundaries act as additional pinning points,
the domain wall motion is inhibited as the grain size decreased [29]. After reaching
the highest value of 660, the Qn, value decreased upon doping with PMnN beyond
0.05 mole. At this level of doping, the phase constitution of the ceramic is
dominant over the grain size and Qn, value decreased to 280 towards the single

rhombohedral phase region.

89



The ceramics designated as 0.97[PSLZT] - 0.03[PMnN] displayed the highest ds3
values coupled with a large kp and low tan d. Therefore, despite the higher Qm
values attained with 0.05[PMnN] and 0.07[PMnN], the one having 0.03[PMnN]
was chosen as the optimized composition. The examination of changes in dielectric
and piezoelectric properties of doped PSLZT samples leads to the determination of
optimum composition as 0.97[PSLZT] - 0.03[PMnN] with maximum dszs and K,
values of 660 pC/N and 0.60, respectively. This composition also exhibits high Qn,
(400) and dielectric constant (1940) values and a low loss tangent value of 0.90%.
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Figure 5.8 Variation of piezoelectric and dielectric properties as a function of
PMnN doping.
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Figure 5.9 Variation of mechanical quality factor and loss tangent value as a

function of PMnN doping.
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Figure 5.10 shows the polarization versus field hysteresis loops for undoped and
PMnN-doped PSLZT samples. The square-like hysteresis loop of PSLZT sample
became round or “propeller-shaped” with an increase in PMnN doping. This
change in the shape of loop is related to the defect dipoles which inhibit the
orientation of the ferroelectric domains leading to “pinched” hysteresis loops.
These pinched loops are typical of the hard piezoelectrics [82]. The defect dipoles
are formed by acceptor ions and oxygen vacancies. However, it is unlikely to have
oxygen vacancies in PSLZT-PMnN ceramics since the (MnysNbys)*™ ion
substitution for Ti** or Zr** in B-site of the chemical formulation leads to no valent
compensation. But the oxygen vacancies may be produced due to loss of oxygen
from the crystal lattice during sintering at high temperature. Li et al. [82] proposed
that there may be some preferable substitutions of B-site ions by the Mn?* ions
which also leads to the formation of oxygen vacancies.

The oxygen vacancies trapped on the domain walls pin the domain orientation
causing round hysteresis loop and increases the mechanical quality factor, Qn, [67].
In Figure 5.10 the coercive field and remanance polarization values decreased upto
0.05 mole PMnN doping and increased again beyond this point. This is in good
agreement with the change in Qn values with PMnN addition. It increased to a
maximum value of 660 for 0.05 mole PMnN and decreased again with further
doping. The decrease in grain size is also believed to be effective on the domain
orientation since grain boundaries act as pinning sites for domain wall movement.
As far as the ceramic system studied is concerned, the grain size decreased with
increasing PMnN-doping as shown in Figure 5.5; this caused the pinning of domain

wall movement and decreased the remanent polarization values.
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Figure 5.10 Ferroelectric hysteresis loops of (1-x)[PSLZT]-(x)[PMnN] ceramics.

Figure 5.11 shows T¢ as a function of (Mny3Nby;3) doping in PSLZT ceramics. The
peak values in dielectric constant correspond to the position of Curie temperature.
With increasing (Mny;3Nby3) addition, a reduction in both the Curie temperature
and the dielectric constant of PSLZT-PMnN was observed and as a result the
maximum dielectric constant value corresponding to the Curie temperature was
shifted toward room temperature. The lowering of Curie temperature and dielectric
constant can be attributed to the lattice shrinkage due to the formation of oxygen
vacancies with Mn doping. The Curie temperature of PSLZT ceramic was 272 °C

and decreased to a value of 205 °C at the maximum doping level of 0.10 PMnN.
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Figure 5.11 The change in the dielectric constant (1-x)[PSLZT]-(X)[PMnN]

ceramics with temperature.

5.3.2 Zr/Ti Ratio

This part of the study was performed in order to determine the new composition of
the MPB which had shifted away from the Zr/Ti ratio of 54/46 because of the
simultaneous Mn* and Nb>* doping as mentioned in Section 5.3.1. For this
purpose, the Zr/Ti ratio of the 0.97[PSLZT] — 0.03[PMnN] composition was
altered between the values of 52/48 and 56/44. Various physical and electrical
properties measured for these compositions are listed in Table 5.4. The values of
%TD for the 0.03 mole PMnN doped PSLZT ceramics were all in excess of 98%.
Hence good densification was obtained during sintering. The XRD patterns of the
0.97[PSLZT] — 0.03[PMnN] ceramics with varying Zr/Ti ratio are given in Figure
94



5.12. As the Zr/Ti ratio increased, a transition occurred from tetragonal to
rhombohedral phase as shown in Figure 5.13. For the composition with the
maximum Zr/Ti ratio of 56/44, the perovskite structure formed in completely
rhombohedral symmetry.

Table 5.4 Physical and electrical properties of 0.97[PSLZT]-0.03[PMnN] ceramics
with different Zr/Ti ratio.

Zr/Ti 52/48 | 53/47 | 54/46 | 55/45 | 56/44
das (PCIN) 560 | 690 | 660 | 585 | 510
K 057 | 063 | 060 | 057 | 057
Om 315 | 638 | 400 | 371 | 320
KT 2006 | 2110 | 1940 | 1098 | 1164
tan & (%) 074 | 099 | 090 | 073 | 074
Density 9854 | 98.95 | 98.68 | 98.92 | 98.54
(%TD) (+0.05) | (£0.07) | (£0.06) | (£0.06) | (20.04)
Op;gr/gs'i‘t)sed 038/ | 040/ | 049/ | 048 | 054
y 108 | 065 | 08 | 060 | 092
(vol%)
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Figure 5.12 The XRD patterns of 0.97[Pho64Sro.0sLa001(Zr«Ti1.x)0.997503]-
0.03[Pb(Mny,3Nb3)03] samples. The values of x in the figure indicate the Zr content
in the 0.97[PSLZT]-0.03[PMnN].
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Figure 5.13 Relative proportions of tetragonal and rhombohedral modifications in
0.97[PSLZT]-0.03[PMnN] ceramics with varying Zr/Ti ratio.
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The data for the electrical properties in Table 5.4 are presented also graphically in
Figure 5.14 and Figure 5.15. The maximum values of d,, = 690 pC/N and k, =

