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ABSTRACT

The structure-properties relationship of barium titanate—based system were
studied in this work. To study piezoelectric properties, the design of two phases or
multiphase near room temperature in BaTiOs-based was focused in this work. Ternary
system of BaTiO;-SrTiO3—BaSnO; and  BaTiO3-BigsNag 5 TiO3—Bi(Mgy 5Tip 5)03  were
selected for investigation. The ceramics of (0.975-y)BaTiO5—0.0255rTiOs—yBaSnOs;
(abbreviated as BT-ST-yBS) with y = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 were
synthesized via conventional solid state reaction. This system was carried out to study
the effect of Sn on the crystal structure, phase transition, dielectric, ferroelectric, and
piezoelectric properties of BT-ST-yBS ceramics. A room temperature, the composition
y = 0.04 exhibited multi-coexistence phase which shows high relative permittivity (&)
of 11500 and high reversible strain of 0.12% with the normalized piezoelectric

coefficient (Smax/Emax) of 1,280 pm/V at a low electric field (10 kV/mm).

In the second system, the 0.9BaTiO3—(0.1-x)BiysNagsTiO3-xBi(Mgq 5 Tip5)O3
(abbreviated as BT-BNT-xBMT) ceramic, x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10, were
prepared. The effect of BMT on crystal structure, phase transition, morphology,
dielectric, ferroelectric, and piezoelectric properties of BT-BNT ceramics were studied
as a function of composition. The crystal structure of BT-BNT-xBMT successively
transforms from tetragonal to pseudocubic symmetry, with increased BMT content.

Temperature dependence of dielectric constant (&,-) and dielectric loss (tano) for BT-



BNT-xBMT at various frequencies showed that phase transition of ceramics changed
from ferroelectric to relaxor-like behavior as BMT content increased. Furthermore,
remanent polarization (P,), coercive field (E.) and the normalized strain (d33) of BT-

BNT-XxBMT ceramics tend to decrease with increasing BMT concentration.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Piezoelectric materials have been studied widely and used extensively in many
electronic devices such as electromechanical transducers, sensors and actuators, due
to their excellent ferroelectric and piezoelectric properties [1]. It is known that Lead -
based piezoelectric materials, for example, lead zirconate titanate (PZT) and PZT -
family have been used widely in many piezoelectric applications [2]. However, lead -
based piezoelectric materials contain over 60 wt% of lead, which is a serious threat to
the environment. The fabrication process of these materials also uses lead oxide,
which enhances toxicity further due to volatilization at a high temperature,
predominantly during calcination and the sintering process, thus causing
environmental pollution [3]. Consequently, legislations from the European Union (EU),
including Restriction of Hazardous Substances (RoHS), Waste from Electrical and
Electronic Equipment (WEEE), and End of Life Vehicles (ELV), have been put into effect
in order to restrict the use of hazardous substances such as lead and other heavy
metals in electronic devices [4-6]. There have been many previous scientific works
that have substituted lead-free piezoelectric materials, but the properties used were
not nearly as effective as those in the PZT system. Candidate lead - free perovskite
systems are fundamentally Barium Titanate (BaTiOs; BT), Bismuth Sodium Titanate
(BipsNag 5)TiO3 and Potassium Sodium Niobate (K, sNag 5)NbO3 ceramics [7].

BT—based ceramics are a lead-free piezoelectric material candidate, due to their
outstanding piezoelectric properties [8]. It is known that the coexistence of different
ferroelectric phases plays a crucial role in enhancing piezoelectric properties in lead
and lead-free piezoelectric properties. The piezoelectric properties of BT ceramic have
been modified by doping with either A- and/or B - site substitutions into the ABO,
structure. The binary system of tin-doped into barium titanate (BaTiOs—xBaSnOs;)
recently showed high dielectric permittivity (&) ~ 75,000 and piezoelectric coefficient
(ds33) ~ 697 pC/N at the quasi-quadruple point, at which Cubic, Tetragonal,
Orthorhombic and Rhombohedral phases coexist [9]. Xusheng Wang et al. reported a



high electrostriction strain value of ~ 0.22% in the binary systems of BaTiO;—CaTiOs,
where diphasic or tetragonal and orthorhombic phases occur at room temperature
[10] Wei Li et al. investigated the polymorphic phase transition (PPT) from
orthorhombic to tetragonal phase in the BT-BZ-CT system, and a high piezoelectric
constant (ds3) of ~ 365 pC/N and planar electromechanical coupling (k,) at ~ 48.5%
were recorded at the PPT composition [11-12]. Extremely high piezoelectric properties;
d33 = 568 pC/N, ky = 47.7%, & = 23000 and normalized strain (dS/dE) = 1013 pm/V,
were found recently at the orthorhombic-tetragonal coexistence phase composition
[13]. The multiphase coexistence of rhombohedral-pseudocubic-orthorhombic phase
(R-PC-0) composition exhibited an ultrahigh d33 = 670 pC/N at room temperature [14].
Complex perovskite was used also recently to modify the piezoelectric properties of
BT ceramics. Wada et al. studied the combination between BaTiO; and Bi(Mgg 5 Tiy 5)O3
(BMT) and found that BMT can enhance Curie temperature (T¢) of BT with the highest
Tc (about 360°C) for 0.5BaTiOs - 0.5BMT ceramics [15]. Qi Wang et al. studied lead-free
BiosNagsTiO5 -Bi(MgosTigs)Os systems and reported that BMT could improve
piezoelectric properties and enhance T of BNT ceramic. The 0.95BNT-0.05BMT
ceramic showed the highest d33 at about 110 pC/N, with high Tc at 352°C [16].

In this work, the substituting system in BT is classified into two classes;

substituting with a simple perovskite (ABO;) system (such as CT, BS, ST and BSn) and a

complex perovskite (a'n" B’B"O_?,) system (such as BMT, BNT, KNN). Based on
information from the literature review, the ferroelectric phase diagram of BT-ST-BS

and BT-BNT-BMT has been created to explore the effect of substituting with a simple

perovskite (ABOs) system and a complex perovskite (A'A" B'B"0,), respectively. Based
on the phase diagram, the composition range in the (0.975-y)BaTiO3-0.0255rTiO5—
yBaSnO; (abbreviated as BT-ST-yBS) system and 0.9BaTiO3—(0.1-x)BiysNag s TiO5—
xBi(Mgy 5 Tip5)O5 (abbreviated as BT-BNT-xBMT) system is expected to display the
multiphase near room temperature. The goal of this study is to synthesize the lead-
free piezoelectric ceramics of the barium titanium-based ternary system in two

systems:



1. The ternary system of (0.975-y)BaTiOs-0.025SrTiOs-yBaSnOs, where y = 0.00,
0.02, 0.04, 0.06, 0.08 and 0.10.

2. The ternary system of 0.9BaTiO5—(0.1-x)BigsNag 5 TiOs—xBi(Mgy 5Tig 5)05, Where
x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10

Based on the PPT concept, high piezoelectric properties are expected to be
obtained near the PPT composition. The structure — properties relationship will be

studied systematically and explored.
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Figure 1.1 Phase diagram and composition studied in ternary BT-ST-yBS system
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Figure 1.2 Phase diagram and composition studied in ternary BT-BNT-xBMT system

1.2 Scope of this work

The goal of this study is to synthesize lead-free piezoelectric ceramics of the
barium titanium-based ternary system in two systems. The first system is (0.975-
y)BaTiO5-0.025SrTiOs-yBaSnO5 where y = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 and the
second 0.9BaTiO5—(0.1-x)Big sNag 5 Ti05—xBi(Mg, 5 Tig 5)05, where x = 0.00, 0.02, 0.04, 0.06,
0.08 and 0.10. These two systems are fabricated via solid state reaction with metal
oxide used for starting materials. The effect of cations substitution on crystal structure
and phase transition was examined by the X-ray diffraction technique (XRD), dielectric
measurement and Raman spectroscopy. The morphology of ceramics was determined
using scanning electron microscopy (SEM). Electrical measurements such as dielectric,

ferroelectric and piezoelectric properties of ceramics also were investigated.



1.3 Objectives of this work

1.3.1

1.3.2

1.3.3

1.3.4

1.3.5

To prepare (0.975-y)BaTiOs-0.025SrTiOs—yBaSnO; and 0.9BaTiO5—(0.1-
X)Big sNag 5 TiO3—xBi(Mgy 5 Tig 5)O5 ceramics by the conventional solid state
mixed oxide method.

To study effect of the composition on the crystal structure and phase
transition as well as electrical properties (0.975-y)BaTiO3—0.025SrTiOs—
yBasSnO; and 0.9BaTiO;—(0.1-x)Bi sNag 5 TiO;—xBi(Mgq 5 Tip 5)O3 ceramics.

To study the crystal structure and phase transition of (0.975-y)BaTiO; —
0.025S5rTiO3—yBaSnO; and 0.9BaTiOs—(0.1-x)Big sNag 5 TiO;—xBi(Mgy 5 Tig 5)O3
ceramics by Raman spectra, XRD and dielectric measurement.

To study the morphology and grain size of 0.9BaTiO;—(0.1-x)BigsNag s TiOs—
xBi(Mg 5Tig 5)05 ceramics by Scanning electron microscope.

To investigate the dielectric ferroelectric and piezoelectric properties of
(0.975-y)BaTiO5-0.0255rTiOz-yBaSnOs and 0.9BaTiO;—(0.1-x)Big sNag 5 TiO5—

xBi(Mgg 5Tio.5)05 ceramics.
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CHAPTER 2
LITERATURE REVIEW

2.1 Piezoelectricity

The first phenomenon of piezoelectric effect was discovered in 1880 by French
physicists Pierre and Jacques Curie in quartz [1]. Piezo word is press or squeeze in
Greek and electric word is relate to electric charge or electrical energy. Two different
of piezoelectricity are direct and indirect effect, which this materials must have
switching of both effect. The direct effect or direct piezoelectric effect is the
generation of electricity when compression or stress is applied into piezoelectric
material as shown in Figure 2.1 (a). The direct effect is used in sensor applications
such as gas igniters, accelerometer and microphones, as shown in figure 2.2.
Conversely, for indirect effect or converse piezoelectric effect is distortion in the
crystal when an electric field is applied (see in Figure 2.1 (b)). These indirect effect is
a have been applied in actuator device include liquid inkjet printers, common rail
diesel injection, dual - stage actuator in HDDs, and camera shutter, as shown in

figure 2.2.

Force (Input) ‘

Piezoceramic

ra

1

Piezoceramic putput ‘ i
X.: o

putput= I

Direct effect Converse effect

OV LER | e

———

Figure 2.1 Direct (a) and indirect (b) effect of piezoelectricity (Modified from [4])
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Common rail diesel injection Dual - stage actuator in HDDs

Piezo actuator modul Hard disk drive (HDD)

Coupling module

Control valve

Nozzle module |

P~

Reverse side of suspension
Accelerometer

Piezoelectric microactuator

Magnetic head—_ " Suspension

Slider

Gas igniters

Camera shutter

Liquid inkjet printers

Current Micro Piezo Head Hext-Generation Micre Piezo Haad
| PET film thickness 25 pm, 16 layers | l BT film thicknes 1 |
|
Displacement of 260 nm Displacernent of 40 nm
per 108 pm ol CAY widlh per 55 pm of CAV width

Epson Stylus T11

Figure 2.2 Piezoelectric applications [2, 3]
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Piezoelectricity is the coupling between electrical and mechanical displacements in a
material. The direct and converse piezoelectric effect can be described by basic
equations 2.1 and 2.2 respectively [4]

Direct effect:

D=dT+ e'E (2.1)

where D is dielectric displacement, T is the mechanical stress, £ is the permittivity at
constant stress, E is the electric field and d; is piezoelectric charge coefficients direct

piezoelectric effect.

Converse effect:

S=s"T+d,E (2.2)

where S is mechanical strain, st is mechanical compliance, T is mechanical stress, E is
the electric field and d., is piezoelectric charge coefficients for converse piezoelectric
effect.

Furthermore, the piezoelectric ceramics demonstrate an anisotropic effect. The
direction of the induced polarization depends on the direction of the applied electric
field or the mechanical force with piezoelectric materials. However, the direction of
polarization is conventionally taken as the 3 axis by the Z - axis of a rectangular
system. Direction X, Y, or Z is represented by the subscript 1, 2, or 3, respectively,
and shear stains about one of these axes is represented by the subscript 4, 5 or 6,
respectively [5], as shown in Figure 2.3. Therefore, d is a tensor and many other
physical properties of piezoelectric materials have two subscripts that indicate the
directions of two related quantities. For example, piezoelectric constant ds; is
measure when the induced polarization is generated in direction 3 due to a stress
applied in direction 3 and ds; represents the induced polarization in direction 3 per
unit stress applied along direction 1 [4]. High piezoelectric constants are desirable in

order to increase the charge or strain developed per force or electric field applied.
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/—
v
N

Figure 2.3 Directional axes (Modified from [5])

Another important parameter used to describe piezoelectric efficacy is the
electromechanical coupling factor (k). The k factor represents the ability of a
piezoceramic material from electrical to mechanical form or vice versa and it

depends on degree of poling for ceramics [5].

K= input mechanical energy convertedinto electrical energy (2.3)
input mechanical energy '

I = input electrical energy converted into mechanical energy (2.0)
input electrical energy '

The subscripts denote the relative directions of electrical and mechanical
quantities and the kind of motion involved such as k33, k3;. For a thin piezoelectric
ceramic disc is the planar coupling factor (k).

The crystals can be divided into these 32 symmetry point groups. Out of these
32 point groups, 21 are noncentrosymmetric with one or more crystallographically
unique directional axes and 11 are centrosymmetric (Non-piezoelectric), meaning the
centre of positive and negative charge coincides with each other. Out of these 21
point groups, 20 belongs to the class of piezoelectric. Out of these 20 point groups,
10 are pyroelectrics. The ferroelectrics are a subgroup of pyroelectrics [6], as shown

in figure 2.4.
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32

Symmetry point group

21 11
Noncentrosymmetric Centrosymmetric

(Non-piezoelectric)

20
Piezoelectric

Polarized under stress
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Pyroelectric

Spontaneously polarized

Subgroup-Ferroelectric

Spontaneously polarized

Polarization reversible

Tungstun broze Oxygen Pyrochlore Layer structure

octaheadra

Figure 2.4 Relationship of piezoelectricity and its subdivisions with symmetry

groups [6]
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2.2 Ferroelectricity

2.2.1 Ferroelectrics

A subgroup ferroelectric are pyroelectric and the sub set of pyroelectric are
piezoelecric. Thus relationship between ferroelectrics and piezoelectrics is exhibited
in the Venn diagram in figure 2.5. In the year 1921, ferroelectricity was first discovered
in Rochelle salt (sodium potassium tartarate tetrahydrate; NaKC4H;O4.4H,0) by
Joseph Valasek [7]. Ferroelectrics are materials which possess a spontaneous electric
polarization (P;) in the absence of an electric field and this polarization can be
reversed by applying a suitable electric field (E) [8]. An important feature of
ferroelectric materials are hysteresis loop (abbreviated as P — E loop), which displays

relationship between the polarization (P) and applied electric field (E).

Ferroelectrics

Pyroelectrics

Piezoelectrics

Dielectrics

Figure 2.5 Venn diagram showing of dielectric materials [7]

The P — E hysteresis loop occur from the energy needed to switch the domain
and polarization in the direction of the external field. As shown in figure 2.6, when an
electric field is applied to a crystal with randomly oriented dipoles (or domains), they
begin to line up with the field from points O to B, until the saturation polarization

(Py) is reached at points C, and all of the dipoles are aligned. When the field is



15

removed, there is some remanent polarization (P,) at point D due to coupling
between all of the dipoles, and the material is permanently polarized. When the
electric field is applied in the opposite direction, the dipoles are reversed. A coercive
field (E) must be applied in order to remove the remanent polarization (point F),
and create a random dipole orientation. As the reversed field is further increased,
saturation occurs with the opposite polarization at point G. As the field continues to
alteate, a hysteresis loop is formed. The area inside the loop is a function of the

energy required to switch the direction of the polarization 180° [9].

Figure 2.6 A typical ferroelectric hysteresis loop ((P — E) hysteresis loop) [10]

For ferroelectric materials, another important characteristic is the temperature
of structural phase transition from the paraelectric phase to the ferroelectric phase

which is called Curie temperature (T,). The temperature is above T, the crystal does
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not exhibit ferroelectricity. On the other hand, when the temperature falls below T,

the crystal exhibits ferroelectricity. According to the Curie — Weiss law equation [10];

1_a-1)

2.5
- C (2.5)

Where, C is the Curie — Weiss constant, T is the temperature, Ty is the Curie — Weiss
temperature which is formula constant obtained by extrapolation and is less than T..

While T, is actual temperature when crystal structure changes.

2.2.2 Relaxor ferroelectrics

Relaxor ferroelectrics or relaxors are a class of ferroelectric materials that were
first discovered in the 1950’s by Smolenskii et al. [11]. The Relaxor ferroelectrics can
be categorized into two structural families: the first is complex perovskites and the
last is tungsten bronze system. For some examples of common relaxor ferroelectrics
are  Pb(Mgy,sNb,/3)05,  (PbyssLa)Zr, T, )Os, Pby,Ba,Nb,Os, and Pb(ZnysNbys3)0s.
These materials have high piezoelectric, dielectric, pyroelectric and electro-optic
properties. Therefore, application of relaxor ferroelectric have been widely used in
industry such as high permittivity capacitors, phase conjugate mirrors, piezoelectric
sensors and actuators [12]. The hysteresis loop of relaxor this zero field polarization
is significantly smaller owing to the fact that the the nanodomains being randomly
distributed. Three qualitative features of the dielectric response of relaxors can be
summarized as follows [13, 14]: the first, the peak at phase transition are
characterized rounded and broad peaks in the temperature dependence of the
dielectric permittivity. Secondly, the relaxors exhibit frequency dependent maximum
dielectric permittivity, when the temperature of maximum relative permittivity (T,,)
increasing and maximum relative permittivity (&,,c) decreasing with increasing
frequency and the last, the temperature of maximum relative permittivity is called
T

In order to further characterize the relaxor behavior, a modified Curie — Weiss
law (is called quadratic Curie — Weiss) was used for description a broad relative

permittivity and diffuseness of phase transition [15].
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max

_ '
fun _y, (T =1
& 57

(2.6)

Where, &€,,.« is the maximum value of relative permittivity and T, is the temperature
of dielectric maximum. The Y value expresses the degree of dielectric relaxation in
relaxor ferroelectric material which this value is in the range of 1 <y < 2. When ¥y
value is equal 1, becomes the classic Curie Weiss law valid in the case of normal
ferroelectric. The value of &, represents the degree of diffuseness for transition

peaks. Both 6y and Yy were determined from the slope and intercept of

n (l — L)versus \n(T-T7,).
£

m

2.3 Perovskite structure

Perovskites is an important class of piezoelectric materials. Perovskite is
orginally the name of the mineral calcium titanate (CaTiOs) [16]. An idea perovskite
structure can be described as a simple cubic unit cell with a closed-packed face
center cubic (FCQO) structure. The perovskite structure is written as ABOs;, where A
illustrate a cation with a larger ionic radius on the comers, and B show a cation with
a smaller ionic radius in the body center or octahedral interstitial site and O s
oxygen in the center of the faces [17], as shown in Figure 2.7. The A site is in 12-fold
coordination, the B site is in 6—fold coordination, and the O site is 6-fold coordinated

anions. There are many complex perovskites which can be describe with the formula

(A", A"YXIB' B )\VIO, where XII and VI represent coordination number. In KNN, K* or
Na* ions are situated at the corner of the unit cell (A - site), Nb>" at body center
positions (B - site).

