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Figure 4.40

The inverse dielectric constant as a function of temperature at
1 kHz for (Bao.ssCao.15)(SNxZrx-0.10 Ti0.90)O03 (0 < X < 0.1).
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activation energy, Ea at temperature from 170 °C to 200 °C.

SEM micrographs of the surface of BCSZT ceramics with its

histogram of grain size variations and EDX spectra,

The comparison of dielectric constant for BCSZT ceramics at
(@ x=0, (b) x=0.025, (c) x=0.050, (d)x=0.075and (e) x=
0.1 between sintered at 1250 °C, 1350.°C and 1450 °C.
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Sintesis dan Pencirian Bahan Pizoelektrik Berasaskan BaTiOs Untuk Aplikasi
Penuaian Kuasa

ABSTRAK

Kesedaran tentang bahayanya penggunaan plumbum terhadap alam sekitar telah
menjurus kepada pembuatan bahan piezoelektrik bebas plumbum dan menjadi bahan
alternative kepada plumbum zirkonat titanat (PZT) yang telah mendominasi pasaran
piezoelektrik pada masa kini. Bahan-bahan berasaskan barium titanat (BT).adalah antara
bahan piezoeletrik bebas plumbum. Oleh itu, projek ini melibatkan kesan penggantian
Sn, Zr dan Ca dalam BT bagi meningkatkan prestasi dieletrik dan piezoelektriknya. Kesan
oksigen bukan stoikiometri dan kondisi sinter juga telah dilakukan. Kesemua sampel
disediakan melalui kaedah sintesis keadaan pepejal konvensional pada suhu antara 1250-
1450 °C dalam udara selama 3 jam. Pencirian kesemua sampel telah dilakukan dengan
menggunakan Pembelauan sinar-X (XRD), Analisis Impedans Spektroskopi (diukur pada
suhu 30-200 °C, antara 10-100 kHz), Ujian piezoelekitrik (dikutubkan pada 30 °C, 4.5
kV/mm selama 30 mins) dan Mikroskop Imbasan-Elektron (SEM). Projek ini melibatkan
tiga kajian utama. Dalam kajian pertama, analisis struktur dan dielektrik bagi rajah
segitiga BaTiOz (BT) - BaSnOs (BS) - BaZrOz (BZ) telah dilakukan. Kesan penggantian
Zr dan Sn pada bahagian Ti telah dikaji. BT, BS, BZ, BaSnosTios03 (BST50),
BaZrosTios03 (BZT50) and BaSnosZrosOs (BSZ50) telah disediakan dan kesemuanya
telah mencapai fasa tulen. Dalam kajian ini, BS telah memperolehi ciri dielektrik anomali
yang sangat tinggi dengan nilaic konstant dielektrik, & sebanyak 87,290 diukur pada 10
Hz dan 6027 pada 1 kHz dimana ianya disebabkan oleh kesan pasangan tunggal dari Sn
akibat daripada oksigen bukan stoikiometri oleh BS. Kajian kedua adalah berkenaan
sistem Bao.gsCao.15Zrp 40T 100003 (BCZT) setelah ia dilaporkan mempunyai nilai
piezoelektrik konstant 'yang tinggi. Kebaharuan dalam kajian ini adalah pemerhatian
kesan oksigen bukan stoikiometri terhadap ciri dielektriknya. Nilai & bagi BCZTair
(dipanaskan dalam udara) sebanyak 4805 adalah lebih tinggi berbanding BCZTn2
(dipanaskan-.dalam gas N2) iaitu 4771. Nilai & bagi BCZTn2 tidak menunjukkan
perubahan, ketara disebabkan oleh struktur BCZT yang telah stabil. Kajian ketiga pula
tentang. kesan penggantian Sn dalam sistem BCZT. Seramik (Bao.ssCao.15)(SnxZro.10-
xT16.90)O3, BCSZT (x = 0, 0.025, 0.05, 0.075, 0.1) disediakan dan kesemuanya mencapai
fasa tulen dengan struktur tetragonal. Nilai & meningkat apabila kandungan Sn meningkat
dan Tc pula menurun dari 95 °C ke 59 °C. T, beralih ke suhu lebih rendah disebabkan
radii ionik Sn** yang lebih kecil telah menggantikan Zr** pada kawasan-B. la telah
mengecilkan ikatan Ti-O lalu melemahkan interaksi dalam oktahedral TiOs. Faktor
toleransi yang lebih besar memudahkan lencongan Sn*" pada kawasan-B dalam struktur
oktahedral lalu meningkatkan ciri ferroelektrisiti dan dielektriknya. Namun, ciri
piezoelektriknya menurun apabila tetragonaliti sampel menurun. Paksi ¢ menjadi lebih
pendek dan mengurangkan momen dwikutub oktahedral TiOs. BCSZT pada x = 0.025
adalah komposisi baru dengan ciri-ciri piezoelektrik tertinggi dan sesuai bagi aplikasi
penuain kuasa piezoelektrik. la memperoleh nilai konstant piezoelektrik, ds3 sebanyak
213 pC/N apabila tersinter pada suhu 1350 °C dan kuasa keluaran, P sebanyak 18.2x103
Vm/N dan konstant voltan piezoelektrik, gs3 sebanyak 3.51 pm?/J tersinter pada 1250 °C.
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Synthesis and Characterisation of BaTiOs-based Piezoelectric Materials for
Energy Harvester Applications