0.63 were obtained at x = 0.53. It is the result of coexistence of tetragonal and
rhombohedral phases at this composition. The coexistence region provides highest
number of possible polarization directions arising from 6 in tetragonal and 8 in
rhombohedral phases. The dielectric constant and mechanical quality factor were
also maximized at this particular composition. Combining these results with the x-
ray studies, it can be concluded that the morphotropic phase boundary of
0.97[PSLZT] — 0.03[PMnN] ceramics was at the Zr/Ti ratio of 53/47.
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Figure 5.14 Variation of piezoelectric strain coefficient, dielectric constant and
coupling factor as a function of Zr/Ti ratio in 0.97[PSLZT]-0.03[PMnN] ceramics.
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Figure 5.15 Variation of mechanical quality factor and loss tangent as a function of
Zr/Tiratio in 0.97[PSLZT]-0.03[PMnN] ceramics.

Figure 5.16 shows the change in Curie temperature of 0.97[PSLZT] — 0.03[PMnN]
ceramics with varying Zr/Ti ratio. The maximum peak temperature (T¢c) decreased
only slightly as the Zr/Ti ratio was increased. Curie temperature of the composition
52/48 was 252 °C and decreased to 245 °C as the Zr/T1 ratio reached to 55/45.
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Figure 5.16 The change in the dielectric constant of 0.97[Pbg¢sSrosL-a0.01
(ZryTi1x)0.997503]-0.03[Pb(Mny;3 Nby3)O3] ceramics with temperature.

5.3.3 PMS Addition

The 0.97[PSLZT] - 0.03[PMnN] ceramic with Zr/Ti ratio of 53/47, being the MPB
composition, was further doped with Pb((Mny3Shy3)O3 (PMS) in order to obtain
higher Qn values. The dielectric, piezoelectric and physical properties of
0.97[PSLZT] — 0.03[PMnN] based samples doped with different amounts of PMS
are given in Table 5.5. The %TD values in excess of ~99% indicate the good
densification during sintering process. The dielectric constant, KT,

electromechanical coupling factor, k, and piezoelectric constant, ds; decreased,
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whereas the mechanical quality factor, Qm, increased with increasing amount of

PMS in the system.

Table 5.5 Physical and electrical properties of 0.97[PSLZT]-(0.03-y)[PMnN]-
(Y)[PMS] ceramics with different Zr/Ti ratio.

y 0 0.002 0.004 0.006
dss (PC/N) 690 650 590 540
Ko 0.63 0.58 0.56 0.57
Qnm 638 892 1005 1240
KT 2110 1986 1934 1913
tan & (%) 0.99 0.79 0.82 0.89
Density 08.95 08.88 99.00 99.12
(%TD) (+0.07) | (+0.06) | (+0.05) | (+0.06)
Open/Closed | 4/ 65 | 0.36/0.76 | 0.40/0.60 | 0.36/0.52
Porosity

SEM images of PSLZT-PMnN-PMS ceramics with different PMS content are
given in Figure 5.17. The increase in PMS content from 0.002 mole to 0.006 mole

resulted in a decrease in grain size from approximately 3.2 to approximately 1.6

um, respectively.

XRD patterns of 0.97[PSLZT] - 0.03[PMnN] ceramics modified by PMS are
depicted in Figure 5.18. The results show that all ceramic specimens had pure
perovskite structure. The dominant phase was tetragonal for all the samples. As

seen in Figure 5.19, addition of 0.006 mole PMS into this ceramic composition

caused a ~5 vol% decrease in the fraction of tetragonal phase.
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Figure 5.17 SEM micrographs of PSLZT-PMnN-PMS samples:
(@) 0.97[PSLZT]-0.028[PMnN]-0.002[PMS],
(b) 0.97[PSLZT]-0.026[PMnN]-0.004[PMS],
(c) 0.97[PSLZT]-0.024[PMnN]-0.006[PMS].
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Figure 5.18 XRD patterns of 0.97[PSLZT]-(0.03-y)[PMnN]-(y)[PMS] samples
sintered at 1240 °C for 2h. The values of y in the figure indicate the PMS content in
the PSLZT-PMnN-PMS.
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The variation in electrical properties of the samples with the amount of PMS
dopant is shown in Figure 5.20 and Figure 5.21. As the amount of PMS increased
the dielectric constant and ds; values decreased. On the other hand, mechanical
quality factor reached to a maximum value of 1240 at 0.006 mole PMS. This
opposite variation of Qm and dss is due to the decreasing grain size with increasing
PMS as shown in Figure 5.17. Smaller grain size leads to more grain boundaries
which in turn provide more domain walls. The higher the amount of domain walls,
the higher the internal friction in the ceramic during domain movement. This
causes higher mechanical quality factor whereas piezoelectric strain constant,
dielectric constant and coupling factor values decreased due to the difficult domain
motion. However, electromechanical coupling factor, k,, value of 0.57 at 0.006
mole PMS doping is still quite a good value for hard-drive applications of

piezoelectric ceramics.

Figure 5.22 shows P-E hysteresis curves of specimens according to the amount of
PMS addition. PMS substitution caused a rapid decrease in remanent polarization
whereas it led an increase in the coercive field values. Since the piezoelectric strain
coefficient, ds3, of a piezoelectric ceramic is proportional to its remanent
polarization value, ds3 values given in Table 5.5 decreased monotonously with
increasing PMS content. On the other hand, high coercive electric field value is a
characteristic of hard type piezoelectric ceramics. This is also reflected in the

increasing Qn values of the ceramics with increasing PMS addition.