Ideal perovskite structure is simple cubic lattice. The simple geometrical
relationship between cations and anions which can be used to describe the stability
of the perovskite structure proposed by Goldschmidt in early 1920 [19]. The stability
of the perovskite structure is the tolerance factor which can be expressed as

following equation [1]:

(R, +R,)
" V2(R, +R,)

(2.7)
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where t is tolerance factor. Ry Rz and R, are the ionic radius of the large cation
occupying the A - site, small cation occupying the B - site, and anion (oxygen)
respectively. For ideal cubic symmetry, the tolerance factor is equal to 1. The stable
perovskite structure, tolerance factor should be in the between range 0.88 < t < 1.09.
In general, the perovskite with t > 1 has tetragonal symmetry and the perovskite with

t < 1 has rhombohedral or monoclinic symmetry [20].

O ™ >»

Figure 2.7 ABO; perovskite type unit cell (Modified from [18])

2.4 Lead-based piezoelectric materials

The commercially most important piezoelectric material lead zirconate titanate
(PbZr,Ti,Os; PZT) was developed since in 1950°s [21].Lead zirconate titanate is solid
solution of lead zirconate (PbZrO;) and lead titanate (PbTiOs) which it is a perfect
sample of polycrystalline ceramics. Currently, the lead zirconate titanate is the most
widely used piezoelectric material for numerous electronic devices utilizing
actuators, sensors and transducers [22]. Above the Curie temperature (T.), lead
zirconate titanate obtains the cubic perovskite structure where the A - site is
Pb®*(Large cation) on the comers, B - site are Zr** and Ti** in the body center and O

is oxygen in the face centers [23], as shown in figure 2.8.
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Figure 2.8 Perovskite structure of lead zirconate titanate (Modified from [24])

The form of the crystalline structure exhibited by lead zirconate titanate is
dependent on the percentage concentration of metal oxides. The phase diagram of
the lead zrconate titanate system as a function of temperature and chemical
composition is shown in figure 2.9. The morphotropic phase boundary (MPB) defines
the composition at which there is an abrupt structure change, the composition being
almost independent of temperature. Moreover, the nearly vertical line separates the
ferroelectric phase region of tetragonal phase on the Ti rich side (F;) and
rhombohedral phase on the Zr rich side (Fg). The T, line is the boundary between
the cubic paraelectric phase (P.) and the ferroelectric phase (F). For below T, line,
the substitution of Zr** for Ti* in PbTiO; changes the rhombohedral distortion in
favour of the tetragonal symmetry in the PZT perovskite structure. The nearly
vertical morphotropic phase boundary (MPB) at 52:48 for Zr/Ti cation ratio, had
coexistence phase of a tetragonal and rhombohedral phase. This compositions in the
morphotropic phase boundary region are commercially interesting because they
have shown high dielectric permittivity and piezoelectric electromechanical coupling
factors, as shown in figure 2.10 [26]. The enhanced dielectric and piezoelectric
properties of the commercial composition is generally associated with a large ionic
displacement upon field application due to the rotation of the polar axis.

Furthermore, other system of lead base systems exhibit excellent piezoelectric and
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dielectric properties such as Pb(Mg;,3Nb,,3)05-PbTiO; [27], Pb(Zn,,5Nb,,3)05-PbTiO5 [28,
29] and Pb(Zry,,Tiy/2)05 — Pb(Zn,/sNby,5)05 [301.

500

400 4

300 -

200 4

Temperature (°C)

100 -

mol% PbTiO,

Figure 2.9 Lead zirconate titanate phase diagram (Modified from [25])
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However, the lead base materials contain lead which it is not environmental
friendly and dangerous to human because toxicity of lead oxide in volatile during
processing. Therefore, legislation of European Union such as Waste from Electrical
and Electronic Equipment (WEEE) and Restriction of Hazardous Substances (RoHS)
directives and End-of Life Vehicles (ELV) restrict the use of six hazardous substances
including lead in electronic equipment. To prevent generation of new waste, and re-
use or recycle electrical waste and electronic equipment [31, 32, 33]. Therefore, lead
free friendly piezoelectric ceramics have been received considerable attentions to

replace lead-based piezoelectric materials.

2.5 Lead-free piezoelectric materials

Current research is mostly focus on lead free piezoelectric materials Among
the lead free materials, Potassium sodium niobate with the chemical formula (K,
Na)NbO; (abbreviated as KNN), is a solid solution of ferroelectric KNbOs; and the
antiferroelectric NaNbO;. The phase diagram of KNbO;-NaNbOs is exhibited in Figure
2.11. The MPB at near the 50-50 ratio of KNbO;-NaNbO3 separates two tetragonal
phases at high temperatures and two orthorhombic phases at room temperature,
with different tilting of the oxygen octahedral [5, 34]. Moreover, (K;s5Nags)NbOs, is a
good candidate because it has a fairly high Curie temperature (T.) about 420°C, which
is high temperature application. Nevertheless, it’s difficult to obtain fully dense
(KosNag 5)NbO5 ceramics by ordinary sintering.

In addition to, the bismuth-based perovskite lead-free materials is bismuth
potassium titanate, (BiysKy5)TiOs (abbreviated as BKT) and bismuth sodium titanate
(Big.sNag 5)TiO5 (abbreviated as BNT). The (BigsKo5)TiO5 is a typical ferroelectric material
with tetragonal structure at room temperature and has a higher Curie temperature
about 380°C [35]. In 1961, Smolenskii et al. discovered (BiysNags)TiO5 [36]. At room
temperature, it shows large remnant polarization (P,) 38 pC/cm2 and coercive field
(E)) 73 kV/cm. (BigsNag 5)TiOs has rhombohedral structure at room temperature with a
high Curie temperature about 320°C [37]. However the piezoelectric properties are
not good enough due to its large coercive field and relatively high conductivity, thus
pure BNT is hard to pole. Some electrical properties of pure (BigsKys)TiOs [38] and
(Big.sNag.s)TiOs [5] is shown in table 2.1
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Figure 2.11 Phase diagram of KNbO3;—NaNbO; [5]

Table 2.1 Some electrical properties of pure (Big 5Ky 5)TiO5 and (BigsNag 5)TiOs

g, tano K3 dss P, E,
(PC/N)  (uC/cm2)  (MV/m)
(Big 5Ko.5)TiO5 300 1.1 0.4 70.0 38.0 7.30
(BigsNag 5)TiOs 517 7.1 0.28 69.8 22.2 5.25

Therefore, this thesis work focuses on developing ferroelectric and

piezoelectric material that are lead free materials of barium titanate base

2.5.1 Barium titanate (BaTiOs, BT)

In 1945, Wol and Goldman discovered BaTiO; with the chemical formula BaTiOs
(abbreviated as BT) [39]. BaTiO5; was the first ferroelectric material and later on the
first piezoelectric ceramic. It is widely used a dielectric material for ceramic

capacitors, and as a piezoelectric material for microphones and other transducers [4].



23

Furthermore, It possesses the perovskite crystallographic structure where the A — site
is Ba?* on the comers, B — site is Ti* in the body center and O is O% in the face
centers. These four crystal structures of BaTiO; are rhombohedral, orthorhombic,
tetragonal and cubic. BaTiO; has various phase transition as a function of the
temperature. At the Curie temperature about 130°C change from tetragonal
(ferroelectric) to cubic (paraelectric) phase. Above 130°C, it has a cubic structure
which it is centro — symmetric and possesses no spontaneous dipole. As the low
Curie temperature, the structure is slightly distorted to the tetragonal phase with a
dipole moment with the [001] direction. The phase transition at temperature -80°C
change from rhombohedral to orthorhombic phase, whereas a transition from
orthorhombic to tetragonal phase occur temperature near 0°C. The phase transition
of BaTiOs is illustrated in figure 2.12 [1]. Moreover, the phase transition of BaTiOs are
corresponded to change in values of the lattice parameter, Relative permittivity and
spontaneous polarization, as shown in figure 2.13 [1], 2.14 [40] and 2.15 [1]

respectively.

Rhombohedral

Figure 2.12 Unit cell distortions of BaTiO5 structure [1]
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The electrical properties of BaTiO; ceramics such as dielectric ferroelectric and
piezoelectric properties is shown in Table 2.2 [41]. It is seen that BaTiO; has good
ferroelectric and piezoelectric properties. Nevertheless, the comparison electrical
properties of pure BaTiO; and PZT material is also quite evident that electrical
properties of PZT material is higher than pure BaTiO; material, as show in figure 2.16

and 2.17 [41].

Table 2.2 Some parameter of electrical properties for Barium titanate ceramics [41]

Electrical parameter Value
Curie Temperature, Tc (°C) 130
Relative permittivity, &, (at 1 kHz) 1700
Dielectric loss, tand (at 1 kHz) 0.01
Remnant polarization, P, (uC/cm?) 13.3
Piezoelectric ds; coefficient (pC/N) 190
Piezoelectric ds; coefficient (pC/N) -78
Electromechanical coupling coefficient, ks, 0.49
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Figure 2.16 (a) Planar Coupling; k, and (b) Longitudinal Coupling; k33 versus Curie

temperature [41]
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Therefore, the attention is improve electrical properties of BaTiO; material with
comparable to electrical properties of PZT material. Many paper of BT-base have
been modified by doping with either A or/and B site substitutions. In addition to,
research is focus on morphotropic phase boundary (MPB) or polymorphic phase

transition (PPT) due to it excellent electrical properties.

2.5.1.1 Binary system of BaTiO; material

In a few decades, Guo et al. studied BaTiOs-K;,Na;,NbO; ceramics. They
found that the phase transition at x = 0.02 and 0.06 of BaTiO; changed tetragonal to
cubic symmetry and orthorhombic to tetragonal symmetry, respectively. For
composition x = 0.02 exhibited enhanced piezoelectric and ferroelectric properties
including P, ~ 7.5 uC/cm?, Ec ~ 12 kV/cm, ds5 ~ 104 pC/N, k, ~ 0.29 and Tc ~ 358°C
[42].

Meanwhile many researchers studied the binary system of BaTiOs— BiysNagsTiO3
[43, 44]. Takenaka et al. studied BaTiO3—BigsNag5TiO5 system. Researchers found a
morphotrobic phase boundary between rhombohedral and tetragonal phases at 6
mol% of BT as illustrated in figure 2.18. These MPB had excellent electrical
properties such as T ~ 288°C, &1,/&, ~ 580, tand~ 1.3%, ds5 ~ 125 pC/N, and ks ~
55.0% [43]. In 2013 Rawat et al. studied BaTiOs-BiysNag 51105 system. They reported
that the P, and E. increasing with increasing BNT content and the T ~ 155°C at 10
mol% of BNT addition [45]. Furthermore, Wada et al. studied lead free BaTiO; and
Bi(Mgy 5 Tip.5)03 (BT-BMT) ceramic. They found that the highest Tc ~ 360°C at 0.05
mol% of BMT [46].

In 2005 Xusheng et al. prepared (1-x)BaTiO;—xCaTiO; system via conventional
solid-state reaction. They reported that the composition x = 0.23 exhibited high
electrostriction strain ~ 0.22% due to it had two of tetragonal BajgCao,TiO; and
orthorhombic Bag 07;Cagg5TiO3 solid solution [47]. After that, Dong et al. studied (1-x)
BaTiOs—xBaZrO; ceramic. They found that the diffused phase transition behavior was
enhanced with increasing BZ content. At composition x = 0.06 had high piezoelectric
and dielectric properties (ds3 = 420 pC/N, d3; = -138 pC/N, k, = 0.49 and &, = 2500)
[48]. At the same time, Yonggang et al. studied the effect of BaSnO; observed large
piezoelectricity and dielectric permittivity in BaTiO;—xBaSnO; systems. They found

that four phase coexistence of Cubic-Tetragonal-Orthorhombic-Rhombohedral
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phase at x = 0.11, exhibited large piezoelectricity and dielectric permittivity (&, ~
75,000 and d3 ~ 697 pC/N), as shown in figure 2.19 [49].

400

g

Temperature (°C)
g

100 L Tetragonal
Fa
rhombo-
hedral
0 1 1 1 1 1
0 5 10 15 20 25 30
BNT BaTiO, [lllOl %]

Figure 2.18 Temperature—composition phase diagram of BT-BNT [13]
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2.5.1.2 Ternary system of BaTiO; material

Meanwhile, many research focus on ternary system of BaTiO; material. In 2008,
Zhang et al. studied lead free xBT-(1-x-y)BNT-yKNN system. They found that lead
free 6BT-92BNT-2KNN ceramics exhibited the giant strain about 0.45% under both a
unipolar and bipolar electric field at 80 kV/mm, as shown in figure 2.20 [50].
Afterward, Rahman et al. prepared lead free 6.5BaTiOs—(93.5-x)BigsNagsTiOs—xBaZrOs
(BNBT-xBZ) by conventional solid-state reaction method. They reported that BNBT-
0.03BZ ceramic had high d;, ~ 542 pm/V and strain ~ 0.38% at an applied field of 7
kV/mm [51].

Moreover, Trelcat et al. studied lead free xBaTiOs—yBigsNag5TiO3—2Big 5Ky 5TiO3
system (xBT-yBNT-zBKT). Researcher reported that the 3.5BT-86.5BNT-10BKT
ceramic exhibited high piezoelectric constant and electromechanical coupling factors

(ds3 ~ 133 pC/N, k, ~ 0.26 and k; ~ 0.26) [52].
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Figure 2.20 The relative plot of unipolar strain (%) of xBT—(1-x-y)BNT-yKNN ceramic

as a function of electric field (kV/cm) [50]

In recent years, Li et al. synthesized (Ba;_Ca,(Tig.95Zr005)03 System using a solid-

state reaction technique. They reported that the PPT from orthorhombic to
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tetragonal phase at x = 0.08 showed high piezoelectric properties (ds; ~ 365 pC/N
and k, ~ 48.5%) [53]. . In 2010, Sutapun et al. studied 0.87BaTiOs~(0.13-x)BaZrO;-
xCaTiO; ceramic. They found that the multiphase coexistence of the rhombohedral
and tetragonal phase at x = 0.06 (figure 2.21) exhibited high d;, ~ 1280 pm/V at
electric field 10 kV/cm and strain ~ 0.23% at electric field 40 kV/cm [54].

Recently, Zhu et al. synthesized (Ba;,Ca)Tip9oSN00e)O0s [55] and (Ba,Ca)
(Ti1_,Sn,)O5 [56] ceramics. For (Ba;,CaTip9,SNg08)03 ceramics, they found that the
PPT from orthorhombic phase to tetragonal phase at x =0.05 presented high
dielectric and piezoelectric properties (&,~ 23000, k, ~ 47.7%, ds3 ~ 568 pC/N and
d;, ~ 1013 pm/v) [55]. Another (Ba,Ca)(Ti;_,Sn,)O; system, they reported that the
multiphase coexistence of R-PC-O at x = 0.11 (figure 2.22) exhibited ultrahigh ds; ~
670 pC/N and electrostrain 0.061% [56].
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Figure 2.21 Composition-temperature ferroelectric phase diagram of BT-BZ—xCT

ceramics [54]
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Hao-Ran Li et al. studied lead free (Bay,Sr)(ZrogsTines)Os or BSTZ ceramic.
They found that BSTZ with x = 0.11 showed enhance piezoelectric properties (dz; ~
pC/N and k, ~ 0.38) [57]. In 2009, Yanxia Li et al. prepared Ba;_,Sr, Tig94SNg 0603 (BSTS)
ceramics by solid-state reaction method. Researchers reported that the BSTS at x =

0.02 exhibited maximum tunability of 63.5% at applied electric field of 6 kV/cm [58].
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Figure 2.22 Temperature-composition phase diagram of (Ba,Ca)(Ti;_,Sn,)O5 [56]

Jiagang Wu et al. prepared BT-base ceramic by combining (1-
X)Bag 0sCan.02T10.9aSN0.0603-XBaggsCag 15 Tin.00Zr01003  (1-x)BCTS-xBCTZ)  system. The
phase boundary coexistence of orthorhombic and tetragonal phase was observed at
around 4 mol% BCTZ which show good dielectric and piezoelectric properties (&, ~
5500, tand ~ 0.3% and ds3 ~ 407 pC/N) [59]. In 2009, Liu and Ren studied lead free
Ba(TiggZro.2)03—(Bag7Cag 3)TiO5 (BZT-BCT) system which it showed high d3; ~ 620 pC/N
andd,, ~ 1140 pm/V at 50BZT-50BCT composition. The MPB of BZT-BCT ceramic
exhibited ftricritical triple point of a cubic paraelectric phase, ferroelectric

rhombohedral, and tetragonal phases, which leads to a nearly vanishing polarization
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between [001] tetragonal and [111] rhombohedral states, as illustrated in figure 2.23

[60].
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CHAPTER 3
EXPERIMENTAL PROCEDURES

In this section explains experimental procedures used for the preparation powders
ceramic processing and characterization of ternary barium titanate base ceramics. The

characterizations of BT-based ceramics were describes physical and electrical properties.