The variation of dielectric constant with temperature was illustrated for
0.97[PSLZT] — (0.03-y)[PMnN] — (y)[PMS] compositions in Figure 5.23. PMS
addition had a negative effect on the Curie temperature. The T¢ of the y = 0.006

composition, having the optimum electrical properties, was 235 °C.
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Figure 5.20 Variation of piezoelectric strain coefficient, dielectric constant and

coupling factor as a function of PMS additions.
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Figure 5.21 Variation of mechanical quality factor and loss tangent as a function of
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Figure 5.22 Ferroelectric hysteresis loops of 0.97[PSLZT]-(0.03-y)[PMnN]-
(y)[PMS] ceramics.

108



25000

y:0 250 s
........ o y: 0.002
——-w——— y:0.004 G 245
20000 1 —.—A-—.  y:0.006 =

0000 0002 0004 0005 A

PMS (mol)

Dielectric Constant

300
T (UC)

Figure 5.23 Variation of dielectric constant of 0.97[PSLZT]-(0.03-y)[PMnN]-

(y)[PMS] ceramics with temperature.

The results obtained on [PSLZT] — [PMnN] — [PMS] ceramics in the present thesis
study compare quite favorably with the electromechanical data obtained in earlier
studies [77, 78]. For example, in the PbgggSroo2(MnysShass)yZr, Tiiy-,O3 ceramics,
Zhu et al. [77] reported d33=374 pC/N, Qm=1250, and k,=0.6. The compositional
paramaters y and z were not disclosed. Hong-liang and coworkers [78] reported
d33=230 pC/N, Qn=1520, K'=675 and k,=0.66 for a Pb(MnysShys3)03-PZT
ceramic with PMS content of 0.06 mole. With increasing PMS content their ds3

values declined sharply.

As previously mentioned, it is desirable for PZT-based ceramics to combine high

values of Qm (>1000), ds; (>300 pC/N)and k, (>0.5) for use in hard-drive
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application areas. The samples doped with 0.004 and 0.006 moles of [PMS] in the
present study possess the desired values of piezoelectric and dielectric properties.
Hence, they are good candidates for high power electromechanical applications like

ultrasonic motors.

5.4 Conclusions of the PSLZT Ceramics Modified by Mn, Nb and Sb

1. The PSLZT ceramic of composition PbggsSrooslage1(ZrossTio6)0.097503 was
modified with multiple dopants of Mn, Nb, and Sb in order to develop PZT

ceramics suitable for use in piezoelectric motors.

2. Mn and Nb were introduced to the B-site of the PSLZT in accordance with the
stoichiometry (Mny;sNby3) so that the total site charge remained as 4°. The PSLZT
with 0.03 mole of Pb(Mny/3Nby3)O3 per mole of the ceramic had a Qn, of 400 and
dsz of 660 pC/N. With proper adjustment of the Zr/Ti ratio of 53/47 these
parameters could be improved further to Qn of 638 and ds; of 690 pC/N. The latter

composition was on the MPB.

3. The Qn values of PSLZT-PMnN ceramics could be enhanced drastically by
introducing Mn and Sb to the MnN site of the PZT composition. Qn values in
excess of 1000 were attained by using PMS addition of 0.006 mole per mole of

PZT. The specific compositions that could be used for piezoelectric motors were:

(a) 0.97[PbggsSro.0sLa0.01(Zr0.53Tio.47)0.097503] — 0.026[Pb(Mny;3Nb,5)Os] — 0.004[Pb(Mny3
Sby;5)Os]
(b) 0.97[Pho.4Sro0sLag01(Zros3Tio.47)0007503] — 0.024[Pb(MnysNb23)Os] — 0.006[Pb(Mny;3
Sby;5)Os]

The attendant Qn,, and ds3 values were:

Ceramic (a): Qm = 1005, d33 =590 pC/N,
Ceramic (b): Qm = 1239, ds3 = 540 pC/N.
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CHAPTER 6

ULTRASONIC MOTOR (USM) APPLICATION

6.1 Hard-Drive Applications and Requirements

Structural and electrical properties of piezoelectric ceramics have been broadly
studied for many years. However, their usage in high-power/hard-drive devices,
such as ultrasonic motors, was actively studied only in the last decade. The
piezoelectric elements in these devices are electrically driven to high mechanical
vibrations in the vicinity of their resonance frequencies. A piezoelectric ceramic
which is intended to be used in hard-drive applications is desired to combine a high
mechanical quality factor (Qm, ) 1000) with high piezoelectric constant (ds3, ) 200
pC/N) and high electromechanical coupling coefficient (k, ) 0.5) [5, 6].

For high-power applications, high Qn, is the most important requirement since it is
the parameter of dissipation of energy during the transformation between the
mechanical and electrical energies. If Qn value is low, then the loss of energy in the
materials will cause heat and then deteriorate the piezoelectric properties. So it is
necessary to have a piezoelectric that exhibits a high Qn value with high k, and dss.
In order to satisfy these requirements of ultrasonic motor applications, many
ternary and quaternary solid-solutions have been manufactured by chemical

modifications [6].
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6.2 Ultrasonic Motors

Ultrasonic motor is a type of motor in which ultrasonic vibration of piezoelectric
element is utilized to gain a driving force, which then drives the motor using
friction. The audible frequency range is between 50 Hz to 20 kHz. Sound waves
with frequencies above 20 kHz are called ultrasonic waves. The use of
piezoelectric ceramics as the source of ultrasonic vibration in ultrasonic motors was
proposed in the early 1970s. Siemens and Matsushita Electrical Industries put this
idea into practice between 1970 and 1972. In this applications, the amplitude of
vibration was small and high torque and power values could not be obtained [1, 5].

In the ultrasonic motor, a voltage is applied to the piezoelectric ceramic element to
generate alternating vibrations, either in the ceramic body or in an attached metal
part. The magnitude of the oscillations is very small; of the order of 1 um. The
resonance effect of the ceramics in the ultrasonic range is utilized in order to obtain

higher values.

The oscillations are mechanically adjusted in the USM to obtain rotational or linear
movement. It is possible to obtain high speeds since the applied frequencies are
very high, in the order of tens of kilohertz, although the magnitude of an individual

cycle of the movement is of the order of micrometers.

The traveling wave ultrasonic motors appear as the new generation of ultrasonic
motors, appropriate for many applications and their technology has received
increasing interest in the last decades. Ultrasonic motors have been used in
automated camera focusing systems, X-Y positioning systems, and in the drivers of
watches while production of devices in transport and office automation systems is

vigorously being researched [1, 97-99].

Piezoelectric motors provide very high torques at low speeds. The rotor part of the
motor instantaneously clamps when the electrical power source is switched off.

This is due to the high friction between the piezoelectric element and the attached
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piece. This property makes the motor ideal for a variety of gearless positioning
systems. As additional advantages of ultrasonic motors, there is no magnetic

interference and the noise emission is low [99].

6.3 Operating Principle and Features

In order to drive the USM, initially an AC voltage is applied to one or more
piezoelectric elements which in turn causes the elements begin to vibrate
mechanically with a typical oscillation amplitude of ~1 um due to the converse
piezoelectric effect. The key point of operation in the piezoelectric motors is the

conversion of these vibrations into a smooth linear or rotary movement.

Several techniques have been developed for operation of ultrasonic motors,
resulting in a variety of different motor types [100]. All these different types are
based on a frictional driving principle. The piezoelectric ceramic element of the
motor is generally called as vibrator. During operation, it is in physical contact with
the moving part of the motor (rotor) and drives the latter via friction forces. In
contrast, an air gap separates the stator and the rotor in conventional electrical

motors.

Because of the ultrasonic driving frequencies, piezoelectric motors are often also
named ultrasonic motors. In order to obtain high speeds and high mechanical
output power, the piezo-motor has to be driven at an AC voltage of very high
frequency. In practice, piezo-motors are operated at a certain resonant frequency of
the stator vibrator. As a result, the driving frequency is directly related to the
dimensions of the motor. This results in some upper limitation for the driving
frequency. Practical operation frequencies are generally between 20 and 100 kHz,
i.e., in the ultrasonic range. Since the sound waves of these frequencies are not

audible for humans, ultrasonic motors exhibit low noise emission.
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Operation of the motor at the resonant frequency of the piezoelectric element is
mandatory in order to achieve high output power, high efficiency and low driving
voltages. Large mechanical vibrations can be obtained with even small electric
fields if the stator is driven in resonance. In non-resonant operation, the same
amplitudes require much higher electric fields. PZT ceramics exhibit a hysteretic
behavior due to their ferroelectric characteristic which leads to high dielectric
power losses at very high field strengths. The corresponding rise in temperature
leads to the degradation of the electrical properties and hence decreases the output
power. At Curie temperature, the ceramic completely loses its piezoelectric
properties. The Curie temperatures of PZT ceramics suitable for the use in motors
are about 300 °C. The temperature limit for continuous motor operation is about
the half of the Curie temperature [101].

Piezoelectric motors have several unique properties such as low leakage of
magnetic flux, high output torque and large breaking torque due to the friction
force between the stator and the rotor. The torque values are at least one order
larger than conventional electromagnetic motors of the same size and weight which
makes the production of self-breaking piezo-motors possible. The reduction gears
can be eliminated from the transmission system due to the high output torque. This
means a reduction in noise emission and the possibility to construct a high rigidity
positioning system. Furthermore, unique shapes, such as disks or rings can be
manufactured with ultrasonic motors that are very difficult to produce with

conventional electromagnetic motors.

The motor construction on which the ceramic compositions tested was chosen as
the metal tube motor developed by Uchino et al. [98]. The motor consists of a
metal hollow cylinder, bonded with two PZT rectangular plates poled in the
thickness direction. The assembly is shown in Figure 6.1(b). Stator of the motor is
the brass metal tube and the rotor is the cylindrical rod with a pair of stainless

ferrule pressed with a spring.
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Figure 6.1 (a) Structure of the stator of metal tube motor and (b) assembly of the
motor [98].

The operating principle of this motor is as follows: a bending vibration is induced
along x axis when plate X in Figure 6.1a is electrically driven. Another bending
mode is excited in perpendicular axis with some phase lag because of the
asymmetrical plate Y which leads to an elliptical locus in a clock-wise direction as
shown in Figure 6.2. On the contrary, a counter clock-wise movement is obtained
when plate Y is driven. In order to drive the motor, only a single phase power

supply is sufficient.
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Figure 6.2 The wobbling and clock-wise motions obtained by driving plate X
[100].

6.4 Experimental Procedure

A motor of same design in Figure 6.1 was constructed with different dimensions as
shown in Figure 6.3. To drive the piezoelectric plates on the motor, a signal
generator (Agilent 33120A) with a maximum output voltage of 10 V, and a piezo

lineer amplifier (Piezosystems EPA104-230) were used.
Motor parts were constructed with dimensions consistent with the values given in

Figure 6.3. Stator part was made of brass whereas the rotor part was stainless steel.

The photographs of the motor and its parts are shown in Figure 6.4.
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Figure 6.4 (a) Ultrasonic motor parts, (b) Assembled motor and (c) Stator bonded
with a ceramic plate.

A ceramic plate with dimensions 28x2.3x1.0 mm (LXWXxT) was produced by using
the ceramic composition developed during this study with properties (Qm = 1240,
dss = 410 pC/N and kp, = 0.556). The impedance spectrum of the piezoelectric
resonator (plate) is shown in Figure 6.5. The lowest impedance value (470 ohm) at
the first harmonic (50000 Hz) indicates the resonance frequency at which the

resonator exhibits its maximum deflection movement.
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Figure 6.5 Impedance spectrum of the piezoelectric ceramic plate.

This plate was bonded to the flatted surface of the stator using epoxy glue.
Impedance spectrum of the plate-stator given in Figure 6.6 shows the frequency
range of 40-70 kHz since the resonance frequency of the plate lies on
approximately 50 kHz. The first peak in Figure 6.6 at about 49 kHz indicates the
first bending mode of the stator (Figure 6.2 — upper left) and the second peak
belongs to the second bending mode (Figure 6.2 - lower left). The frequency
between these two values causes the stator to provide the wobbling movement.
This wobbling movement moves the rotor in clock-wise or counter-clockwise

direction.
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Figure 6.6 Impedance spectrum of the plate-bonded-stator.