3.1 Powder preparation

In this studies, BT-based powders of (0.975-y)BaTiO3-0.0255rTiOs—yBaSnO; and
0.9BaTiOs—(0.1-x)Big sNag s TiOs—xBi(Mg 5 Tig 5)O3 systems were prepared using a solid-state
by mixed carbonate and oxide method. The chemical purity and supplier of raw materials
were used for preparations BT-based systems are listed in Table 3.1. For the raw material
of (0.975-y)BaTiO5—0.025S5rTiO5;—yBaSnO; system were mixed by vibratory milled and
0.9BaTiOs—(0.1-x)Bi sNag s TiOs—xBi(Mgq 5 Tig 5)O3 system were mixed by rotational ball milled.
The starting materials were treated and dried in oven at 100°C before use. The oxide and
carbonate powder were weighted according to the molar ratios of unit formula mixed and
milled with yttrium-stabilized zirconia media in ethyl alcohol (ethanol). After that the
mixture was dried in oven at 100°C for 24 hours and calcined in closed alumina crucibles
for an optimized temperature range for each system. Then the calcined powders were
ground and sieved. The procedure of all powder preparations in this studied is shown in

figure 3.1.

Table 3.1 Specifications of starting precursors used in this study

Chemical Purity (%) Suppliers
Barium carbonate (BaCO5) 99.9% Inframal Advance Materials
Bismuth oxide (Bi,O3) 99.9% Sigma-Aldrich
Sodium carbonate (Na,COs) 99.8% Riedel-de Hean
Titanium dioxide TiO, 99.9% Sigma-Aldrich
Magnesium oxide (MgQO) 99% Fluka
Tin oxide (SnO,) 99.9% Sigma-Aldrich

Strontium carbonate (SrCOs) Inframal Advance Materials
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3.1.1 Powder preparation of (0.975-y)BaTiO3;-0.025S5rTiO5-yBaSnO;

The composition series of (0.975-y)BaTiO;-0.0255rTiOs—yBaSnO; (abbreviated as BT
-ST-yBS), where y = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 ceramics were fabricated via solid
— state reaction technique. The metals oxide and carbonate powder of BaCOs3, SrCOs, TiO,
and SnO, were used as starting materials. In the mixing process, the stoichiometric amount

of raw materials were weights by following the equation (3.1).

O.9758aCO3(S)+ 0025SFCO3(5) + (1'X) TIOZ(S) + XSDOz(S) —_— (O975'X)BaT|03—00255rT|O3
—xBaSnOss) (3.1

These powders were mixed in ethanol with yttrium-stabilized zirconia and then
vibro-milling for 6 hours. The mixture were dried and calcined in alumina crucible at
1200°C for 4 hours with heating / cooling rate 5°C/min. The calcined powder were ground
and sieved. The procedure of BT-ST-yBS powder preparations in this studied is showed in
Figure 3.1.

3.1.2 Powder preparation of 0.9BaTiO3—(0.1-x)Biy sNag 5 TiO3-xBi(Mgq 5 Tip 5)O4

Lead free 0.9BaTiOs—(0.1-x)BigsNag s TiOs—xBi(Mgy 5Tip 5)O5 (abbreviated as BT-BNT-
xBMT) ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, were synthesized by the solid
state reaction, as shown figure 3.2. Bi,Os;, BaCOs, Na,COs;, TiO, and MgO powders were
used raw materials. First, stoichiometric amounts of raw materials were weighted by

following the equation (3.2)

(0.1+x) (0.1-x) (2-x)
O.9BaCO3(S) + T B|203(5) + T Na2CO3(S) + T|Oz(5) + E MgO(S) _— >
O.9BaTiO3—(1—X)(Bi0,5Na0'5)TiO3—XBi(!\/\g0.5Ti0.5)O3(5) (32)

The raw materials were mixed and ball-milled with yttrium-stabilized zirconia in
ethanol media for 18 hours. After drying the mixture for 24 hours in an oven and the mixed
powder was calcined at 900°C for 4 hours with heating/cooling rate 10°C/min. Finally

procedure of powder preparation, the calcined powder were ground and sieved.



Raw materials

(BaCOs, SrCOs, TiO, and SnO,)

. 4

Weight according to

the formula

L

Mixed and vibro-milling

6 hours.

4

[ Drying at 100°C for 24 hours ]

4

[ Calcination 1200°C for 4 hours ]

$

[ Ground and sieved ]

$

[ Calcined powder ]

Figure 3.1 The powder preparation procedure of BT-ST-yBS
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3.2 Ceramic processing
3.2.1 (0.975-y)BaTiO;-0.0255rTiO5-yBaSnO; ceramics

AWl BT-ST-yBS powder were weighted about 0.8 g. These powder were mixed with
5% polyvinyl alcohol (PVA) binder and pressed into green pellet of 11 mm diameter by
uniaxial pressing. Then the binder inside the discs can be burnt out at 500°C and dwell
time of 2 hours with heating rate 2°C/min. After that the samples were sintered 1375°C for
4 hours with heating/cooling rate 5°C/min which the disks were placed on an alumina

plate. The samples deal is shown in figure 3.3.

Ceramic

Alumina plate

Figure 3.3 Arrangement of ceramics for the sintering process of BT-ST-yBS system

3.2.2 O.9BaTiO3—(0. 1'X)Bio'5Na0.5Ti03—XBi(Mg0'5Ti0.5)O3 CeramiCS

The calcined powder of BT-BNT-xBMT systems were weighted about 1.2 g. and
mixed continuously with 5% polyvinyl alcohol (PVA) as a binder to obtain homogeneous
mixture. These powder were pressed into disks with 15 mm diameter by cold uniaxial
pressing. Then the green pellet were placed on the alumina powder-bed inside alumina
crucible which had a layer of alumina and BaTiO; powder, as shown in figure 3.4. After
that the PVA binder inside the sample can be burnt out at around 500°C and holding for
2 hours with slowly heating rate 2°C/min. After the PVA burnout process, the disks were

sintered 1150-1250°C for 4 hours with heating/cooling rate 5°C/min.
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Alumina

Ceramic

BT powder

Figure 3.4 Arrangement of ceramics for the sintering process of BT-BNT-xBMT system

3.3 Characterization of ceramics

3.3.1 Physical properties and structure determination

3.3.1.1 Density measurement [1]

The density of sintered pellet is an index of its quality which is dependent on
impurities and pores. It was determined using a water immersion technique at room
temperature based on the Archimedes' principle. The density of each sample could be

calculated (Equation 3.3)

Wa X
P = Wo—W; Pwater

(3.3)

Where, W, = dry weight, W; = ceramic weight in the water and W, = the weight of

ceramic after issuing from water.
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Figure 3.5 Laboratory weights scale (Mittler Toledo)

3.3.1.2 X - ray diffraction analysis [2]

After  sintering of green pallet, the «crystal structure and phase
transition of all ceramics was carried out X-ray diffraction technique. The scattering
of X-ray is related to the interaction between X-ray and crystal lattice of the materials
by the X-ray scattered from different lattices interfere with each other and produces
a diffraction pattern upon the change of incident angle of the X-ray beam. The incident
rays interact with the samples and produces constructive interference when conditions

satisfy Bragg’s law

n\ = 2dsin® (3.4)
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Where, d = perpendicular distance between lattice planes of miller indices, A=

wavelength of the incident, 6 = glancing angle, n = an integer- 1, 2, 3... etc

RN Y

Figure 3.6 SmartlLab X-ray diffractometer

In this studies, The X-ray diffraction results were obtained a SmartLab X-ray
diffractometer (Figure 3.6). The source of X-ray used Cu-Kq radiation with A = 1.5418 A.
The Data of X-ray diffraction were collected in the 26 scan range of 20 - 80°, with a step
size of 0.02° at a scanning rate of 1.2° per minute. The phases were determined by
comparing the major peaks to the values listed on the Joint Committee on Powder
Diffraction Standards (JCPDS) and the peaks of X-ray diffraction pattern were calculated

lattice parameter.
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3.3.1.3 Scanning Electron Microscopy (SEM) [3]

Microstructure  of the ceramic can be exanimated using scanning
electron microscopy. In this studies, the surface morphology of ceramics was observed
using scanning electron microscope (EVO®MA10) (Figure 3.7) by attaching the ceramic on
stainless steel stubs using carbon adhesive tape. After that, the top surface of the sample
was coated by gold layer. The calculation of average grain size of the ceramics were using

linear intercept method.

Figure 3.7 Scanning electron microscope (EVO®MA10)

3.3.1.4 Raman spectroscopy [4]

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. The ceramics, Raman spectroscopy is
used to investigate the vibration modes and sensitivity of local structure in inorganic
materials. In this work, Raman spectra were studied using Thermo Scientific DXR Raman

microscope (Figure 3.8) with a He — Ne laser in 100 — 1000 cm™ for wavenumber.
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Figure 3.8 Thermo Scientific DXR Raman microscope [7]

3.3.2 Electrical Analysis

3.3.2.1 Sample preparation

Before the measurement of electric properties, all samples were polished for both
sides and made parallel. They were cleaned with ethanol in an ultrasonic bath before
electrode coating with silver paste (C1000, Heraeus) on both surfaces. Silver paste was
heated on at 750°C for 20 min with heating/cooling rate 5°C/min and before measurement

of the piezoelectric constant ds; poling of the sample was done.

3.3.2.2 Dielectric property measurement [5]

The dielectric property measurement are mention the determination of the phase
transition temperature, relative permittivity (&) or dielectric constant and loss tangent
(tano). The relative permittivity and loss tangent value were determined from capacitance

measurements based on the following equation 3.5.

Eoéri
Cc = — 3.5
4 (3.5)
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Where C is the capacitance (Farad), d is the ceramic thickness, A is the surface area of

sample, and & is the permittivity of free space, 8.854 x 10-12 F/m.

Figure 3.9 LCR analyzer (HP — 4284, Hewlette Packard Inc.)

In this work, the dielectric property measurements were done using programmable
furnace with an LCR analyzer (HP — 4284, Hewlette Packard Inc.), as shown in figure 3.9
and temperature varied at room temperature to 250°C for BT-BNT-xBMT ceramics and at

room temperature to 160°C for BT-ST-yBS ceramics.

3.3.2.3 Ferroelectric property measurement

Ferroelectric material are perform measurement of polarization as a function of
electric field (P - E hysteresis loop). The P — E hysteresis loop describes the dynamic
nonlinear polarization switch behavior as a function of field. The spontaneous polarization
(Py), remnant polarization (P,) and coercive field (E.) can be obtained from ferroelectric
hysteresis loop. In this studies, polarization — electric field (P - E) hysteresis loop were

determined at room temperature using Radiant Technologies, Inc (RT66A) at a frequency
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4 Hz and an electric field of 10 — 60 kV/cm. During the measurement, the samples were

immersed in silicone oil to prevent the breakdown of from the side area of the samples.

Radiant Technologies (RT66A)

Figure 3.10 Ferroelectric Tester

3.3.2.4 Piezoelectric property measurement [6]

The piezoelectric properties mention the piezoelectric constant (d coefficient).
These is the polarization generated per unit of mechanical stress applied to material (Direct
effect) alternatively, is the mechanical strain produced by a piezoelectric material per unit

of electric field applied (Converse effect). The d coefficient can be calculated from the

following equation 3.6 and 3.7.
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short circuit charge density
di; = C/N 3.6
Y applied mechanical stress (C/N) (3.6)
mechanical strain
= (m/V) (3.7)

applied electric field

Where i indicates the direction of electric field or displacement and j indicates the direction

of mechanical stress or strain.

Radiant Technologies (RT66A

Figure 3.11 Instrument for strain measurement

In this work, the piezoelectric property, the strain measurement was done using an
optical displacement sensor (MTI-2100) combined with the radiant ferroelectric test

system at room temperature and an external electric field of 20 and 60 kV/cm. The

Sm ax

normalized strain (d33) value was calculated from the ratio for each composition.

max
For the d33; measurements was determined at room temperature by using directly from a

quasistatic ds3 meter (YE2730A, APC International Ltd.). Before ds; measurements, the
ceramics were poled at room temperature in silicone oil by applying a DC field at 35 - 40

kV/cm for 20 minutes.
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CHAPTER 4
EFFECT OF Sn CONTENT ON THE DIELECTRIC AND

PIEZOELECTRIC PROPERTIES OF THE TERNARY SYSTEM
(0.975-y)BaTi0,-0.0255rTiO,~yBaSnO,

Based on article published in Journal of Materials Science

Design of the polymorphic phase composition in the (0.975-y)BaTiOs—
0.025SrTiO5—yBaSnO5 ternary system was based on the ferroelectric phase diagram.
The dense ceramic of (0.975-y)BaTiO3-0.0255rTiO5-yBaSnO5 with y = 0.00, 0.02, 0.04,
0.06, 0.08 and 0.10 compositions was fabricated successfully via the solid state reaction
method. The effect of Sn substitution on the ferroelectric phase transition and
piezoelectric properties was explored in order to achieve high performance
piezoelectric properties. All of the ceramics exhibited pure perovskite structures.
Orthorhombic to tetragonal phase transition was evidenced clearly as a function of Sn
content. The orthorhombic to tetragonal phase transition shifted close to ambient
temperature by increasing the Sn content. The coexistent tetragonal and orthorhombic
phases were exhibited at the composition, y = 0.04, and showed outstanding dielectric
and piezoelectric properties, relative permittivity (&) of 11500 and piezoelectric
coefficient (d33) of 450 pC/N. An outstanding reversible strain of about 0.12%, with a
normalized piezoelectric coefficient (Sya/Fmax) Of 1,280 pm/V at a low electric field (10
kV/cm), was observed clearly at the composition of the coexistent phase. The (0.975-
y)BaTiO5—0.0255rTiOs—yBaSnO; ceramics are the most promising candidate for lead-

free piezoelectric materials.

4.1 Introduction

Lead-based piezoelectric ceramics such as lead zirconate titanate [Pb(Zr,,Ti,)Os;
PZT] have been used most widely in actuator and sensor devices, due to their
excellent piezoelectric properties [1]. Nevertheless, PZT ceramics are environmentally

unfriendly and dangerous to human health, due to the toxicity of lead in fabrication
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processing [2, 3]. Therefore, attention has been drawn to lead—free piezoelectric
materials with a performance comparable to that in lead-based materials.
Consequently, in recent years diverse systems have been explored, including bismuth
— alkaline metal titanates and niobates, and especially BaTiOs; BT solid solution [2-5].

Ferroelectric behavior was discovered in Barium titanate (BaTiOs; BT) by Wul and
Goldman in 1946 [6], which led to the widespread use of BT in capacitors and
electromechanical devices [6, 7]. BT has a tetragonal perovskite structure at room
temperature, and pure BT exhibits a piezoelectric constant (d33) of about 191 pC/N)
[8] that is relatively low when compared to PZT-based (d33 = 300 - 600 pC/N) [8].
Therefore, BT has been modified by doping with A and/or B site substitutions [9-11].
The binary system of BaTiO;—BaSnOs; BT-BSn recently showed high dielectric
permittivity (&) ~ 75000 and excellent piezoelectric coefficient (d33) ~ 697 pC/N at
the quasi-quadruple point, which exhibited coexistent Cubic-Tetragonal-
Orthorhombic-Rhombohedral phases in BT-BSn [12]. Wang et al. [13] reported a high
electrostriction strain of ~ 0.22% in the binary systems of BaTiO;-CaTiOs; BT-CT.
Excellent piezoelectric properties also were obtained in the coexistent phase
composition in the BaTiO3;—BaZrO;—CaTiO,; BT-BZ-CT and BaTiO;-BaZrO,-CaTiOs; BT-
BS-CT system [9, 14]. The (Bay.Ca,(Tig.9,5N0.08)05 ceramics recently displayed high ds3
= 568 pC/N, k, = 47.7%, & = 23,000 and normalized strain (dS/dE) = 1013 pm/V at
the orthorhombic/tetragonal coexistent phase composition [15]. The coexistent phase
composition in the Sn dope BT-CT system also exhibited ultra—high d33 (670 pC/N)
and electrostrain (0.061%) [16]. Li et al. [17] recently reported a high piezoelectric
coefficient (d33) of about 380 pC/N and k, of about 38% in the Sr dope Ba(Zr,Ti)Os;
BZT system. The Sr substitute BZT, not only enhanced piezoelectric properties by
shifting the ferroelectric phase transition close to room temperature, but also
decreased the sintering temperature of the ceramic. In order to find new BT-based
ceramics with excellent piezoelectric properties, Sn cation was selected to substitute
the Sr-doped BaTiO; in this work. Sr doped BT was used as a base composition, due
to Sr being able to enhance piezoelectric properties and slightly decrease the sintering
temperature of the ceramic. Systematic study of how the Sn substitution affects crystal
structure, and dielectric and piezoelectric behavior of (0.975-y)BaTiO3-0.0255rTiO5—
yBaSnOs; BT-ST-yBS ceramics, is still rare. The BT-ST-yBS ceramic, with y = 0.00, 0.02,
0.04, 0.06, 0.08 and 0.10 compositions, is designated in this study as a lead—free
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composition that explores the compositional dependence of structure and
piezoelectric behavior in Sn content. The development of piezoelectric properties by

optimizing Sn content in BT-ST-yBS ceramics has been established.