An optical laser tachometer was used for characterization of performance of the
ultrasonic motor. The speed measurements as a function of driving frequency and
time were performed. The motor was driven using a signal generator (Agilent) with
a maximum peak-to-peak voltage of 10V and an amplifier (Piezosystems) with the
capability of magnifying the input voltage as high as 20 times as shown in Figure
6.7. Speed of motor as a function of driving frequency, driving voltage and

operating time was measured.
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Figure 6.7 The schematic of the driving and characterization systems for ultrasonic

motor.

6.5 Results and Discussion

The speed-driving frequency relation for two different driving voltages was given
in Figure 6.8. The optimum driving frequency of operation for both driving
voltages was approximately 50.6 kHz which is also close to resonance frequency of

the motor. A maximum speed value of 200 rpm was achieved.

121



250

—— 120V
. Qe 140V
£
< 150 -
3
[F]
]
o
W
=
€ 100 -
S
Z *Q
ko)
50 -
O T T T
49 50 51 52 53

Frequency (kHz)

Figure 6.8 Speed-frequency characteristic of USM for different operating voltages.

Figure 6.9 shows the speed-time graph of the motor driven at 120 Vp,. As time
passes the speed of motor decreased. After 10 min of operation, the speed was
decreased approximately 10 rpm because of the heating of the piezo-ceramic
element of the motor vibrating during operation at its resonance frequency [1, 102].
The speed decreases since the temperature of ceramic plate becomes closer to its
Curie temperature and the magnitude of the spontaneous polarization becomes zero

as the Curie temperature is approached.
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Figure 6.9 Speed-time characteristic of USM driven at 120 V.

The measurement of torque-speed relation is difficult using the conventional
torque-meters because of the small size of the motor [103]. For the torque
measurements of USM, the transient characterization method which was proposed
by Nakamura [104] was used. In the transient method, a load (a disc whose
moment of inertia is known) is installed onto the motor and the transient speed is
measured as a function of time. The transient torque of the motor can be calculated
using the moment of inertia of the disc. Output mechanical power is the product of
torque and angular speed whereas input electrical power is calculated by
multiplying the input voltage and current. The ratio of the output power to input

power is defined as the efficiency of the motor.
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A metal disc was mounted onto the stator and the motor was driven using a signal
generator with a maximum peak-to-peak voltage of 10 V and an amplifier. Ceramic
plates of selected compositions given in Table 6.1 were also produced and bonded
to the flatted surfaces of the stator. Speed of motor as a function of driving
frequency, driving voltage and operating time was measured. The change in speed
and efficiency with increasing torque was also determined.

Table 6.1 Compositions of the ceramics investigated for ultrasonic motor study.

No. Composition Qm (pg3/3N)
1 Pbo0.94Sr0.05L.20.01[(Zr0.54Tl0.46)0.9975] O3 70 640
2 | 0.93[PSLZT]-0.07[PMnN] (Zr/Ti:54/46) | 590 | 490
3 | 0.91[PSLZT]-0.09[PMnN] (Zr/Ti:54/46) | 308 | 455
4| 0.90[PSLZT]-0.10[PMnN] (Zr/Ti:54/46) | 280 | 440
5 | 0.97[PSLZT]-0.03[PMnN] (Zr/Ti:54/46) | 638 | 690
6 | 0.97[PSLZT]-0.024[PMnN]-0.006[PMS] | 1240| 540

The speed-driving frequency relations for a driving voltage of 120 V were
presented in Figure 6.10. The optimum driving frequencies of operation were taken
as the maximum speed values for each ceramic composition. These frequency
values are close to the resonant frequencies of the ceramics in plate shape. The plot
of the speed values as a function of torque was shown in Figure 6.11. The
efficiency curves that were obtained by dividing the output mechanical power to

input electrical power were also illustrated.
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Figure 6.10 Speed of the motor as a function of driving frequency for ceramic

plates of different compositions.
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Figure 6.11 Load characteristics of the ultrasonic motor for composition number
@) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 given in Table 6.1.
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Speed of the motor decreased as the torque increased. The maximum efficiency of
20% at 120 V and the maximum torque 1.53 mNm were obtained for the
composition with the highest Qn value and this efficiency value is similar to other
cylindrical type motors. Efficiency value is directly proportional to the product of
torque and angular velocity and inversely proportional to the input power which is

the product of voltage and current.

The dependency of the performance of the ultrasonic motor to the piezoelectric
properties of the ceramic plate was determined. The variation of no-load speed of
the motor with dielectric strain constant is given in Figure 6.12. High ds3 value
ceramics provide higher speed since the deflection of the piezoceramic during
vibration is higher. The change in speed with mechanical quality factor is also
plotted in Figure 6.13. The decrease in speed of the motor was higher for ceramics
with low Qn values. Maximum torque and efficiency values are obtained for the
ceramic with the highest mechanical quality factor. Since the temperature rise and

degradation of piezoelectric properties are lower in high Qn, ceramics.

6.6 Conclusions of the Ultrasonic Motor Application

1. An ultrasonic motor (USM) called as metal tube motor which produces
rotational movement by utilizing two rectangular piezoelectric ceramic plates was
constructed using the ceramics developed in this study. A set of samples with
different compositions and hence different electrical properties were prepared for

this purpose.

2. A system including a voltage generator, a lineer amplifier and an optical
tachometer was used to determine the driving voltage and the optimum driving
frequencies of operation for each ceramic composition. The driving value was
determined as 120 Vp, from speed measurements and the frequency value was

selected as the one which leads to the maximum no-load speed.
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Figure 6.12 The dependency of no-load speed of the ultrasonic motor to the

piezoelectric strain coefficient of ceramic plate.
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3. For each ceramic composition, the speed of USM decreased with time because
of the heating of the piezo-ceramic element of the motor vibrating during operation
at its resonance frequency. But, as expected, this decrease was lower in ceramics
with high Qn. For the composition with Q, value of 1240 the decrease in speed
was 13 rpm after 10 min of operation whereas it was 62 rpm for the composition
with Qn, value of 70.