4.2 Experimental procedure

The (0.975-y)BaTiO5-0.025SrTiOs-yBaSnOs ceramic with y = 0.00, 0.02, 0.04, 0.06,
0.08 and 0.10 compositions was fabricated via the solid-state reaction technique. The
metal carbonate and oxide powder of BaCO; (99.9%, Inframal Advance Materials),
SrC05(99.5%, Inframal Advance Materials), TiO, (99.9%, Sigma-Aldrich) and Sn0,(99.9%,
Inframal Advance Materials) were used as raw materials. The stoichiometric amount of
starting materials was mixed in ethanol with yttrium-stabilized zirconia in the first step,
and then vibro-milled for 6 hours. The mixtures were dried and calcined at
temperatures between 1,200 and 1,300°C for 4 hours, with a heating/cooling rate of
5°C/min. The calcined powders were ground and sieved. Finally, the resultant powders
were pressed into pellets of 10 mm diameter, using 5 wt% polyvinyl alcohol (PVA) as
a binder. The pellets were sintered at between 1,375 and 1,450°C for 4 hours with a
heating/cooling rate of 5°C/min. Ceramics with more than 94% theoretical density were
selected for investigating electrical properties. The crystal structure of ceramics was
carried out with X-ray diffraction (Bruker-AXS D 8 Advance) using CuKy radiation in the
26 scan range of 20°-80°. In order to support crystal structure identification of the
ceramics, Raman spectra were measured in the 100 - 1,000 cm! wave number range
with a Thermo Scientific DXR Raman microscope, using the 532 nm exciting line of a
He-Ne laser. Both sides of the samples were polished and paralleled for electrical
measurements. Then, the pellets were coated on both surfaces with silver electrodes
(C1000, Heraeus) and heated at 750°C for 20 min, with a heating/cooling rate of
5°C/min. The frequency (1, 10, 100 kHz) and temperature (room temperature to 160°C)
dependence of relative permittivity (&) and dielectric loss (tand) were obtained by
using an LCR analyzer (HP4284A, Hewlett-Packard, Palo Alto, CA). Ferroelectric
hysteresis loops were determined at room temperature by using a ferroelectric tester
(RT66A, Radiant Technologies, Inc.), and the strain — electric field (S - E) loop was
measured by unipolar driving at 4 Hz using an MTI-2100 Fotonic sensor combined with

a ferroelectric tester. The pellets of 10 mm diameter and 0.6 mm thickness were poled
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under a DC field at 35 — 40 kV/cm for 30 min at room temperature and aged for 24
hours before piezoelectric measurements. The piezoelectric coefficient, d33, was

characterized using a quasi-static d33 meter (YE2730A, APC International Ltd.).

4.3 Results and discussion

The characteristics of crystal structured ceramics were examined by X-ray
diffraction (XRD). XRD patterns of the BT-ST-yBS system, with compositions of y = 0.00,
0.02, 0.04, 0.06, 0.08 and 0.10, are shown in Fig. 4.1a-d. All of the samples
demonstrated a single phase with the perovskite structure, and the secondary or
impure phase was not observed in the XRD patterns, which indicates that both Sr and
Sn ions are fully diffused into the BaTiO; lattice to form solid solution. The crystal
structure of BT-ST-yBS at the compositions, 0.00 < y < 0.02, has a tetragonal
symmetry, identified by a single peak at 26 of 38.7° (Fig. 4.1b) and splitting of (002) and
(200) peaks at 20 of 44.8 — 45.6° (Fig. 4.1c). At higher compositions of 0.06 < y < 0.10,
the XRD pattern exhibits splitting of two peaks [(102)/(120)] at around 38 — 39.5° and
splitting of three peaks [(113)/(131)/(202)] at around 55.8 - 56.3°, which indicates an
orthorhombic symmetry (Fig. 4.1d). Therefore, the results indicated that the crystal
structure changed from tetragonal to orthorhombic phase with increasing Sn content.
Meanwhile, it is anticipated that the tetragonal and orthorhombic phases for y = 0.04
coexist, which is confirmed by dielectric and piezoelectric measurements. It is seen
clearly that the diffraction pattern of all compositions shifts gradually to low angles
with increasing Sn content, which should induce expansion of the host lattice. Lattice
parameter () and unit cell volume (A% were calculated and plotted as a function of
Sn content, as shown in Fig. 4.2a, b. Regarding the compositions, 0.00 <y < 0.02, with
tetragonal symmetry, the unit cell a and c increase slightly with increasing Sn content,
which corresponds with increased unit cell volume. The ostensibly discontinuous
changes are noticed at 0.02 < y < 0.06 when the tetragonal and orthorhombic phases
coexist. The orthorhombic lattice parameters (a, b and c) and unit cell volume slightly
increase for the compositions, 0.06 < y < 0.10. This is consistent with the result
reported by Zhu et al. [16]. The increase in the lattice parameter is caused mainly by
the majority of Sn ions substitute Ti** ions the B site of the perovskite structure with

Sn** state. However, it should be noted that the valency of the Sn ion is very sensitive
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and allowed to adapt to a divalent, trivalent and tetravalent state in oxide ceramics

[18]. Suzuki et al. [19] reported that under sintering conditions of reducing atmosphere,

the Sn ions can substitute Ba?" ions at the A-site of the perovskite structure with Sn

2+

state. The oxidation states of the Sn ion in BT-ST-yBS ceramics must be considered

for future investigation.
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Figure 4.1 (a) X-ray diffraction patterns of (0.975-y)BaTiO5-0.0255rTiO5—yBaSnO,

ceramic between the 268 range of 20 — 80°, (b) expanded range of 38 -

39.5° (c) expanded range of 44.8 - 45.6°, and (d) expanded range of 55.8

- 56.3°
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Dependence on the composition of Raman spectra for (0.975-y)BaTiOs—
0.025SrTiOs—yBaSnO; systems was investigated at room temperature in the frequency
range of 100-1,000 cm™, as shown in Figure 4.3(a-d). The ferroelectric phase with
tetragonal symmetry corresponds with group theory analysis in normal optical mode,
with each F;, mode transforming into A; and E modes, whereas the F,, mode gives
rise to By (silent) and E modes. All spectra generally display Raman-active modes of
ferroelectric material. The interference dips at around 180 cm™, due to antiresonance
between sharp A;(TO;) and broad A(TO,) modes; such as a broad peak of A(TO,)
mode near 257 cm’; sharp peak of E(TO,) mode at 295 cm; broad peak of A;(TO,)
and E(TO) mode at around 515 cm™, which is a bending and stretching vibration of
symmetric Ti-O in [TiO¢]* and a broad peak of A;(LOs) /E(LOs) mode at around 712
cm™[20]. Therefore, Raman spectra of all compositions are observed at a broad peak
of Ai(TO,), E(TO,), A((TO3)/E(TO), A(LO3)/E(LO3) and interference dip mode (Figure 4.3a),
which indicates that all compositions exhibit ferroelectric phase. The signature Raman
mode of tetragonal phase for BT is generally; a broad A(TO,) mode, sharp E(TO,)
mode, broad A,(TO5)/E(TO) mode, swelling A(LO,)/E(LO) mode and broad
A;(LO5)/E(LO3) mode [21]. Also, the mode of orthorhombic phase is a broad A;(TO),
A((TO,), A(TOS)/E(TO) and A(LO5)/E(LOs) peak and sharp E(TO,) peak [21]. In the
compositions, 0.00 < y < 0.02, all of the Raman patterns show A;(TO,), E(TO,),
A(LOL)/E(LO), Ai(TO3)/E(TO) and A(LOs)/E(LO3) at around 260, 303, 472, 517 and 720
cm™, respectively, which indicates a ferroelectric tetragonal phase. At the higher
compositions, 0.04 < y < 0.10, the A(TO;) mode appeared gradually at 190 cm™ and
A(LO,) /E(LO) mode at 472 cm™, but both were absent in the Raman spectrum.
Therefore, the compositions, 0.06 < y < 0.10, were considered as a signature of the
ferroelectric orthorhombic phase by the presence of A(TO,), A(TO,), E(TO,),
A(TOS)/E(TO) and A(LO5)/E(LO;) mode near 190, 222, 301, 514 and 716 cm’,
respectively. A weak A,(TO;), Al(TO,), E(TO,), Ai(TO3)/E(TO) and A;(LO5)/E(LO;) peak at
the composition, y = 0.04, showed coexistence of the ferroelectric tetragonal and
orthorhombic phase. These results identified that the phase transition changed from

tetragonal to orthorhombic phase, which corresponds well with the XRD pattern.
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Figure 4.3 (a) Raman spectra of (0.975-y)BaTiO5-0.0255rTiO5-yBaSnO; ceramic at room

temperature with the compositions, 0.00 < y < 0.10, in the wave number

range from 100 to 1,000 cm™, (b) enlarged Raman shift range from 100 to

290 cm’, (c) enlarged Raman shift range from 200 to 310 cm™, and (d) the

relative plot between wave number cm™ and composition y.
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Figure 4.4 presents the temperature dependence of relative permittivity (&) and
dielectric loss (tand) of BT-ST-yBS systems with y = 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10 compositions at frequencies 1, 10 and 100 kHz. The relative permittivity curves
for the composition, y = 0.00 and 0.02, exhibit one sharp peak at 110 and 97°C,
respectively, with this transition being related to the transition from tetragonal
(Pdmm) ferroelectric to cubic (Pm3m) paraelectric phase. Nevertheless, the relative
permittivity curves for the compositions, 0.04 < y < 0.08, presented two anomalous
peaks. A higher temperature was associated with the ferro-to-paraelectric phase
transition, while a lower temperature suggested the phase transition from
orthorhombic to tetragonal phase. The O-T phase transition temperature shifted
slightly with increasing Sn content to a high temperature from 32°C fory = 0.04 - 41°C
for y = 0.08. Furthermore, the transition temperature decreases with increasing Sn
content (Fig. 4.5). The temperature range width of the tetragonal phase decreases
continuously with increasing Sn content. The permittivity at room temperature is seen
to increase continuously from y = 0.00 - 0.04 with increasing Sn content. This result is
due to the shift of O-T phase transition temperature that is close to room temperature.
It is known that the relative permittivity of a normal ferroelectric phase, which is above
the maximum relative permittivity temperature, can be described by the Curie — Weiss

law [7, 22];

- ¢ s (a.1)
—=— . (T> :
= (T>Ty)

where Ty is the Curie — Weiss temperature and C is the Curie — Weiss constant. The
relative permittivity of pure BT obeys the Curie — Weiss law, which is Ty~ 383 Kand C
~1.56 x 10° K [14]. However, further characterization of broad relative permittivity and

diffuseness of the phase transition followed a modified Curie-Weiss law, as described

below [23, 24]:

R I s A @.2)
g 26%
where ¥ is constant and &g, is the maximum value of relative permittivity at phase
transition temperature (T;;,). The parameter Yexpresses information on the character
of the phase transition, and when } = 1, the equation follows the Curie — Weiss law,
which indicates normal ferroelectrics; while ¥ = 2 describes a complete diffuse phase

transition. The ¢ value can be applied to gauge the degree of diffuseness in the phase
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1 1
transition. Figure 4.6 illustrates the plot of In (; — g—) as a In(T — T,,) function of
m

(0.975-y)BaTiO5-0.0255rTiO5-yBaSnOs systems at 1 kHz. The value of parameter yand
o'is presented in Table 1. It can be seen that parameter y tends to increase from 1.20
to 1.37 with increasing Sn content. The ¢ value has a similar tendency of an increase
from 12.47 to 13.40 with increasing Sn content, thus confirming that a diffuse phase
transition appears in the BT-ST-yBS system. This result occurs when at least two
cations dominate the same crystallographic site, a or b, which is found in many
complex perovskite structures such as lead-free BaZrO;-CaTiOs;—BaTiO; [11],
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In order to investicate the ferroelectric behavior in BT-ST-yBS ceramics, the
electrical polarization hysteresis loop of each composition was measured at room
temperature with an electric field of 60 kV/cm. Figure 4.7a illustrates the polarization—
electric field hysteresis loop for all compositions of y at a frequency of 4 Hz. All BT-
ST-yBS ceramics with y = 0.00-0.10 compositions exhibit symmetry in shape and well-
saturated hysteresis loops and result in domain switching in an electric field. The plot
of P, and E. value as a function of composition y is presented in Fig. 4.7b. It can be
seen that the P, initially tends to increase from 12.93 uC/cm? at y = 0.00 to a maximum
value of 13.14 uC/cm? at y = 0.04, and then it decreases gradually from 10.48 uC/cm?
aty = 0.06 — 6.95 uC/cm? at y = 0.10. In addition, the £, values decrease clearly from
7.00 to 3.08 kV/cm with increasing Sn content, as shown in Fig. 4.7b. The decrease in
E. indicates that ceramics become ‘‘softer’” with increasing Sn content, regarding the
electric field, because the free energy profile for polarized rotation is flattened
anisotropically at the two phases and multiphase coexistence [12, 27]. In order to
investigate the changes in hysteresis loop behavior, the empirical relationship between
P,, P, and polarization at fields above E. was proposed by Haertling and Zimmer for

calculating squareness of the hysteresis loop as follows [28]:

P, Pi11E(
sq = 5 T 5
PS PT'

R (4.3)

where Rsq is the squareness of the hysteresis loop, and P, and P, are remanent and
saturated polarization, respectively. Py ¢ is polarization at an increasing electric field
of 1.1 times the coercive field (E). The squareness parameter investigates the
quantification of changes in P-E hysteresis loops. The Rsq is equal to 2 for an ideal P-
E hysteresis loop. The calculated Rsq values of all ceramics are inferred in Table 4.1.
It was found that the Rsq parameter tended to decrease from 0.80 to 0.72 with
increasing Sn content, which implies that the P — E hysteresis loop becomes more
slanted.

Figure 4.8a displays the unipolar electric field induced strain curve for the BT-
ST-yBS ceramic, with y = 0.00 — 0.10 compositions, measured at 10 kV/cm. It can be
observed that with increasing Sn content, the unipolar strain increases with increasing
y of up to 0.04 and reaches the maximum electrostrain value of 0.13%. On increasing

y further to 0.1, the unipolar strain decreases to 0.074%. Figure 4.8b illustrates the
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direct piezoelectric coefficient (d33) and a normalized strain or converse piezoelectric
coefficient (d33= Sma/Emad at the electric field of 10 kV/cm as a function of
composition. It can be observed that the d33 value tends to increase with increasing
composition y and reaches its maximum at about 1280 pm/V at y = 0.04, before
decreasing with increasing composition y. The d33 values also have a similar trend and
maximum dz3 values of 450 pC/N, as y increases to 0.04. As a result, ceramic at the
composition, y = 0.04, exhibits the highest normalized strain and piezoelectric constant
in the systematic series studied, due to the coexistence of orthorhombic and
tetragonal phase near room temperature. The enhanced d3; and d3; values are
considered to be reasonably consistent with the multiphase coexistence of the
orthorhombic and tetragonal phase that occurs near ambient temperature at y = 0.04.
In the point view of crystallographic symmetry, there are 18 domain orientation states
(6 domain states along 100c direction for tetragonal symmetry and 12 along 110c
direction for orthorhombic symmetry) near the O-T phase transitions. In general, a
large number of thermodynamically equivalent states near O-T phase transitions allow
a high degree of ferroelectric dipole alignment. This causes instability, multiple
polarization and strain variants, so that the direction of polarization is rotated easily by
external stress or the electric field, thus making it much easier for different grains to

coordinate in a collective response.



20
N/'\
£
2 10-
@)
3
e’
=
=] 0+
.;
[~
N
E 104
(==}
-

-20-

60 40 =20 0 20 40 60
Electric field (kV/cm)

—~
L 144 (b) =P
\ — \
& 12 \#
g \§ 6
= 10+ \
N 4
=
= 8 3
Qi \—
~—
S 6
—]
g
Q 4 | | J ] | | | 0
7 0.00 0.02 0.04 0.06 0.08 0.10

Composition (p)

C

Coercive field (E (kV/cm))

66

Figure 4.7 (a) The plot between polarization (uC/cm?) and electric field (kV/cm) as a

function of composition y, and (b) the plot of remanant polarization

(uC/cm?) and coercive field (kV/cm) value as a function of composition y.
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4.4 Conclusion

BT-ST-yBS ceramic was fabricated by the conventional solid — state reaction
method. Raman and XRD study indicates that the orthorhombic and tetragonal phases
coexist near ambient temperature at y = 0.04. Enhanced dielectric, ferroelectric and
piezoelectric properties of & max ~ 11500, P, ~ 13.14 pC/cm?, dj5 ~ 1280 pm/V and
d33 ~ 450 pC/N were obtained as samples at y = 0.04. This observation indicated that

the BT-ST—yBSn system is a promising candidate for lead-free piezoelectric ceramics.
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CHAPTER 5
DIELECTRIC, FERROELECTRIC AND PIEZOELECTRIC

PROPERTIES OF THE LEAD FREE 0.9BaTiO,—(0.1-
X)BiosNao5TiO3_XBi(Mg05Ti05)O3 SOLID SOLUTION

Based on article published in Ferroelectrics

Solid solution of 0.9BaTiO3—(0.1-x)Big sNag 5 Ti0O3-xBi(Mgg 5 Tig 5)05 (BT-BNT-xBMT)
system, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, was synthesized by the solid state
reaction. Dense BT-BNT-xBMT ceramics were obtained by sintering at 1,150-1,250°C
for 4 h. The effect of BMT on crystal structure and electrical property of BT-BNT
ceramics was investigated as a function of composition, x, using X-ray diffraction,
dielectric spectroscopy, hysteresis and strain measurements. The crystal structure of
solid solution BT-BNT-xBMT, where x = 0.00-0.10, successively transforms from
tetragonal to pseudocubic symmetry, with increased BMT concentration. Temperature
dependence of dielectric constant (&) and dielectric loss (tand) for BT-BNT-xBMT at
various frequencies showed that phase transition of ceramics changed from
ferroelectric to relaxor-like behavior as BMT content increased. Furthermore, remanent
polarization (P,), coercive field (E.) and the normalized strain (d33) of BT-BNT-xBMT

ceramics tend to decrease with increasing BMT concentration.

5.1 Introduction

Lead zirconate titanate (PZT) ceramics have been used widely in many electronic
devices such as piezoelectric sensor, actuators and transducers because of their
excellence piezoelectric properties [1]. However, PZT-based piezoelectric ceramics are
not environmental friendly because more than 60% wt of these ceramics contains the
lead toxicity. Furthermore, the EU legislation forced draft directives including Waste
from Electrical and Electronic Equipment (WEEE) and Restriction of Hazardous

Substances (RoHS). According to the environmental issues, lead free friendly
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piezoelectric ceramics have been received considerable attentions to replace lead-
based piezoelectric materials.

Although no real lead free materials can be replaced the common use in lead-
based ceramics for various applications, many potentially promising lead free materials
have been developed. Among the lead free materials, Barium titanate (BaTiOs; BT) has
perovskite structure and good electrical properties such as ferroelectric and
piezoelectric properties but low Curie temperature (T¢) [2]. In recent years, there are
many researches about BT-base for example BaggsCagi5Tin90Zr01005 [3] and (1-
X)Bag.08Ca0 02 Tip.0aSN0 0s03—XBag 85Cag 15 Tig 00-Zr0.1005 [4].  Jiagang Wu et al. [4] found that
BT-base ceramic by combining (1-x)Bag ogCa.02Ti0.94SN0.0603—XBaggsCag 15 Ti0.00Zr0.1005((1-
x)BCTS-xBCTZ) system has a phase boundary coexistence of orthorhombic and
tetragonal phase at around 4 mol% BCTZ which show good dielectric and piezoelectric
properties of dielectric constant (&.~ 5500), dielectric loss (tand ~ 0.3%) and
piezoelectric constant (d33 ~ 407 pC/N). The binary system of BigsNagsTiOs—BaTiOs
(BNT-BT) is an important candidate for replacing lead-based piezoelectric. In a few
decades, BNT-BT solid solution was studied by various research groups [2,5,6].
Takenaka et al. [5] found that BNT-BT system has a morphotrobic phase boundary
(MPB) between rhombohedral and tetragonal phases at around 6-7 mol% BT which
shows the excellent properties including £§3/80 = 580, piezoelectric constant (d33 =
125 pC/N), Curie temperature (T¢ =288°C), dielectric loss (tand = 1.3 %) and planar
coupling coefficient (k33 = 55.0%). Afterwards, researchers focused to develop BNT-BT
binary material on the composition range of MPB by doing ternary solid solution such
as KNN-modified BNT-BT [7,8] and BZr-modified BNT-BT [9]. Also, the BNT-BT based
systems on the BNT-rich side have been investigated extensively for example (0.94-
x)BNT-0.06BT-xKNN [7], 0.865BNT-0.350BT-0.100BKT [8] and BZr-modified BNT-BT [9].
However, few works have investigated and developed BNT-BT on the BT-rich side.
Recently, Wada et al. studied on the combination between BaTiO; and Bi(Mgg 5 Tiy 5)O3
(BMT) and found that BMT can enhance Curie temperature (T¢) of BT with the highest
Tc (about 360°C) for 0.5BaTiO;—0.5BMT ceramics [10]. Moreover, Qi Wang et al. have
studied lead free BiysNagsTiOs—Bi(Mgy5Tip5)05 systems and reported that BMT can
improve piezoelectric properties and enhance T. of BNT ceramic. The 0.95BNT-

0.05BMT ceramic showed the highest d33 about 110 pC/N and high T¢ at 352°C [11].
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This work dealt with the new ternary system of 0.9BaTiO3—(0.1-x)Biy sNag 5 TiO3—
xBi(Mg 5 Tig5)O5 in order to get more information of BT-BNT-based on BT-rich side. BT-
BNT-xBMT ceramics were prepared by the solid state reaction. The effect of BMT on
crystal structure, phase transition and electrical properties were studied as a function

of composition, x.

5.2 Experimental procedure

Lead free  0.9BaTiOs—(0.1-x)BigsNag s TiO3—xBi(Mgy 5 Tig5)O3  (BT-BNT-xBMT)
ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, were synthesized by the solid
state reaction. Bi,O3 (99.9%, Sigma-Aldrich), BaCO; (98.5%, Fluka), Na,COs; (99.8%,
Riedel-deHaen), TiO, (99.9%, Sigma-Aldrich) and MgO (99%, Fluka) powders were used
raw materials. First, stoichiometric amounts of raw materials were weighted and ball-
milled with yttrium-stabilized zirconia in ethanol media for 18 hours. After drying the
mixture for 24 hours in an oven, the mixed powder was calcined at 900 for 4 hours
with heating/cooling rate 10°C/min. In order to obtain fine particles prior to making a
pellet, the calcined powders were ground and sieved. The fine powders were pressed
into disks with 15 mm diameter. 5 wt% polyvinyl alcohol as a binder was used as
binder. The disks were sintered at 1150 — 1250°C for 4 hours with heating/cooling rate
5°C/min. The crystal structure of ceramics was characterized using X-ray diffraction
(Bruker — AXS D 8 Advance) with Cu(Ke) radiation in the 26 scan range of 20 - 80°. For
electrical measurements, the samples were polished for both sides and made parallel
before electrode coating with silver paste (C1000, Heraeus) on both surfaces. Silver
paste was heated on at 750°C for 20 mins with heating/cooling rate 5°C/min. The
relative permittivity (&) and dielectric loss (tand) were determined as a function of
frequency (1 - 100 kHz) and temperature (room temperature to 250°C) using LCR meter
(HP4284A, Hewlett-Packard, Palo Alto, CA). Polarization-electric field (P - E) hysteresis
loop were determined at room temperature using Radiant Technologies, Inc (RT66A).
The strain-electric field (S — E) curves were determined using MTI-2100 Fotonic sensor
combined with Radiant Technologies. The peak field for P — E hysteresis loop and S -
E curve measurements was maintained at 60 kV/cm during measurement. The surface
morphology of ceramics was observed using scanning electron microscope

(EVO®MA10).
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5.3 Results and discussion

The X-ray diffraction patterns of BT-BNT-xBMT ceramics, where x = 0.00, 0.02,
0.04, 0.06, 0.08, 0.1, are shown in Figure 5.1(a). It indicates that all samples are a single
phase with the perovskite structure. The secondary and other phases were not
observed in the XRD patterns, which indicates that all compositions in the BT-BNT-
xBMT system can completely form solid solution with a perovskite structure. A (111)
peak at around 39° was chosen to identify the crystal structure of BT-BNT-xBMT
ceramics as shown in figure 5.1(b). In the compositions, 0.00 < x < 0.08, the crystal
structure has a tetragonal symmetry, identified by a splitting of the (002) and (200)
peaks. At the higher BMT content of x = 0.1, the doublet of (002) and (200) peaks
become a single peak of (200) and the (111) peak still exhibits a single peak. These
results indicated that the crystal structure changed to a pseudocubic symmetry.

The average ionic radius of A - site and B - site, calculated lattice parameters,
the tetragonality c/a ratio and tolerance factor of each composition are listed in Table
5.1. The tetragonality c/a ratio is the important factor representing the lattice distortion
of the tetragonal symmetry. It is seen that the c/a ratio decreases significantly with
increasing BMT content. The ionic radii of Bi** (CN = 12, 1.40 R) are smaller than the
ionic radii of Ba?* (CN = 12, 1.61 A) resulting in the decreasing of average ionic radii at
A-site [12]. Also, the substitution of Ti*" ions (CN = 6, 0.605 A) by Mg?* (CN = 6, 0.72 A)
results in the increasing of average ionic radii at B-site as shown in Table 5.1. Then, it
is reasonable to assume that the substitution of BMT into BT-BNT leads to the
distortion and deformation of tetragonal structure. Furthermore, the tolerance factor
(t) is important factor that reflecting the perovskite structure distortion, rotation and
tilt of the BO4 octahedra [13]. Generally, the perovskite structure is stable in the range
of 0.880 < t < 1.090 region [14] and the symmetry is higher as the t value is approach
to 1. It is also noticed that the t for BT-BNT-xBMT ceramics tends to decrease with
increasing BMT which corresponds well with the phase transition from tetragonal to
pseudocubic symmetry.

Based on the XRD data, it could be said that the combination between BT-BNT
and BMT could form completely crystalline solid solution of perovskite structure but

the existence of BMT caused the tetragonality of BT-BNT decrease.
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Figure 5.1 (a) X-ray diffraction patterns of BT-BNT-xBMT ceramics with the composition
0.00 < x £ 0.10 (b) X-ray diffraction patterns for (111), (002) and (200) peaks
of BT-BNT-xBMT ceramics with the composition 0.00 < x < 0.10.



Table 5.1 Lattice parameters and lattice anisotropy of BT-BNT-xBMT ceramics with the composition 0.00 < x < 0.10.

X Crystal lonic radii (A) Tolerance factor Lattice parameter(A) c/a
Structure A - site B - site ® a C

0.00 T 1.5910 0.6050 1.0548 3.9590 + 0.0792  4.1086 + 0.2924 1.0378
0.02 T 1.5906 0.6062 1.0541 30847 + 0.0518 4.0619 + 0.1678 1.0194
0.04 T 1.5902 0.6073 1.0534 3.9792 + 0.0500  4.0675 + 0.1641 1.0222
0.06 T 1.5898 0.6085 1.0526 39969 + 0.0421  4.0282 + 0.0456  1.0078
0.08 T 1.5894 0.6096 1.0519

4.0017 £ 0.0159  4.0131 + 0.0118 1.0029
0.10 PC 1.5890 0.6107 1.0511

4.0066 + 0.0049

L



78

6000 1.0
— 1 kHz x=0.00

10 kHz

— 1 kHz

4000 x=0.06 10kt [0-45
0.8 —— 100 K1Y

45004 — 100 KITz
0.6 30004 +0.30
30001 =154 5000 L
- 1500+ 02 10004 =<2 L 0.00
= . 0.0 '
g T = S
Py 5000 50 100 150 200 250 4000 50 100 150 200 250 =
> — lkHe x=0.02 L0.45 x=0.08 —1kile L 45 =
.5 10 kHz 5 - 10Kz Yy
~ 4000- —— 100 kHzZ 3000_ — 100 kH7| R _—r
o
E 3000 +0.30 %
= =
=P L0.15
20004 .
= ‘ 2
g 10007 =" e e Gt o 1) ~
o i ]
= B o o . 2
E 50 100 150 200 250 50 100 150 200 250 o)
W —— 1Kz = i i ——1kHe | Py
m 40004 — i x=0.04 0.45 30004 x=0.10 T 0.45 Q
— 100 kHz — 100 kHz|
3000+ -0.30
2000+
20004 L0.15 .
1000 £22 ‘ 10004+,
1 st ooe b s s o et )
01— T T r 01— v v v
50 100 150 200 250 50 100 150 200 250

Temperature (°C)

Figure 5.2 Relative permittivity (&) and dielectric loss (tand) as a temperature
dependence of BT-BNT-xBMT ceramics with the composition 0.00 < x <
0.10.

Figure 5.2 illustrates the temperature dependence of the relative permittivity
(&) and dielectric loss (tano) of BT-BNT-xBMT ceramics measured at various
frequencies between 1 and 100 kHz. Regarding the composition, x = 0.00, the relative
permittivity of 0.9BT-0.1BNT increased slowly until the temperature approached
transition temperature, then it abruptly increased and passed through a maximum of
about 178°C. This discontinuity of dielectric constant at phase transition is characteristic
of the first order phase transition [15] and occurs from the change of the tetragonal
ferroelectric (FE) phase into the cubic paraelectric (PE) phase, in agreement with
previous reports [2]. The relative permittivity curves at the compositions, 0.02 < x <

0.10, showed only one phase transition. The composition, x = 0.02, showed a



79

broadening dielectric peak which much like the characteristic of relaxor ferroelectric,
however the position of the peaks keep unchanged at various applied frequency. At
higher composition, 0.04 < x < 0.10, the diffuse phase transition behaviour with broad
maximum and frequency dispersion became more self-evident when BMT
concentration increased. Also, the transition temperature is dependent of frequency
and increases with increasing frequency. These results indicated that BT-BNT-xBMT
progressively change from normal ferroelectric to relaxor ferroelectric when BMT
concentration increases. This phenomenon of BT-BNT-xBMT system resulted from the
substitutions of Bi** ions for Na* ions and Mg?" ions for Ti**, which distort the unit cell
and change dipole moment. For complex perovskite compound, the more cations
occupy the equivalent crystallographic site of A or B, the more the chemical fluctuation
and structural disorder in arrangement of cations are inhomogeneous at the nanometre
scale, then the relaxation characteristic becomes more distinctly [16, 17].

In order to further characterize the relaxor behavior, a modified Curie — Weiss
law in equation (1) was used for description a broad relative permittivity and

diffuseness of phase transition [18, 19].

T—Ty,)"
= % (5.1)
v

Where, &, is the maximum value of relative permittivity and T, is the temperature of
dielectric maximum. The Y value expresses the degree of dielectric relaxation in relaxor
ferroelectric material which this value is in the range of 1 < ¥ < 2. When y value is
equal 1, Eq. (1) becomes the classic Curie Weiss law valid in the case of normal
ferroelectric. When 7y value is equal 5.1, the ideal relaxor behavior with quadratic
dependence is described. The parameter ¢, is the diffuse parameter which can be
used to determine the degree of diffuseness in the phase transition. The §, value can

be observed from the slope of &,/¢& versus (T — Tm)z, which should be linear. Plot
1 1
of ln(; — g—) as function of In(T — Ty,,) at 100 kHz of BT-BNT-xBMT ceramics are
m
1 1
displayed in figure 5.3. By plotting ln(; — g—) versus In(T — Ty,), the ¥ value can be
m

determined directly from the gradient. The yand ¢y values are determined and shown

in Table 5.2. It is clearly seen that both ¢y and yvalues tend to increase with increasing
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of the BMT content, confirming the relaxor behavior in these solid solution. Based on
the dielectric data, a slim P-E hysteresis loop in BT-BNT-xBMT ceramic at high BMT

content is expected to observe at room temperature.
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Figure 5.3 The relative plot between Ln(— — —) versus In(T — Ty,)
&  &m

Curie temperature and maximum relative permittivity (& ;max) at 100 kHz of
BT-BNT-XxBMT ceramics are determined and plotted as a function of composition in
figure 5.4(a). It was observed that Curie temperature decreased rapidly with further
increase of BMT. As the previous works have reported that the rapidly decrease in
transition can be caused by valence mismatch [20, 21]. In BT-BNT-xBMT system, the
differences in valence of ions at A-site (Ba*, Na*, Bi**) and B-site (Mg?*, Ti**) might be
result in valance mismatch, thus Curie temperature decrease with increasing BMT
content. Similar behavior is also observed for the substitution of BMT in KNN structure
[22]. Moreover, the maximum relative permittivity (& ;paqx) Of BT-BNT-XBMT ceramics
tends to decrease with increasing BMT concentration. However, at room temperature

the relative permittivity (& room) tends to abruptly increase with increasing BMT,
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excepting the composition, x = 0.10. While, dielectric loss (tand) tend to gradually

increase with BMT increase as shown in figure 5.4(b). The smooth increase of & room

for the compositions, 0.02 < x < 0.08, might be attributed to the decreasing of Curie

temperature to room temperature. While, the & yoom ©f composition, x = 0.10 is

decrease might be the Curie temperature being below room temperature.
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Table 5.2 The dielectric and ferroelectric properties of BT-BNT-xBMT ceramics with the composition 0.00 < x < 0.10

X Er max tano 4 o P, Ps E. Squareness
at 100 kHz at 100 kHz (uC/cm?) (uC/cm?) (kv/cm) hysteresis loop(R;g)
0.00 524 0.038 1.08 12.88 15.52 19.72 29.47 1.56
0.02 663 0.039 1.32 13.98 12.87 18.04 24.31 1.38
0.04 1075 0.051 1.47 14.94 11.26 17.74 20.41 1.20
0.06 1684 0.071 1.60 15.77 8.30 17.30 13.64 0.88
0.08 2820 0.069 1.67 16.26 2.55 15.96 4.24 0.37
0.10 2526 0.080 1.59 15.97 1.63 11.77 3.48 0.33

8
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The composition dependence of polarization-electric field (P-E) hysteresis loops
for BT-BNT-xBMT system was measured at room temperature with electric field of 60
kV/ cm, as shown in figure 5.5. It is evident that all ceramics display the saturated P-E
hysteresis loops. For 0.9BT-0.1BNT, a shape of hysteresis loop displays typically normal
ferroelectric behavior with remanent polarization (P,) and coercive field (E.) of 15.52
uC/cm? and 29.47 kV/cm, respectively, which in good agreement with previous work
[2]. Normal ferroelectric contains a long-range interaction between dipoles in the
ferroelectric micro-domain state, giving a typical square hysteresis loops with high P,
and E. As expected for BT-BNT-xBMT ceramics, the substitution of BMT has
significantly effect on the hysteresis loops shape and polarization and coercive field
values. The more BMT concentration increases, the more the hysteresis loop shape
becomes slim, identified the gradually drop of P, P;and E. values as summarized in
Table 5.2. This result suggests that the long-range order of polarization in ferroelectric
micro-domain was significantly broken down to polar nano-regions by adding BMT.
Then, at high content of BMT, normal ferroelectric BT-BNT-xBMT ceramics become
relaxor-like behavior exhibiting a slim P-E hysteresis loop with low P, and E.. For low
content of BMT, the decreasing of P, and E. might be due to an easier of domain
switching and domain wall motions [23] as well as tetragonality decreasing of crystal
structure in this system [24]. The plots of P, and E. values against composition are
given in figure 5.6. Again, a clearly smooth trend of decrease was seen in P, and E. with
respect to BMT content, confirming the completely solid solution formation in BT-

BNT-xBMT system.
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To confirm the changes in hysteresis behavior, the empirical relationship
between P,, P, and polarization at fields above the E. proposed by Haertling and

Zimmer was used for calculated the squareness of hysteresis loop [25]

P, PiaE,
o, ——f¢

R.., =
4  ps P

(5.2)

where, Ry, P, and P, are squareness of hysteresis loop, remanent polarization and

s
saturation polarization, respectively. P i is the polarization at an electric field equal
to 1.1 times the coercive field (E). The squareness parameter reflects the
quantification of changes P-E hysteresis loops. For an ideal P-E hysteresis loop, the Ry,
is equal to 5.2. The calculated Ry, for all ceramics is listed in Table 5.2. It is clearly
found that, as BMT content increase, the R, parameter decreases from 1.56 to 0.33
which implies that P — E hysteresis loop becomes more slanted. On the other words,
the P — E loops changes from normal ferroelectric to relaxor behavior with increasing
BMT concentration which is consistent with the dielectric result.

Combined with the ferroelectric, the dielectric and XRD results of BT-BNT-xBMT
ceramic, all of changes such as the transformation of crystal structure, the decreasing
of transition temperature and remanent polarization and ferroelectric— relaxor
ferroelectric phase transition are so smooth. Therefore, it could be said that BT-BNT
and BMT can completely form solid solution throughout the whole composition range.