4. The dependency of the performance of an ultrasonic motor to the piezoelectric
properties of the ceramic plate was determined. The maximum efficiency of 20% at
120 Vyp and the maximum torque 1.53 mNm were obtained for the composition

with the highest Qn, value and this efficiency value is similar to other cylindrical
129



type motors. On the other hand, maximum no-load speed of 250 rpm was obtained
for the ceramic composition with highest ds; value.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Piezoelectric ultrasonic motors are used in a variety of application areas such as
camera autofocus lenses, robotics, surgery devices, precise positioning devices and
etc. Ultrasonic motors (USM) can produce high torque at low speeds and with a
high efficiency. Also, since no magnetic field is used for operation there is no

interference possibility.

Since the operation principle of USM is the transformation of the vibration
movement of piezoelectric element under high electric fields to rotation or linear
movement, this vibration movement result in temperature rise in ceramic.
Temperature rise in a piezoelectric body leads to degradation of piezoelectric

parameters of the material which in turn lowers the operation duration of USM.

There are various types of USMs that are produced with different design criteria.
But the demand for electrical properties of piezoelectric body used in USM is
independent of the design of the motor assembly. In order to have a piezoelectric
element with high vibration amplitude which can be used for long operation
periods without heating, both mechanical quality factor, Qn and piezoelectric
constant, dss values must be high. When the Qn value is low, the piezoelectric
element in USM faces more with vibration which causes temperature rise in the
ceramic. In addition to that, a low ds; value will result in small vibration

amplitudes during operation; this lowers the performance of the motor.
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In order to achieve the objectives of the thesis, the initial study was devoted to the
experimental work which included the production of PZT-based piezoelectric
ceramic materials which would have high mechanical quality factor with high

piezeoelectric properties.

These electrical properties of piezoelectric ceramics could be enhanced by doping.
Because Qn, and dsz are competing properties, multi-doping is necessary in order to
have high Qn, and high ds3 values together. For this purpose, both acceptor and
donor dopants were used. PZT ceramic was first doped with Sr and La in order to
provide high piezoelectric properties, but they as expected resulted in low Qn
values. This ceramic doped further with additives selected from a group of donor
and acceptor oxides such as MnO, Nb,Os and Sb,0s.

PZT ceramics modified with simultaneous additions of Sr and La were produced
with pure perovskite structure through conventional ceramic processing techniques.
The incorporation of Sr** into the PZT lattice stabilized the tetragonal symmetry
over the rhombohedral one and enhanced the grain growth during sintering.
Although La** had similar effect on the stability of the tetragonal phase it had the
tendency of decreasing the grain size. In the co-doped ceramics, satisfactory
densification could be attained due to effective development of the microstructure

consisting of a mixture of large and small grains.

PSLZT ceramics prepared in this study were essentially soft in nature. Sr had a
dominant role in the improvement of the piezoelectric moduli and the dielectric
constant. Combination of Sr and La as co-dopants had great implications on the
dielectric and piezoelectric properties of the PZT ceramics. A remarkably high
strain coefficient ds3 of 640 pC/N was attained in the PSLZT ceramic containing 1
at% La and 5 at% Sr, the Zr/Ti ratio being the one on the MPB. The Curie

temperature of this particular ceramic was 272 °C.

Mn, Nb and Sb occupied the B-site of the perovskite lattice. Since Mn is an

acceptor dopant substituting Ti** and Zr**, it acted as a hardening agent and
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increased the Qn value. The concentration of oxygen vacancies increased in the
presence of this hardener which led to shrinked crystal structure that blocked the
domain wall motion, these stabilized domains caused higher Qn values. On the
other hand, Nb>* and Sb>* doping, which are donor dopants, provided a small
decrease in ds3 and other piezoelectric and dielectric properties. As a result, a new
piezoelectric ceramic named as 0.97[PSLZT] — 0.024[PMnN] — 0.006[PMS] was
produced with appropriate properties of K'= 1913, Qm = 1240, ds; = 540 pC/N, tan
d = 0.89%, k, = 0.57 and Tc = 235 °C. The obtained piezoelectric and dielectric

properties make this composition a good candidate for high power applications.

The ceramics, with optimum piezoelectric and dielectric properties, given in each
section of the experimental results chapters are listed in Table 7.1. The
uncertainties in these values throughout the thesis are +5 in K', +3 in Qp, +2 pC/N

in ds3, £0.01% in tan &, and £2 °C in Tc.

The piezoelectric ceramics produced during this study were also used to construct a
USM assembly. For each ceramic element, motor characterization in terms of
speed, torque and efficiency was performed. A system including a voltage
generator, a lineer amplifier and an optical tachometer was used to determine the
driving voltage and the optimum driving frequencies of operation for each ceramic
composition. The driving value was chosen as 120 V,, from speed measurements
and the frequency value was selected as the one which leads to the maximum no-

load speed.

The dependency of performance parameters of selected motor design to the
electrical properties was determined. Increasing dss values resulted in higher speed
whereas high Qn, values provided higher torque values and longer operation times
with small loss in speed. The maximum efficiency of 20% at 120 V, and the
maximum torque 1.53 mNm were obtained for the composition with the highest Qn,
value and this efficiency value is similar to other cylindrical type motors. On the
other hand, maximum no-load speed of 250 rpm was achieved for the ceramic

composition with highest ds3 value.
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Table 7.1 The ceramics, with optimum dielectric and piezoelectric properties,
developed in this study.

Section . da3 T | tand
No. Composition Qm (pC/N) Ko K (%)
431 Pb0,95Sr0,05(2r0,54Ti0,45)03 345 305 0.44 1138 0.44

4,3.2 Pb0.948r0.05La0.01(Zr0.54Tio.45)03 70 640 0.56 1800 1.55

0.97[PSLZT]-0.03[PMnN]
531 ] 400 660 0.60 | 2293 | 1.47
(Zr/Ti:54/46)

0.97[PSLZT]-0.03[PMnN]
532 ) 638 690 0.63 | 2110 | 0.99
(Zr/Ti:53/47)

0.97[PSLZT]-0.024[PMnN]-
5.3.3 1240 | 540 | 057 | 1913 | 0.89
0.006[PMS]

The following studies are recommended as extensions to this study for future work:

1. The structural and electrical characteristics of piezoelectric ceramics depend
on process factors such as sintering temperature and time. The variation of
the piezoelectric and dielectric properties with sintering parameters should
be determined in order to find the optimum sintering regime for developed
compositions.