Figure 5.7 illustrates the unipolar strain curves of BT-BNT-xBMT ceramics
measured at room temperature with an external electric field of 60 kV/cm. It is clearly
found the decreasing of unipolar strain of BT-BNT-xBMT ceramics from 0.2% to 0.09%
when the composition of x was increased from 0.00 to 0.10. The normalized strain
(d33) value of BT-BNT-XBMT ceramics was calculated from the S, .,/Eax ratio for each
composition. The composition dependence of normalized strain tends to decrease
from 328 pC/N to 153 pC/N when composition of BMT increases, as represented in
figure 5.8. This result has caused the approaching to the relaxor-like behavior with
increasing of BMT [26]. The composition dependence of the level of induce strain is

similar to result observation of BT-Bi(Niy/,Ti;»)O3 system [27].
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Figure 5.9 displays SEM micrograph of the sintered surfaces of BT-BNT-xBMT
ceramics at x = 0.00, 0.02, 0.04 and 0.10. The substitution of BMT directly effects on
the average grain size of BT-BNT-xBMT ceramics. For the composition x = 0.00, the
grain morphology shows and the average grain size is about 1.01 + 0.14 um.
Homogeneous and uniformity feature microstructures were observed in the
composition x = 0.00. The wide grain size distributions was observed in the composition
x = 0.02 and 0.04. For the composition x = 0.10, more disorderly and unsystematic
shaped grains are observed. A dramatic grain growth inhibition was founded with
increasing BMT composition. The average grain size decreased significantly with
increasing the composition x. The average grain size are about 0.72 + 0.09 ym, 0.54 +
0.09 um, and 0.49 + 0.07 pm for the composition x = 0.02, 0.04 and 0.10 respectively.
This should be attributed to the effects arisen from the donor-type nature of BMT on
inhibiting the grain growth [22]. The decreasing in piezoelectric properties in BNT-BT-
xBMT system may be attributed to the inhibiting of the grain growth coursed by
substitution of BMT in the BNT-BT system. The detailed mechanisms of the diminution
in piezoelectric properties of BT-BNT-xBMT system are unclear and demands further

study.

Figure 5.9 SEM micrographs of BT-BNT-xBMT ceramics with various compositions (a)

x = 0.00, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.10.
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5.4 Conclusion

Lead free 0.9BaTiOs—(0.1-x)Biy sNag s TiO3—xBi(Mgg 5 Tig 5)03 (BT-BNT-XBMT; x = 0.00
- 0.10) piezoelectric ceramics were synthesized successfully by the solid state
reaction. The crystal structure of BT-BNT-xBMT solid solution transforms from
tetragonal to pseudocubic symmetry with increasing of BMT content. Combined with
the ferroelectric and the dielectric results of BT-BNT-xBMT ceramic, phase transition
of ceramics gradually changed from ferroelectric to relaxor-like behavior as BMT
content increased. Also, BT-BNT and BMT can completely form solid solution

throughout the whole composition range.
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CHAPTER 6
CONCLUSIONS AND SUGGESTION FOR FURTHER WORK

6.1 Conclusions

The barium titanium-based ternary system in two systems: BaTiO;—SrTiOs-
yBasSnO; and BaTiO3-Big sNag 5 Ti05—Bi(Mgy 5 Tig 5)O3 ceramics were selected, to design
the multi-phase composition. All ceramics samples in both systems were prepared
by conventional solid state method. The structure-properties relationship was
explored.

The first ternary system was (0.975-y)BaTiOz-0.025SrTiOs-yBaSnOs, where y =
0.00, 0.02, 0.04, 0.06, 0.08 and 0.10. The effect of Sn substitution on the ferroelectric
phase transition and piezoelectric properties was explored to achieve high-
performance piezoelectric properties. All of the ceramics exhibited pure perovskite
structures. The coexistent tetragonal and orthorhombic phases were exhibited at the
composition, y = 0.04, and showed an outstanding dielectric and piezoelectric
properties, relative permittivity (&) of 11,500 and piezoelectric coefficient (d33) of
449 pC/N. An outstanding reversible strain of about 0.12%, with a normalized
piezoelectric coefficient (S, a/Emad Of 1,280 pm/V at a low electric field (10 kV/cm),
was observed clearly at the composition of the coexistent phase. This result
indicated that the (0.975-y)BaTiOs-0.025S5rTiOs-yBaSnO; ceramics are one promising
candidate system for lead-free piezoelectric materials.

The second system was 0.9BaTiOs—(0.1-x)Biy sNag 5 TiOs—xBi(Mg 5Tig 5)O5 system,
where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10. The effect of BMT on crystal structure and
electrical property of BT-BNT ceramics was investigated as a function of composition,
x. The crystal structure of solid solution BT-BNT-xBMT, where x = 0.00 - 0.10,
successively transforms from tetragonal to pseudocubic symmetry, with increased
BMT concentration. Temperature dependence of dielectric constant (&) and
dielectric loss (tand) for BT-BNT-xBMT at various frequencies showed that phase
transition of ceramics changed from ferroelectric to relaxor-like behavior as BMT

content increased. Furthermore, remanent polarization (P,), coercive field (E.) and the
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normalized strain (d33) of BT-BNT-BMT ceramics tend to decrease with increasing

BMT concentration.

6.2 Suggestions for further work

In part of structural characterization in X-ray diffraction result, it can seen that
the diffraction peak of coexisting orthorhombic and tetragonal phases is not clearly
because the relatively low resolution of the traditional X-ray diffractometer. In the
future work, we suggest the following X-ray diffractometer from synchrotron radiation

that have better line resolution to clarify the structure of ceramics.



94

VITA
Name-Surname Jitkasem Mayamae
Date of birth 6 June 1990
Province Pattani
Education B.S. (Industrial Chemistry — Analytical Instrumentation)

King Mongkut's Institute of Technology Ladkrabang,
Bangkok (2012)

M.S. (Nanoscience and Nanotechnology)

King Mongkut's Institute of Technology Ladkrabang,
Bangkok (2013 - present)

Conferences

1.

Jitkasem Mayamae, Usa Sukkha, Surasak Niemchareon, Rangson Muanghlua and
Naratip Vittayakorn “Dielectric, ferroelectric and piezoelectric properties of the
lead free 0.9BaTiO5-(0.1-x)BigsNag s TiOs-xBi(Mgy s Tig5)O5 solid solution” The 9%
Asian Meeting on Ferroelectrics and Asian Meeting on Electroceramics (AMF-
AMEC-2014), Shanghai, China, October 26-30, 2014. (Poster Presentation)

Jitkasem Mayamae, Usa Sukkha, Surasak Niemchareon, Rangson Muanghlua and

Naratip Vittayakorn “Dielectric, ferroelectric and piezoelectric properties of the
lead free 0.9BaTiO5-(0.1-x)Biq sNag s TiO5-xBi(Mgy s Tip )O3 ceramics system”. The 40"
Congress on Science and Technology of Thailand (STT 40), December 2-4, 2014
(Oral Presentation)

Jitkasem Mayamae, Wanwilai Vittayakorn, Surasak Niemchareon, Rangson

Muanghlua, Soodkhet Pojprapai, Somsak Woramongkolchai and Naratip
Vittayakorn “Effect of Sn*" content on dielectric and piezoelectric properties for
ternary systems of (0.975-y)BaTiO;—0.0255rTiOs—yBaSnO;  ceramics” The 3

International Congress on Advanced Materials (AM 2016) (Poster Presentation)



95

International publications

1)

Jitkasem Mayamae, Usa Sukkha, Surasak Niemchareon, Rangson Muanghlua
and Naratip Vittayakorn “Dielectric, ferroelectric and piezoelectric properties
of the lead free 0.9BaTiOs~(0.1-x)BigsNag 5 TiOs-xBi(Mgy 5Tig5)05 solid solution”
Ferroelectrics, 490: 23-35 (2016).

Jitkasemm Mayamae, Wanwilai Vittayakorn, Rangson Muanghlua, Somsak
Woramongkolchai and Naratip Vittayakorn “Effect of Sn content on the dielectric
and piezoelectric properties of the ternary system (0.975-y)BaTiO3-0.025SrTiO5—
yBaSnOs”. Journal of Materials science, 52(12): 6928-6936 (2017).



J Mater Sci

@ CrossMark

Effect of Sn content on the dielectric and piezoelectric
properties of the ternary system (0.975-y)BaTiO3;—
0.025SrTiO3—yBaSnO;

Jitkasem Mayamae', Wanwilai Vittayakorn'®, Rangson Muanghlua®, Somsak Woramongkolchai®#,
and Naratip Vittayakorn'3#%*

" Electroceramic Research Laboratory, College of Nanotechnology, King Mongkut's Institute of Technology Ladkrabang,
Bangkok 10520, Thailand

2Department of Electronics Engineering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang,
Bangkok 10520, Thailand

3 Department of Chemistry, Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand

4 Advanced Materials Research Unit, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

®> Nano-KMITL Center of Excellence on Nanoelectronic Devices, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

Received: 7 December 2016 ABSTRACT

Szl & Rebutatny 2007 Design of the polymorphic phase composition in the (0.975-y)BaTiOs-

0.0255rTiO5-yBaSnO3; BT-ST-yBSn ternary system was based on the ferroelectric

© Springer Science+Business phase diagram. The dense ceramic of BT-ST-yBSn, with y = 0.00, 0.02, 0.04, 0.06,

Media New York 2017 0.08 and 0.10 compositions, was fabricated successfully via the solid-state
reaction method. The effect of Sn substitution on the ferroelectric phase tran-
sition and piezoelectric properties was explored in order to achieve high-per-
formance piezoelectric properties. All of the ceramics exhibited pure perovskite
structures. Orthorhombic to tetragonal phase transition was evidenced clearly
as a function of Sn content. The orthorhombic to tetragonal phase transition
shifted close to ambient temperature by increasing the Sn content. The coexis-
tent tetragonal and orthorhombic phases were exhibited at the composition,
y = 0.04, and showed outstanding dielectric and piezoelectric properties, max-
imum relative permittivity (¢, max) of 11500 and piezoelectric coefficient (ds3) of
450 pC/N. An outstanding reversible strain of about 0.12%, with a normalized
piezoelectric coefficient (Spmax/Emax) of 1280 pm/V at a low electric field (10 kV/
cm), was observed clearly at the composition of the coexistent phase. The BT-ST-
BSn ceramics are the most promising candidate for lead-free piezoelectric
materials.
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Introduction

Lead-based piezoelectric ceramics such as lead zir-
conate titanate [Pb(Zr;_,Ti,)O3; PZT] have been used
most widely in actuator and sensor devices, due to
their excellent piezoelectric properties [1]. Neverthe-
less, PZT ceramics are environmentally unfriendly
and dangerous to human health, due to the toxicity of
lead in fabrication processing [2, 3]. Therefore,
attention has been drawn to lead-free piezoelectric
materials with a performance comparable to that in
lead-based materials. Consequently, in recent years
diverse systems have been explored, including bis-
muth-alkaline metal titanates and niobates, and
especially BaTiOj3; BT solid solution [2-5].
Ferroelectric behavior was discovered in Barium
titanate (BaTiO;; BT) by Wul and Goldman in 1946
[6], which led to the widespread use of BT in capac-
itors and electromechanical devices [6, 7]. BT has a
tetragonal perovskite structure at room temperature,
and pure BT exhibits a piezoelectric constant (d33) of
about 191 pC/N) [8] that is relatively low when
compared to PZT-based (d3; = 300-600 pC/N) [8].
Therefore, BT has been modified by doping with A
and/or B site substitutions [9-11]. The binary system
of BaTiO3;-BaSnO;; BT-BSn recently showed high
dielectric permittivity (er) ~75000 and excellent
piezoelectric coefficient (dz3) ~697 pC/N at the
quasi-quadruple point, which exhibited coexistent
Cubic-Tetragonal-Orthorhombic-Rhombohedral
phases in BT-BSn [12]. Wang et al. [13] reported a
high electrostriction strain of ~0.22% in the binary
systems of BaTiO;—CaTiO;; BT-CT. Excellent piezo-
electric properties also were obtained in the coexis-
tent phase composition in the BaTiO;-BaZrOs;-
CaTiOs; BT-BZ-CT and BaTiOs-BaZrO;—CaTiO3; BT-
BS-CT system [9, 14]. The (Ba;_,Ca,)(Tig2Sn008)O3
ceramics recently displayed high d;; = 568 pC/N,
kp = 47.7%, & = 23,000 and normalized strain (dS/
dE) = 1013 pm/V at the orthorhombic/tetragonal
coexistent phase composition [15]. The coexistent
phase composition in the Sn dope BT-CT system also
exhibited ultra-high ds3 (670 pC/N) and electrostrain
(0.061%) [16]. Li et al. [17] recently reported a high
piezoelectric coefficient (ds3) of about 380 pC/N and
ky of about 38% in the Sr dope Ba(Zr,Ti)Os; BZT
system. The Sr substitute BZT, not only enhanced
piezoelectric properties by shifting the ferroelectric
phase transition close to room temperature, but also
decreased the sintering temperature of the ceramic.
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In order to find new BT-based ceramics with excellent
piezoelectric properties, Sn cation was selected to
substitute the Sr-doped BaTiO; in this work. Sr-
doped BT was used as a base composition, due to Sr
being able to enhance piezoelectric properties and
slightly decrease the sintering temperature of the
ceramic. Systematic study of how the Sn substitution
affects crystal structure, and dielectric and piezo-
electric behavior of (0.975-y)BaTiO5;-0.0255rTiO5—
yBaSnOj3; BT-ST-yBSn ceramics, is still rare. The BT-
ST-yBSn ceramic, with y = 0.00, 0.02, 0.04, 0.06, 0.08
and 0.10 compositions, is designated in this study as
a lead-free composition that explores the composi-
tional dependence of structure and piezoelectric
behavior in Sn content. The development of piezo-
electric properties by optimizing Sn content in BT-ST-
yBSn ceramics has been established.

Experimental procedure

The (0.975-y)BaTiO3-0.0255rTiO3—yBaSnO;; BT-ST-
yBSn ceramic, with y = 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10 compositions, was fabricated via the solid-state
reaction technique. The metal carbonate and oxide
powder of BaCO; (99.9%, Inframal Advance Materi-
als), SrCO;3; (99.5%, Inframal Advance Materials),
TiO; (99.9%, Sigma-Aldrich) and SnO, (99.9%, Infra-
mal Advance Materials) were used as raw materials.
The stoichiometric amount of starting materials was
mixed in ethanol with yttrium-stabilized zirconia in
the first step and then vibro-milled for 6 h. The
mixtures were dried and calcined at temperatures
between 1200 and 1300 °C for 4 h, with a heat-
ing/cooling rate of 5 °C/min. The calcined powders
were ground and sieved. Finally, the calcined pow-
ders were pressed into pellets of 10-20 mm diameter
and a thickness of about 1-1.5 mm, using 5 wt%
polyvinyl alcohol (PVA) as a binder. The pellets were
sintered at between 1375 and 1450 °C for 4 h with a
heating/cooling rate of 5 °C/min. Ceramics with
more than 94% theoretical density were selected for
investigating electrical properties. The crystal struc-
ture of ceramics was carried out with X-ray diffrac-
tion (Bruker-AXS D 8 Advance) using CuK, radiation
in the 20 scan range of 20°-80°. In order to support
crystal structure identification of the ceramics,
Raman spectra were measured in the 100-1000 cm ™"
wave number range with a Thermo Scientific DXR
Raman microscope, using the 532 nm exciting line of



Figure 1 a X-ray diffraction
patterns of BT-ST-yBSn
ceramic between the 20 range
of 20°-80°, b expanded range
of 38°-40°, ¢ expanded range
of 44°-46° and d expanded
range of 55°-57°.
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a He-Ne laser. In order to obtain electrical measure-
ment, both sides of the samples were polished and
paralleled for electrical measurements. Then, the
pellets were coated on both surfaces with silver
electrodes (C1000, Heraeus) and heated at 750 °C for
20 min, with a heating/cooling rate of 5 °C/min. The
frequency (1, 10, 100 kHz) and temperature (room
temperature to 160 °C) dependence of relative per-
mittivity (¢;) and dielectric loss (tan ¢) were obtained
by using an LCR analyzer (HP4284A, Hewlett-Pack-
ard, Palo Alto, CA, USA). Ferroelectric hysteresis
loops were determined at room temperature by using
a ferroelectric tester (RT66A, Radiant Technologies,
Inc.), and the strain-electric field (S-E) loop was
measured by unipolar driving at 4 Hz using an MTI-
2100 Fotonic sensor combined with a ferroelectric
tester. The pellets of 10 mm diameter and 0.6 mm
thickness were poled under a DC field at 35-40 kV/
cm for 30 min at room temperature and aged for 24 h
before piezoelectric measurements. The piezoelectric
coefficient, d3, was characterized using a quasi-static
dsz m (YE2730A, APC International Ltd.).

Results and discussion

The characteristics of crystal structured ceramics
were examined by X-ray diffraction (XRD). XRD
patterns of the BT-ST-yBSn system, with composi-
tions of y = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10, are

shown in Fig. 1la—d. All of the samples demonstrated
a single phase with the perovskite structure, and the
secondary or impure phase was not observed in the
XRD patterns, which indicates that both Sr and Sn
ions are fully diffused into the BaTiOj; lattice to form
solid solution. The crystal structure of BT-ST-yBSn at
the compositions, 0.00 <y < 0.02, has a tetragonal
symmetry, identified by a single peak at 20 of 38.7°
(Fig. 1b) and splitting of (002) and (200) peaks at 260 of
44.8°-45.6° (Fig. 1c). At higher compositions of 0.06 <
y < 0.10, the XRD pattern exhibits splitting of two
peaks [(102)/(120)] at around 38°-39.5° and splitting
of three peaks [(113)/(131)/(202)] at around 55.8°-
56.3°, which indicates an orthorhombic symmetry
(Fig. 1d). Therefore, the results indicated that the
crystal structure changed from tetragonal to
orthorhombic phase with increasing Sn content.
Meanwhile, it is anticipated that the tetragonal and
orthorhombic phases for y = 0.04 coexist, which is
confirmed by dielectric and piezoelectric measure-
ments. It is seen clearly that the diffraction pattern of
all compositions shifts gradually to low angles with
increasing Sn content, which should induce expan-
sion of the host lattice. Lattice parameter (A) and unit
cell volume (A% were calculated and plotted as a
function of Sn content, as shown in Fig. 2a, b.
Regarding the compositions, 0.00 < y < 0.02, with
tetragonal symmetry, the unit cell a and c increase
slightly with increasing Sn content, which corre-
sponds with increased wunit cell volume. The
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Figure 2 Relative plot between the a lattice parameter (A), and
b cell volume (A*) and composition y in BT-ST-yBSn ceramic.

ostensibly discontinuous changes are noticed at
0.02 <y < 0.06 when the tetragonal and orthorhom-
bic phases coexist. The orthorhombic lattice parame-
ters (a, b and ¢) and unit cell volume slightly increase
for the compositions, 0.06 <y < 0.10. This is consis-
tent with the result reported by Zhu et al. [16]. The
increase in the lattice parameter is caused mainly by
the majority of Sn ions substitute Ti** ions the B site
of the perovskite structure with Sn*" state. However,
it should be noted that the valency of the Sn ion is
very sensitive and allowed to adapt to a divalent,
trivalent and tetravalent state in oxide ceramics [18].
Suzuki et al. [19] reported that under sintering con-
ditions of reducing atmosphere, the Sn ions can
substitute Ba®" ions at the A-site of the perovskite
structure with Sn*" state. The oxidation states of the
Sn ion in BT-ST-yBSn ceramics must be considered
for future investigation. Dependence on the compo-
sition of Raman spectra for BT-ST-yBSn systems was
investigated at room temperature in the frequency
range of 100-1000 cm ™', as shown in Fig. 3a-d. The
ferroelectric phase with tetragonal symmetry
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Figure 3 a Raman spectra of BT-ST-yBSn ceramic at room
temperature with the compositions, 0.00< y < 0.10, in the wave
number range from 100 to 1000 ecm™ !, b enlarged Raman shift
range from 100 to 290 cm™', ¢ enlarged Raman shift range from
200 to 310 cm™" and d the relative plot between wave number
cm™! and composition y.

corresponds with group theory analysis in normal
optical mode, with each F;;, mode transforming into
A; and E modes, whereas the F,, mode gives rise to
B, (silent) and E modes. All spectra generally display
Raman-active modes of ferroelectric material. The
interference dips at around 180 cm™', due to
antiresonance between sharp A;(TO;) and broad
A;(TO,) modes, such as a broad peak of A;(TO,)
mode near 257 cm™'; sharp peak of E(TO,) mode at
295 cm ™~ !; broad peak of A1(TO;) and E(TO) mode at
around 515 cm*l, which is a bending and stretching
vibration of symmetric Ti-O in [TiO4]*~; and a broad
peak of A;(LO5)/E(LOs;) mode at around 712 cm™*
[20]. Therefore, Raman spectra of all compositions are
observed at a broad peak of A(TO,), E(TOy),
A(TO3)/E(TO), A1(LO3)/E(LO;) and interference
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dip mode (Fig. 3a), which indicates that all composi-
tions exhibit ferroelectric phase. The signature Raman
mode of tetragonal phase for BT is generally a broad
A1(TO;) mode, sharp E(TO,) mode, broad A{(TO3)/
E(TO) mode, swelling A{(LO,)/E(LO) mode and
broad A;(LO3)/E(LO3) mode [21]. Also, the mode of
orthorhombic phase is a broad A;(TO;), A(TOy),
A1(TO3)/E(TO) and A;(LO3)/E(LO;) peak and sharp
E(TO,) peak [21]. In the compositions, 0.00 < y < 0.02,
all of the Raman patterns show A;(TO,), E(TO,),
A(LO2)/E(LO), A1(TO5)/E(TO) and A(LO3)/E(LO3)
at around 260, 303, 472, 517 and 720 cm™}, respec-
tively, which indicates a ferroelectric tetragonal phase.
At the higher compositions, 0.04 < y < 0.10, the

A(TO;) mode appeared gradually at 190 cm™' and

A1(LO,)/E(LO) mode at 472 cm™!, but both were
absent in the Raman spectrum. Therefore, the com-
positions, 0.06 < y < 0.10, were considered as a sig-
nature of the ferroelectric orthorhombic phase by the
presence of A1(TO,), A1(TOy), E(TO,), A1(TO3)/E(TO)
and A;(LO3)/E(LO3) mode near 190, 222, 301, 514 and
716 cm™}, respectively. A weak A(TO;), A(TOy),
E(TO,), A1(TO3)/E(TO) and A;(LO3)/E(LO;) peak at
the composition, ¥ = 0.04, showed coexistence of the
ferroelectric tetragonal and orthorhombic phase. These
results identified that the phase transition changed
from tetragonal to orthorhombic phase, which corre-
sponds well with the XRD pattern.

@ Springer



Table 1 Dielectric, ferroelectric and piezoelectric properties of (0.975-y)BaTiO5-0.025SrTiO3;—yBaSnO; ceramic with the composition,

0.00 <y < 0.10
y T (°C) & maxatl (kHz) tanodatl (kHz) vy S, P, (uC/em®)  E. (kV/cm) Ry di; (pm/V)  ds3 (pC/N)
0.00 110 8400 0.02 1.20 12.9 7.0 0.80 702 260
0.02 97 9850 0.02 1.21 12.5 6.4 0.80 835 320
0.04 81 11430 0.02 1.24 13.1 5.4 0.77 1280 450
0.06 68 11250 0.04 1.25 10.5 4.4 0.83 840 370
0.08 56 9850 0.04 1.30 7.5 32 0.73 830 200
0.10 41 11000 0.05 1.37 6.9 3.1 0.72 740 120
120 12000 "% 100 kHz. The relative permittivity curves for the
- ° i;c ok composition, y = 0.00 and 0.02, exhibit one sharp
© 10o- \ P —e - = peak at 110 and 97 °C, respectively, with this transi-
) ° 11000 é tion being related to the transition from tetragonal
% 2ol . g (P4 mm) ferroelectric to cubic (Pm3m) paraelectric
g & \ N - 10000 é’- phase. Nevertheless, the relative permittivity curves
g o o\ \ % for the compositions, 0.04 < y < 0.08, presented two
% ] * loo 2 anomalous peaks. A higher temperature was associ-
E \ £ ated with the ferro-to-paraelectric phase transition,
o 401 & ° ° L ° E while a lower temperature suggested the phase
000 002 004 006 008 0.0 8000 = transition from orthorhombic to tetragonal phase.

Composition(y)

Figure 5 Relative plot between transition temperature (T,,) and
maximum relative permittivity (& max) at 1 kHz of BT-ST-yBSn
ceramic as a function of composition y.
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Figure 4 presents the temperature dependence of
relative permittivity (e;) and dielectric loss (tan §) of
BT-ST-yBSn systems with y = 0.00, 0.02, 0.04, 0.06,
0.08 and 0.10 compositions at frequencies 1, 10 and
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The O-T phase transition temperature shifted slightly
with increasing Sn content to a high temperature
from 32 °C for y = 0.04-41 °C for y = 0.08. Further-
more, the transition temperature decreases with
increasing Sn content (Fig. 5). The temperature range
width of the tetragonal phase decreases continuously
with increasing Sn content. The permittivity at room
temperature is seen to increase continuously from
y = 0.00-0.04 with increasing Sn content. This result
is due to the shift of O-T phase transition tempera-
ture that is close to room temperature. It is known
that the relative permittivity of a normal ferroelectric
phase, which is above the maximum relative per-
mittivity temperature, can be described by the Curie—
Weiss law [7, 22];

1 C

Pt (T > T.) (1)
where Ty is the Curie-Weiss temperature and C is the
Curie-Weiss constant. The relative permittivity of
pure BT obeys the Curie-Weiss law, which is
To ~ 383K and C ~ 156 x 10° K [14]. However,
further characterization of broad relative permittivity
and diffuseness of the phase transition followed a
modified Curie-Weiss law, as described below
[23, 24]:
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where v is constant and ¢, is the maximum value of
relative permittivity at phase transition temperature
(Ty). The parameter y expresses information on the
character of the phase transition, and when y = 1, the
equation follows the Curie-Weiss law, which indi-
cates normal ferroelectrics, while y = 2 describes a
complete diffuse phase transition. The é value can be
applied to gauge the degree of diffuseness in the
phase transition. Figure 6 illustrates the plot of

In (%—%) as a In(T — T,,) function of BT-ST-yBSn

systems at 1 kHz. The value of parameter y and 9 is
presented in Table 1. It can be seen that parameter y
tends to increase from 1.20 to 1.37 with increasing Sn
content. The 6 value has a similar tendency to
increase from 12.47 to 13.40 with increasing Sn con-
tent, thus confirming that a diffuse phase transition
appears in the BT-ST-yBSn system. This result occurs
when at least two cations dominate the same
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Figure 8 a Relative plot between unipolar strain (%) and electric
field (kV/cm) as a function of composition, and b the plot of
normalized strain [d}; (pm/V)] and piezoelectric constant [d3; (pC/
N)] value as a function of composition y.

crystallographic site, a or b, which is found in many
complex perovskite structures such as lead-free
BaZrO;—CaTiO5-BaTiO; [11], Kj5NagsNbO3-LiSbOs
[25] and (Ba.g.s5Cag.15)(Zrg 1Tip.0)O3-Bi(Mgo 5Tip.5)O3
[26].

In order to investigate the ferroelectric behavior in
BT-ST-yBSn ceramics, the electrical polarization hys-
teresis loop of each composition was measured at
room temperature with an electric field of 60 kV/cm.
Figure 7a illustrates the polarization—electric field
hysteresis loop for all compositions of y at a fre-
quency of 4 Hz. All BT-ST-yBSn ceramics with
y = 0.00-0.10 compositions exhibit symmetry in
shape and well-saturated hysteresis loops and result
in domain switching in an electric field. The plot of P,
and E. value as a function of composition y is pre-
sented in Fig. 7b. It can be seen that the P, initially
tends to increase from 12.93 pC/cm? at y = 0.00 to a
maximum value of 13.14 pC/ cm? at y = 0.04, and
then it decreases gradually from 10.48 pC/cm?® at
y = 0.06-6.95 uC/cm? at y = 0.10. In addition, the E,
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values decrease clearly from 7.00 to 3.08 kV/cm with
increasing Sn content, as shown in Fig. 7b. The
decrease in E. indicates that ceramics become “softer”
with increasing Sn content, regarding the electric
field, because the free energy profile for polarized
rotation is flattened anisotropically at the two phases
and multiphase coexistence [12, 27]. In order to
investigate the changes in hysteresis loop behavior,
the empirical relationship between P,, P and polar-
ization at fields above E. was proposed by Haertling
and Zimmer for calculating squareness of the hys-
teresis loop as follows [28]:

P, Piig
— 3
P, + P, ( )

Ry =

where Ry, is the squareness of the hysteresis loop,
and P, and P, are remanent and saturated polariza-
tion, respectively. Pq g is polarization at an increas-
ing electric field of 1.1 times the coercive field (E.).
The squareness parameter investigates the quantifi-
cation of changes in P-E hysteresis loops. The Ry is
equal to 2 for an ideal P-E hysteresis loop. The cal-
culated Ryq values of all ceramics are inferred in
Table 1. It was found that the Ry parameter tended
to decrease from 0.80 to 0.72 with increasing Sn
content, which implies that the P-E hysteresis loop
becomes more slanted. Figure 8a displays the
unipolar electric field induced strain curve for the BT-
ST-yBSn ceramic, with y = 0.00-0.10 compositions,
measured at 10 kV/cm. It can be observed that with
increasing Sn content, the unipolar strain increases
with increasing y of up to 0.04 and reaches the
maximum electrostrain value of 0.13%. On increasing
y further to 0.1, the unipolar strain decreases to
0.074%. Figure 8b illustrates the direct piezoelectric
coefficient (d;3) and a normalized strain or converse
piezoelectric coefficient (d53=Smax/Emax) at the electric
field of 10 kV/cm as a function of composition. It can
be observed that the d3; value tends to increase with
increasing composition y and reaches its maximum at
about 1280 pm/V at y = 0.04, before decreasing with
increasing composition y. The d3; values also have a
similar trend and maximum ds3 values of 450 pC/N,
as y increases to 0.04. As a result, ceramic at the
composition, ¥ = 0.04, exhibits the highest normal-
ized strain and piezoelectric constant in the system-
atic series studied, due to the coexistence of
orthorhombic and tetragonal phase near room tem-
perature. The enhanced ds; and d3; values are con-
sidered to be reasonably consistent with the
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multiphase coexistence of the orthorhombic and
tetragonal phase that occurs near ambient tempera-
ture at y = 0.04. In the point view of crystallographic
symmetry, there are 18 domain orientation states (6
domain states along 100c direction for tetragonal
symmetry and 12 along 110c direction for
orthorhombic symmetry) near the O-T phase transi-
tions. In general, a large number of thermodynami-
cally equivalent states near O-T phase transitions
allow a high degree of ferroelectric dipole alignment.
This causes instability, multiple polarization and
strain variants, so that the direction of polarization is
rotated easily by external stress or the electric field,
thus making it much easier for different grains to
coordinate in a collective response.

Conclusion

BT-ST-yBSn ceramic was fabricated by the conven-
tional solid-state reaction method. Raman and XRD
study indicates that the orthorhombic and tetragonal
phases coexist near ambient temperature at y = 0.04.
Enhanced dielectric, ferroelectric and piezoelectric
properties of & max ~ 11500, P, ~ 13.14 pC/cm?,
d33~1280 pm/V and d3;3 ~ 450 pC/N were obtained
as samples at y = 0.04. This observation indicated
that the BT-ST-yBSn system is a promising candidate
for lead-free piezoelectric ceramics.
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Solid solution of 0.9BaTiOs3-(0.1-x)Big sNay sTiO3-xBi(Mg sTip5)0; (BT-BNT-xBMT)
system, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, was synthesized by the solid state
reaction. Dense BT-BNT-xBMT ceramics were obtained by sintering at 1,150-1,250°C for
4 h. The effect of BMT on crystal structure and electrical property of BT-BNT ceramics was
investigated as a function of composition, X, using X-ray diffraction, dielectric
spectroscopy, hysteresis and strain measurements. The crystal structure of solid solution
BT-BNT-xBMT, where x = 0.00-0.10, successively transforms from tetragonal to
pseudocubic symmetry, with increased BMT concentration. Temperature dependence of
dielectric constant (g;) and dielectric loss (tand) for BT-BNT-xBMT at various frequencies
showed that phase transition of ceramics changed from ferroelectric to relaxor-like
behavior as BMT content increased. Furthermore, remanent polarization (P,), coercive
field (E.) and the normalized strain (dz3*) of BT-BNT-xBMT ceramics tend to decrease with
increasing BMT concentration.

Keywords BT-BNT-xBMT; lead free piezoelectric; phase transition; electrical
properties

1. Introduction

Lead zirconate titanate (PZT) ceramics have been used widely in many electronic devices
such as piezoelectric sensor, actuators and transducers because of their excellence
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piezoelectric properties [1]. However, PZT-based piezoelectric ceramics are not environ-
mental friendly because more than 60% wt of these ceramics contains the lead toxicity.
Furthermore, the EU legislation forced draft directives including Waste from Electrical
and Electronic Equipment (WEEE) and Restriction of Hazardous Substances (RoHS).
According to the environmental issues, lead free friendly piezoelectric ceramics have
been received considerable attentions to replace lead-based piezoelectric materials.

Although no real lead free materials can be replaced the common use in lead-based
ceramics for various applications, many potentially promising lead free materials have been
developed. Among the lead free materials, Barium titanate (BaTiO5; BT) has perovskite
structure and good electrical properties such as ferroelectric and piezoelectric properties but
low Curie temperature (T.) [2]. In recent years, there are many researches about BT-base
for example BaggsCao 15Ti0.00Z10.1005 [3] and (1-x)BagogCap 02 Ti0.04Sn0,0603-XxBag g5
Cag 15Tig.o0 -Zrg.1005 [4]. Jiagang Wu et al. [4] found that BT-base ceramic by combining
(1-x)Bag 9gCag 02 Tip.045n0.0603-xBag g5Cag,15Ti0.00Z10.1003((1-x) BCTS-xBCTZ) system
has a phase boundary coexistence of orthorhombic and tetragonal phase at around 4 mol%
BCTZ which show good dielectric and piezoelectric properties of dielectric constant
(,~5500), dielectric loss (tand~0.3%) and piezoelectric constant (d3;3~407 pC/N). The
binary system of Biy sNay sTiO5-BaTiO; (BNT-BT) is an important candidate for replacing
lead-based piezoelectric. In a few decades, BNT-BT solid solution was studied by various
research groups [2, 5, 6]. Takenaka et al. [5] found that BNT-BT system has a morphotro-
bic phase boundary (MPB) between rhombohedral and tetragonal phases at around 6-7
mol% BT which shows the excellent properties including &I, /ey — 580, piezoelectric con-
stant (d33 = 125 pC/N), Curie temperature (T, = 288°C), dielectric loss (tand = 1.3%) and
planar coupling coefficient (k33 = 55.0%). Afterwards, researchers focused to develop
BNT-BT binary material on the composition range of MPB by doing ternary solid solution
such as KNN-modified BNT-BT [7,8] and BZr-modified BNT-BT [9]. Also, the BNT-BT-
based systems on the BNT-rich side have been investigated extensively for example (0.94-
x)BNT-0.06BT-xKNN [7], 0.865BNT-0.350BT-0.100BKT [8] and BZr-modified BNT-
BT [9]. However, few works have investigated and developed BNT-BT on the BT-rich
side. Recently, Wada et al. studied on the combination between BaTiO3 and Bi(Mgq 5Tigs)
O3 (BMT) and found that BMT can enhance Curie temperature (T¢) of BT with the highest
Tc (about 360°C) for 0.5BaTiO3-0.5BMT ceramics [10]. Moreover, Qi Wang et al. have
studied lead free BigsNagsTiO3—Bi(MgysTips5)O5 systems and reported that BMT can
improve piezoelectric properties and enhance Tc of BNT ceramic. The 0.95BNT-
0.05BMTOj; ceramic showed the highest d3; about 110pC/N and high T¢ at 352°C [11].