2. The electrical characterization of the developed ceramics was performed
under low field values (0.5 VV/mm). Since these piezoelectric ceramics can

also be wused in high field application areas due to their good
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electromechanical properties, a study of high field characterization would
be essential for other applications of the materials.

3. The developed ceramics may be applied to other ultrasonic motor designs
and other high-power electromechanical applications like piezoelectric
transformers. Also, investigating the variations of piezoelectric and
dielectric parameters with respect to temperature and frequency will

substantially improve our understanding on these compositions.
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APPENDIX A

PIEZOELECTRIC CHARACTERIZATION DATA OF PZT CERAMICS

Table A.1 Sample diameter (&), resonance frequency (f;), antiresonance frequency
(fy), impedance at resonance (|Z.|), and capacitance at 1 kHz (C) values for PSZT

ceramics measured in HP 4194A Impedance/Gain-Phase Analyzer.

%) fa fr |Znl C

Sample*
(mm.) | (kHz) (kH2) Q) (pF)

PSZ,T (z:0.50) 13.18 199.45 189.95 9.00 1350

PSZ,T (z:0.52) 13.10 199.00 180.90 7.90 1500

PSZ,T (z:0.54) 13.17 185.90 175.02 13.50 1137

PSZ,T (z:0.56) 13.23 189.34 176.23 | 27.57 752

PSZ,T (z:0.58) 13.30 188.12 180.46 | 49.00 707

PSZ,T (z:0.60) 13.02 193.63 183.12 | 37.45 705

* 1 (thickness of all samples) = 1.0+0.03 mm. (prior to electroding)
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Table A.2 Sample diameter (&), resonance frequency (f;), antiresonance frequency
(f2), impedance at resonance (|Zn|), and capacitance at 1 kHz (C) values for PSLZT
ceramics measured in HP 4194A Impedance/Gain-Phase Analyzer.

%) fa fr |Zn C
(mm) | (kHz) | (kHz) | @ | (pF)
PSL,ZT (y:0.005) | 13.08 | 201.01 | 179.10 | 30.45 | 1550

Sample*

PSL,ZT (y:0.01) 13.23 156.40 136.15 34.08 2076

PSL,ZT (y:0.02) 13.07 190.80 169.30 25.47 2234

PSL,ZT (y:0.03) 13.12 193.50 174.40 27.98 2255

PSL,ZT (y:0.04) 13.23 191.62 175.25 33.73 2154

PSL,ZT (y:0.05) 13.26 188.70 175.26 52.38 1733

PSLZ,T (z:0.50) 13.19 183.91 172.70 71.38 1132

PSLZ,T (z:0.52) 13.33 176.12 162.75 44.00 1770

PSLZ,T (z:0.54) 13.23 156.40 136.15 34.08 2076

PSLZ,T (z:0.56) 13.22 157.19 139.08 47.00 1340

PSLZ,T (z:0.58) 13.28 158.62 147.34 110.00 720

PSLZ,T (z:0.60) 13.30 158.69 148.14 122.56 580

PSLZT (x:0.00) 12.64 185.75 173.25 143.00 878

PSLZT (x:0.01) 12.80 185.95 167.88 91.00 988

PS(LZT (x:0.02) 13.07 168.72 152.12 75.00 1172

PSLZT (x:0.03) 13.03 156.88 138.65 61.00 1430

PSLZT (x:0.04) 13.30 159.75 141.00 42.42 1810

PSLZT (x:0.05) 13.23 156.40 136.15 34.08 2076

* 1 (thickness of all samples) = 1.0+0.03 mm. (prior to electroding)
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Table A.3 Sample diameter (&), resonance frequency (f;), antiresonance frequency
(f), impedance at resonance (|Z.|), and capacitance at 1 kHz (C) values for
(1-x-Y)[PSLZT]-(X)[PMnN]—(y)[PMS] ceramics measured in HP 4194A
Impedance/Gain-Phase Analyzer.

%) fa fr |Zm| c
Sample*

(mm.) | (kHz) (kH2) Q) (pF)
0.99[PSLZT]-0.01[PMnN] 12.96 162.55 144.05 22.43 2589
0.97[PSLZT]-0.03[PMnN] 12.68 | 188.35 | 160.58 | 4.42 | 2098
0.95[PSLZT]-0.05[PMnN] 12.70 200.88 172.00 3.44 1557
0.93[PSLZT]-0.07[PMnN] 12.81 203.16 177.26 4.55 1413
0.91[PSLZT]-0.09[PMnN] 12.85 | 200.20 | 179.05 | 8.94 | 1580
0.90[PSLZT]-0.10[PMnN] 12.85 197.80 175.42 8.51 1730

0.97[PSLZT]-0.03[PMnN] Zr/Ti:52/48 | 12.66 | 201.73 | 175.22 | 552 | 2160

0.97[PSLZT]-0.03[PMnN] Zr/Ti:53/47 | 12.75 | 199.72 | 166.97 | 2.17 | 2310

0.97[PSLZT]-0.03[PMnN] Zr/Ti:54/46 | 12.68 | 188.35 | 160.58 | 4.42 | 2098

0.97[PSLZT]-0.03[PMnN] Zr/Ti:55/45 12.72 195.46 168.57 8.31 1195

0.97[PSLZT]-0.03[PMnN] Zr/Ti:56/44 | 12.70 | 201.80 | 174.41 | 9.2 | 1260

0.97[PSLZT]-0.028[PMnN]-0.002[PMS] | 12.68 | 198.95 | 171.65 | 1.91 | 2142

0.97[PSLZT]-0.026[PMnN]-0.004[PMS] | 12.68 | 195.38 | 16957 | 1.81 | 2094

0.97[PSLZT]-0.024[PMnN]-0.006[PMS] | 1270 | 197.74 | 17157 | 1.46 | 2082

* t (thickness of all samples) = 1.0+0.03 mm. (prior to electroding)
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APPENDIX B

X-RAY AND DENSITY DATA OF PZT CERAMICS

Table B.1 Lattice parameters, tetragonality, theoretical and experimental density
values of Pbg g5Sro.05(Zr,Tii-;)O3 ceramics.