This work dealt with the new ternary system of 0.9BaTiO3-(0.1-x)Bij sNay sTiO3-xBi
(Mgo.5Tigp5) in order to get more information of BT-BNT-based on BT-rich side. BT-
BNT-xBMT ceramics were prepared by the solid state reaction. The effect of BMT on
crystal structure, phase transition and electrical properties were studied as a function of
composition, x.

2. Experimental

Lead free 0.9BaTiOs-(0.1-x)Big sNag 5TiO3-xBi(Mgg 5Tig5)O5 (BT-BNT-xBMT) ceramics,
where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, were synthesized by the solid state reaction. Bi,O;
(99.9%, Sigma-Aldrich), BaCO; (98.5%, Fluka), Na,CO;5 (99.8%, Riedel-deHaen), TiO,
(99.9%, Sigma-Aldrich) and MgO (99%, Fluka) powders were used raw materials. First, stoi-
chiometric amounts of raw materials were weighted and ball-milled with yttrium-stabilized zir-
conia in ethanol media for 18 hours. After drying the mixture for 24 h in an oven, the mixed
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powder was calcined at 900°C for 4 hours with heating/cooling rate 10°C/min. In order to
obtain fine particles prior to making a pellet, the calcined powders were ground and sieved.
The fine powders were pressed into disks with 15 mm diameter. 5 wt% polyvinyl alcohol as a
binder was used as binder. The disks were sintered at 1150-1250°C for 4 hours with heating/
cooling rate 5°C/min. The crystal structure of ceramics was characterized using X-ray diffrac-
tion (Bruker-AXS D 8 Advance) with Cu(Ka) radiation in the 20 scan range of 20°-80°. For
electrical measurements, the samples were polished for both sides and made parallel before
electrode coating with silver paste (C1000, Heraeus) on both surfaces. Silver paste was heated
on at 750°C for 20 min with heating/cooling rate 5°C/min. The relative permittivity (g,) and
dielectric loss (fand) were determined as a function of frequency (1-100 kHz) and temperature
(room temperature to 250°C) using LCR meter (HP4284A, Hewlett-Packard, Palo Alto, CA).
Polarization-electric field (P-E) hysteresis loop were determined at room temperature using
Radiant Technologies, Inc (RT66A). The strain-electric field (S-E) curves were determined
using MTI-2100 Fotonic sensor combined with Radiant Technologies. The peak field for P-E
hysteresis loop and S-E curve measurements was maintained at 60 kV/cm during measure-
ment. The surface morphology of ceramics was observed using scanning electron microscope
(EVO®MAI10).

3. Results and Discussion

The X-ray diffraction patterns of BT-BNT-xBMT ceramics, where x = 0.00, 0.02, 0.04,
0.06, 0.08, 0.1, are shown in Figure 1(a). It indicates that all samples are a single phase
with the perovskite structure. The secondary and other phases were not observed in the
XRD patterns, which indicating that all compositions in the BT-BNT-xBMT system can
completely form solid solution with a perovskite structure. A (111) peak at around 39
was chosen to identify the crystal structure of BT-BNT-XBMT ceramics as shown in
Figure 1(b). In the compositions, 0.00 < x < 0.08, the crystal structure has a tetragonal
symmetry, identified by a splitting of the (002) and (200) peaks. At the higher BMT con-
tent of x = 0.1, the doublet of (002) and (200) peaks become a single peak of (200) and
the (111) peak still exhibits a single peak. These results indicated that the crystal structure
changed to a pseudocubic symmetry.

The average ionic radius of A-site and B-site, calculated lattice parameters, the tetra-
gonality c/a ratio and tolerance factor of each composition are listed in Table 1. The tetra-
gonality c/a ratio is the important factor representing the lattice distortion of the
tetragonal symmetry. It is seen that the c/a ratio decreases significantly with increasing
BMT content. The ionic radii of Bi** (CN = 12, 1.40 A) are smaller than the ionic radii
of Ba’t (CN = 12, 1.61 A) resulting in the decreasing of average ionic radii at A-site
[12]. Also, the substitution of Ti** jons (CN = 6, 0.605 A) by Mg>" (CN = 6, 0.72 A)
results in the increasing of average ionic radii at B-site as shown in Table 1. Then, it is
reasonable to assume that the substitution of BMT into BT-BNT leads to the distortion
and deformation of tetragonal structure. Furthermore, the tolerance factor (¢) is important
factor that reflecting the perovskite structure distortion, rotation and tilt of the BOg octa-
hedra [13]. Generally, the perovskite structure is stable in the range of 0.880 < # < 1.090
region [14] and the symmetry is higher as the ¢ value is approach to 1. It is also noticed
that the ¢ for BT-BNT-xBMT ceramics tends to decrease with increasing BMT which cor-
responds well with the phase transition from tetragonal to pseudocubic symmetry.

Based on the XRD data, it could be said that the combination between BT-BNT and
BMT could form completely crystalline solid solution of perovskite structure but the exis-
tence of BMT caused the tetragonality of BT-BNT decrease.
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Figure 1. (a) X-ray diffraction patterns of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with the composi-
tion 0.00 < x < 0.10; (b) X-ray diffraction patterns for (111), (002) and (200) peaks of 0.9BT-(0.1-
X)BNT-(x)BMT ceramics with the composition 0.00 < x < 0.10.

Figure 2 illustrates the temperature dependence of the relative permittivity (g,) and
dielectric loss (tand) of BT-BNT-xBMT ceramics measured at various frequencies
between 1 and 100 kHz. Regarding the composition, x = 0.00, the relative permittivity of
0.9BT-0.1BNT increased slowly until the temperature approached transition temperature,
then it abruptly increased and passed through a maximum of about 178°C. This disconti-
nuity of dielectric constant at phase transition is characteristic of the first order phase tran-
sition [15] and occurs from the change of the tetragonal ferroelectric (FE) phase into the
cubic paraelectric (PE) phase, in agreement with previous reports [2]. The relative permit-
tivity curves at the compositions, 0.02 < x < 0.10, showed only one phase transition. The
composition, x = 0.02, showed a broadening dielectric peak which much like the charac-
teristic of relaxor ferroelectric, however the position of the peaks keep unchanged at vari-
ous applied frequency. At higher composition, 0.04 < x < 0.10, the diffuse phase
transition behaviour with broad maximum and frequency dispersion became more self-
evident when BMT concentration increased. Also, the transition temperature is dependent
of frequency and increases with increasing frequency. These results indicated that BT-
BNT-xBMT progressively change from normal ferroelectric to relaxor ferroelectric when
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Table 1

Lattice parameters and lattice anisotropy of BT-BNT-XBMT ceramics with the composition 0.00 < x < 0.10

Tonic radii (A)

Lattice parameter (A)

X Crystal structure A-site B-site Tolerance factor (¢) a c c/a
0.00 T 1.5910 0.605 1.0548 3.9590 £ 0.0792 4.1086 £ 0.2924 1.0378
0.02 T 1.5906 0.6062 1.0541 3.9847 £ 0.0518 4.0619 £ 0.1678 1.0194
0.04 T 1.5902 0.6073 1.0534 3.9792 £ 0.0500 4.0675 £ 0.1641 1.0222
0.06 T 1.5898 0.6085 1.0526 3.9969 £ 0.0421 4.0282 £+ 0.0456 1.0078
0.08 T 1.5894 0.6096 1.0519 4.0017 £ 0.0159 4.0131 £0.0118 1.0029
0.10 PC 1.5890 0.6107 1.0511 4.0066 £+ 0.0049 - -
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Figure 2. Relative permittivity (¢,) and dielectric loss (fand) as a temperature dependence of
0.9BT-(0.1-x)BNT-(x)BMT ceramics with the composition 0.00 < x < 0.10.

BMT concentration increases. This phenomenon of BT-BNT-xBMT system resulted from
the substitutions of Bi*T ions for Na* ions and Mngr ions for Ti**, which distort the unit
cell and change dipole moment. For complex perovskite compound, the more cations
occupy the equivalent crystallographic site of A or B, the more the chemical fluctuation
and structural disorder in arrangement of cations are inhomogeneous at the nanometre
scale, then the relaxation characteristic becomes more distinctly [16, 17].

In order to further characterize the relaxor behavior, a modified Curie—Weiss law in
equation (1) was used for description a broad relative permittivity and diffuseness of
phase transition [18, 19].

Em T)”

. T
PR 26, M

where ¢, is the maximum value of relative permittivity and T,, is the temperature of
dielectric maximum. The y value expresses the degree of dielectric relaxation in relaxor
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Figure 3. The relative plot between In(1/e-1/¢,) and In(T — Ty,).

ferroelectric material which this value is in the range of 1 < y < 2. When y value is equal
1, Eq. (1) becomes the classic Curie Weiss law valid in the case of normal ferroelectric.
When y value is equal 1, the ideal relaxor behavior with quadratic dependence is
described. The parameter §,, is the diffuse parameter which can be used to determine the
degree of diffuseness in the phase transition. The §,, value can be observed from the slope
of sm /8 versus (7- Tm) which should be linear. Plot of In (1 1) as function of In
(T-T,,) at 100 kHz of BT-BNT-xBMT ceramics are displayed in ﬁgure 3. By plotting In
(1/e=1/epnqy) versus In(T-T,), the y value can be determined directly from the gradient.
The y and 8y values are determined and shown in Table 2. It is clearly seen that both §,,
and y values tend to increase with increasing of the BMT content, confirming the relaxor
behavior in these solid solution. Based on the dielectric data, a slim P-E hysteresis loop in
BT-BNT-xBMT ceramic at high BMT content is expected to observe at room
temperature.

Curie temperature and maximum relative permittivity (€,,,4,) at 100 kHz of
BT-BNT-xBMT ceramics are determined and plotted as a function of composition in

Table 2
The dielectric and ferroelectric properties of BT-BNT-XBMT ceramics with the
composition 0.00 < x < 0.10

Squareness

€ room At tand at P, Py E. hysteresis

X 100 kHz 100 kHz y 8, (uClem®) (uClem®) (kV/em) loop (R,,)
0.00 524 0.038 1.08 12.88 1552 19.72 29.47 1.56
0.02 663 0.039 132 1398  12.87 18.04 2431 1.38
0.04 1075 0.051 147 1494 11.26 17.74 20.41 1.20
0.06 1684 0.071 1.60 15.77 8.30 17.30 13.64 0.88
0.08 2820 0.069 1.67 16.26 2.55 15.96 424 0.37
0.10 2526 0.080 1.59 15.97 1.63 11.77 3.48 0.33
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(&rmax) as a function of composition (x); (b) The relative plot between relative permittivity at room
temperature (&, ,,.,,) and dielectric loss (tand) as a function of composition (x).

Figure 4(a). It was observed that Curie temperature decreased rapidly with further
increase of BMT. As the previous works have reported that the rapidly decrease in transi-
tion can be caused by valence mismatch [20, 21]. In BT-BNT-xBMT system, the differen-
ces in valence of ions at A-site (Ba®", Na™, Bi*") and B-site (Mg”, Ti*h) might be result
in valance mismatch, thus Curie temperature decrease with increasing BMT content. Sim-
ilar behavior is also observed for the substitution of BMT in KNN structure [22]. More-
over, the maximum relative permittivity (€, ,,..) of BT-BNT-XBMT ceramics tends to
decrease with increasing BMT concentration. However, at room temperature the relative
permittivity (€, ,,0r) tends to abruptly increase with increasing BMT, excepting the com-
position, x = 0.10. While, dielectric loss (tand) tend to gradually increase with BMT
increase as shown in Figure 4(b). The smooth increase of €, ,,,,, for the compositions,
0.02 < x < 0.08, might be attributed to the decreasing of Curie temperature to room tem-
perature. While, the €, ,om Of composition, x = 0.10 is decrease might be the Curie tem-
perature being below room temperature.

The composition dependence of polarization-electric field (P-E) hysteresis loops
for BT-BNT-xBMT system was measured at room temperature with electric field of
60 kV/ cm, as shown in figure 5. It is evident that all ceramics display the saturated P-E
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Figure 5. The relative plot of polarization (/,LC/CIII2) with electric field (kV/cm) of 0.9BT-(0.1-x)
BNT-(x)BMT (x = 0.00-0.10) ceramics.

hysteresis loops. For 0.9BT-0.1BNT, a shape of hysteresis loop displays typically normal
ferroelectric behavior with remanent polarization (P,) and coercive field (E.) of
15.52 uC/em® and 29.47 kV/cm, respectively, which in good agreement with previous
work [2]. Normal ferroelectric contains a long-range interaction between dipoles in the
ferroelectric micro-domain state, giving a typical square hysteresis loops with high P,
and E.. As expected for BT-BNT-xBMT ceramics, the substitution of BMT has signifi-
cantly effect on the hysteresis loops shape and polarization and coercive field values. The
more BMT concentration increases, the more the hysteresis loop shape becomes slim,
identified the gradually drop of P,, P, and E.. values as summarized in Table 2. This result
suggests that the long-range order of polarization in ferroelectric micro-domain was sig-
nificantly broken down to polar nano-regions by adding BMT. Then, at high content of
BMT, normal ferroelectric BT-BNT-xBMT ceramics become relaxor-like behavior
exhibiting a slim P-E hysteresis loop with low P, and E.. For low content of BMT, the
decreasing of P, and E. might be due to an easier of domain switching and domain wall
motions [23] as well as tetragonality decreasing of crystal structure in this system [24].
The plots of P, and E,. values against composition are given in figure 6. Again, a clearly
smooth trend of decrease was seen in P, and E,. with respect to BMT content, confirming
the completely solid solution formation in BT-BNT-xBMT system.

To confirm the changes in hysteresis behavior, the empirical relationship between P,,
P, and polarization at fields above the E,. proposed by Haertling and Zimmer was used for
calculated the squareness of hysteresis loop [25]

&+P1.1EC

R. =
M py P,

(@)

where R, P, and P, are squareness of hysteresis loop, remanent polarization and satura-
tion polarization, respectively. P; ;g. is the polarization at an electric field equal to
1.1 times the coercive field (E.). The squareness parameter reflects the quantification of
changes P-E hysteresis loops. For an ideal P-E hysteresis loop, the Ry, is equal to 2. The
calculated Ry, for all ceramics is listed in Table 2. It is clearly found that, as BMT content
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Figure 6. The composition (x) dependence of remanent polarization (P, (uC/cmz)) and coercive
field (E.(kV/cm)) in 0.9BT-(0.1-x)BNT-(x)BMT ceramics.

increase, the R, parameter decreases from 1.56 to 0.33 which implies that P-E hysteresis
loop becomes more slanted. On the other words, the P-E loops changes from normal fer-
roelectric to relaxor behavior with increasing BMT concentration which is consistent
with the dielectric result.

Combined with the ferroelectric, the dielectric and XRD results of BT-BNT-xBMT
ceramic, all of changes such as the transformation of crystal structure, the decreasing of
transition temperature and remanent polarization and ferroelectric — relaxor ferroelectric
phase transition are so smooth. Therefore, it could be said that BT-BNT and BMT can
completely form solid solution throughout the whole composition range.

Figure 7 illustrates the unipolar strain curves of BT-BNT-xBMT ceramics measured
at room temperature with an external electric field of 60 kV/cm. It is clearly found the
decreasing of unipolar strain of BT-BNT-xBMT ceramics from 0.2% to 0.09% when the

«  x=0.00
0.204 = x=0.02
x=0.04 -~
< x=0.06 ./'
e x=0.08 e

x=0.10

Electric field (kV/cm)

Figure 7. The relative plot of unipolar strain (%) as a function of electric field (kV/cm) in 0.9BT-
(0.1-x)BNT-(x)BMT (x = 0.00-0.10) ceramics.
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Figure 8. Normalized strain (d3; *(pm/V)) value of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with the
composition 0.00 < x < 0.10.

composition of x was increased from 0.00 to 0.10. The normalized strain (d33*) value of
BT-BNT-XBMT ceramics was calculated from the S,,,../Eax ratio for each composition.
The composition dependence of normalized strain tends to decrease from 328 pm/V to
153 pm/V when composition of BMT increases, as represented in figure 8. This result
has caused the approaching to the relaxor-like behavior with increasing of BMT [26].

1 pm

Figure 9. SEM micrographs of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with various compositons (a)
x = 0.00, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.10.
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The composition dependence of the level of induce strain is similar to result observation
of BT—Bi(Nil/QTil/z)Og, system [27]

Figure 9 displays SEM micrograph of the sintered surfaces of BT-BNT-xBMT
ceramics at x = 0.00, 0.02, 0.04 and 0.10. The substitution of BMT directly effects on the
average grain size of BT-BNT-xBMT ceramics. For the composition x = 0.00, the grain
morphology shows and the average grain size is about 1.01 + 0.14 um. Homogeneous
and uniformity feature microstructures were observed in the composition x = 0.00. The
wide grain size distributions was observed in the composition x = 0.02 and 0.04. For the
composition x = 0.10, more disorderly and unsystematic shaped grains are observed. A
dramatic grain growth inhibition was founded with increasing BMT composition. The
average grain size decreased significantly with increasing the composition x. The average
grain size are about 0.72 & 0.09 um, 0.54 & 0.09 pm, and 0.49 £ 0.07 um for the com-
position x = 0.02, 0.04 and 0.10 respectively. This should be attributed to the effects
arisen from the donor-type nature of BMT on inhibiting the grain growth [22]. The
decreasing in piezoelectric properties in BNT-BT-xBMT system may be attributed to the
inhibiting of the grain growth coursed by substitution of BMT in the BNT-BT system.
The detailed mechanisms of the diminution in piezoelectric properties of BNT-BT-
xBMT system are unclear and demands further study.

4. Conclusion

Lead free 0.9BaTiO3-(0.1-x)BigsNag sTiO3-xBi(MgosTip5)03 (BT-BNT-xBMT; x =
0.00 — 0.10) piezoelectric ceramics were synthesized successfully by the solid state
reaction. The crystal structure of BT-BNT-xBMT solid solution transforms from tetrag-
onal to pseudocubic symmetry with increasing of BMT content. Combined with the fer-
roelectric and the dielectric results of BT-BNT-xBMT ceramic, phase transition of
ceramics gradually changed from ferroelectric to relaxor-like behavior as BMT content
increased. Also, BT-BNT and BMT can completely form solid solution throughout the
whole composition range.
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