Cr

ar

z Structure o o (cla)r o Poe Pinco
(A) (A) (&) | (glem®) | (g/em®)

0.50 T 4.1405 | 4.0418 | 1.0244 - 7.65 7.90
0.52 T 4.1339 | 4.0387 | 1.0235 - 7.66 7.94
0.54 T+R 41335 | 4.0474 | 1.0212 | 4.0879 7.67 7.92
0.56 T+R 4.1303 | 4.0543 | 1.0187 | 4.0845 7.69 7.92
0.58 R - - - 4.0909 7.64 7.89
0.60 R - - - 4.0947 7.62 7.89
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Table B.2 Lattice parameters, tetragonality, theoretical and experimental density

values of Pbg gs.ySro.0sLay(Zros4Tip.46)O3 ceramics.

y Structure CDT a: (c/a)r iR Poe Pinco
(A) (A) (A) (g/em®) | (g/cm?)

0 T+R 41335 | 4.0474 | 1.0212 | 4.0879 7.67 7.917
0.005 T+R 41314 | 4.0440 | 1.0216 | 4.1054 7.64 7.813

0.01 T+R 41258 | 4.0392 | 1.0214 | 4.0716 1.77 7.90
0.02 T+R 41231 | 4.0462 | 1.0190 | 4.0811 7.81 7.904
0.03 T+R 41141 | 4.0460 | 1.0168 | 4.0855 1.77 7.871
0.04 T+R 41088 | 4.0441 | 1.0159 | 4.0741 7.71 7.913
0.05 T+R 41078 | 4.0491 | 1.0144 | 4.0779 7.61 7.875

Table B.3 Lattice parameters, tetragonality, theoretical and experimental density

values of Pbg 94Sro.0sLao01(Zr,Tiz-)O3 ceramics.

z Structure CC,T a;T (c/a)T a: Poe Pinco
(A) (A) (A) | (glem’) | (gfem’)

0.50 T 4.1253 | 4.0265 | 1.0245 - 7.72 7.87
0.52 T 4.1215 | 4.0397 | 1.0202 - 7.71 7.87
0.54 T+R 4,1258 | 4.0392 | 1.0214 | 4.0716 7.77 7.90
0.56 T+R 40994 | 4.0446 | 1.0136 | 4.0711 7.75 7.88
0.58 R - - - 4.0726 7.71 7.93
0.60 R - - - 4.0761 7.73 7.93
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Table B.4 Lattice parameters, tetragonality, theoretical and experimental density

values of Pbg g9-xSrxLap.01(Zros4 Tip.46)O3 ceramics.

X Structure CDT a: (cla)r iR Poe Pinco
(&) (A) (A) (g/em®) | (glem?)
0 T+R 41256 | 4.0412 | 1.0208 | 4.0711 7.40 7.87
0.01 T+R 41255 | 4.0409 | 1.0209 | 4.0709 7.53 7.88
0.02 T+R 41257 | 4.0408 | 1.0210 | 4.0714 7.60 7.90
0.03 T+R 41258 | 4.0401 | 1.0212 | 4.0715 7.65 7.90
0.04 T+R 41257 | 4.0393 | 1.0214 | 4.0716 1.72 7.89
0.05 T+R 41258 | 4.0392 | 1.0214 | 4.0716 1.77 7.90

Table B.5 Lattice parameters, tetragonality, theoretical and experimental density
values of (1-x)[PSLZT] — (X)[PMnN] ceramics.

Cr ar agr
X Structure o o (c/a)t . Pexp.3 ptheo.3
(A) (A) (A) (g/cm®) | (g/cm?)
0 T+R 4.1258 | 4.0392 | 1.0214 | 4.0716 1.77 7.90

0.01 T+R 41109 | 4.0256 | 1.0211 | 4.0647 7.88 8.01
0.03 T+R 4.1000 | 4.0257 | 1.0184 | 4.0552 7.94 8.05
0.05 T+R 41063 | 4.0277 | 1.0195 | 4.0620 7.90 8.03

0.07 T+R 4.0928 | 4.0290 | 1.0158 | 4.0603 7.90 8.05
0.09 R - - - 4.0411 7.92 8.08
0.10 R - - - 4.0544 7.94 8.07
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Table B.6 Lattice parameters, tetragonality, theoretical and experimental density
values of 0.97[PSLZT] — 0.03[PMnN] ceramics with different Zr/Ti ratio.

Zr/Ti Structure CDT a: (c/a)r iR Por Pireo
ratio (A) (&) (A) (g/cm®) | (glem?)
52/48 T+R 41027 | 4.0238 | 1.0196 | 4.0507 7.92 8.04
53/47 T+R 4.1005 | 4.0257 | 1.0185 | 4.0556 7.95 8.04
54/46 T+R 41000 | 4.0257 | 1.0184 | 4.0552 7.94 8.05
55/45 T+R 41023 | 4.0295 | 1.0180 | 4.0562 7.95 8.04
56/44 R - - - 4.0712 7.84 7.96

Table B.7 Lattice parameters, tetragonality, theoretical and experimental density
values of 0.97[PSLZT] — (0.03-y)[PMnN] — (y)[PMS] ceramics.

Cr ar Tetragonality ar Pexp. Prheo.
A& | @& (c/a) (&) | (gfem’) | (glem?)
0.0 T+R 4.1005 | 4.0257 1.0185 4.0556 7.95 8.04
0.002 T+R 4.1053 | 4.0311 1.0184 4.0706 | 7.95 8.04
0.004 T+R 4.1012 | 4.0306 1.0175 4.0663 | 7.93 8.01
0.006 T+R 4.0963 | 4.0334 1.0156 4.0807 | 7.95 8.02

y Structure
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