ABSTRACT

There has been renewed interest in developing lead-free piezoelectric materials as the
alternative to the toxicity of lead zirconate titanate (PZT) which currently dominates the
market of piezoelectric materials. Some of the promising lead-free piezoelectric materials
are those based on barium titanate (BT). This project is embarked to study the doping
effects of Sn, Zr and Ca into a BT-based piezoelectric material to enhanceits piezoelectric
and dielectric properties. The effects of oxygen non-stoichiometry and sintering
conditions in improving the performance of the piezoelectric materials are also studied.
All the samples were synthesized by a conventional solid state route at temperatures
between 1250-1450 °C in air for 3 hours. The samples weré'characterised by using X-ray
Diffraction (XRD), Impedance Spectroscopy Analyser.(measured at 30-200 °C, between
10-100 kHz), piezoelectric test (poled at 30 °C, 4.5 kW/mm for 30 mins) and Scanning
Electron Microscope (SEM). This project involyes.three main investigations. Firstly, a
structural study and dielectric analysis of a ternary triangle diagram of BaTiOs (BT)-
BaSnOz (BS)-BaZrOs (BZ) were carried out:yThe doping effects of Zr and Sn at the Ti-
site were investigated. The BT, BS, BZ, BaSnosTios03 (BST50), BaZrosTios03 (BZT50)
and BaSnos5Zros03 (BSZ50) were prepared and all the samples are of a single phase. In
this study, the BS has shown a giant anomalous dielectric behaviour with dielectric
constants, & of about 87,290 and 8027 measured at 10 Hz and 1 kHz, respectively, which
are contributed by the lone paireffect of the Sn due to the oxygen non-stoichiometry of
the BS. Secondly, the Bao.gsCao.15Zr0.10Ti0.0003 (BCZT) system was investigated as it was
reported to exhibit a-high piezoelectric constant, ds3 value. The novelty in this second
investigation is the.observation of the effects of the oxygen non-stoichiometry in the
BCZT composition toward its dielectric properties. The & value of the BCZTair (Sintered
in air) is slightly higher than the BCZTn2 (sintered in N2) of & = 4805 and 4771,
respectively: The dielectric constant of the BCZTn2 does not show much differences due
to the faet.that the BCZT structure is already stable. The third investigation was to study
the effects of Sn substitution in the BCZT system. The (Bao.g5Cao.15)(SNxZro.10-x Ti0.90) O3,
BCSZT (x =0, 0.025, 0.05, 0.075, 0.1) ceramics were prepared. All the samples are of a
single phase and exhibit a tetragonal structure. The & value increases as the Sn content is
increased and the T¢ is lowered from 95 °C to 59 °C. The T shifts to a low temperature
as the Sn*" with smaller ionic radii replaces the Zr** at the B-sites. It decreases the Ti-O
bonds thus weakening the interactions within the TiOs octahedral. The larger tolerance
factor eases the deviation of the Sn** ion at the B-sites in the octahedral structure and
enhances its ferroelectricity and dielectric properties. However, the dss value decreases
since the tetragonality of the samples decrease. The c-axis becomes shorter and reduces
the dipole moment of the TiOe octahedral. The BCSZT at x = 0.025 is found out to be the
novel composition with the highest piezoelectric properties, and is suitable for
piezoelectric energy harvester applications. It obtains the highest dsz = 213 pC/N when
sintered at 1350 °C and the highest piezoelectric voltage constant, gss and output power,
P when sintered at 1250 °C of about 18.2 x 103 Vm/N and 3.51 pm?/J, respectively.
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CHAPTER 1: INTRODUCTION

1.1  Background

Piezoelectric has been used in several applications such as actuators, flexible
electronics, resonators, medical sensors, tactile sensors, and energy harvesting. The usage
of piezoelectric materials in energy harvester applications is one of the Current trends
nowadays. Piezoelectric has been installed on several freeways and flaoring in California
and London to harvest electrical energy (Dagdeviren et al., 2016; Goldman, 2016; Guo
& Lu, 2017). Piezoelectric energy harvester has become ene of the best options of energy
harvester transducer in the electronic industry. lt“can convert mechanical energy to
electrical energy directly and requires less -area which makes it easy to assemble as
compared to other energy harvesters such.as solar panel, electrostatic and electromagnetic

energy harvesting applications (Wang & Wu, 2012).

Several research-on energy harvester applications have been investigated to
enhance the energy harvester applications’ performance efficiency. In 2012, Cain and
Mitcheson.have concluded the energy harvesting research areas that are likely to receive
the'most attention in the near future as illustrated in Figure 1.1 (Cain & Mitcheson, 2012).
Each research area has its own targets, assurance of deliverables, technologies and the
enabler in science. The roadmap has also foreseen that from 2018 onwards, the research
area that will be of interest to the researchers would be on the system integration and
development of new materials. Thus, finding and developing new piezoelectric materials

with high piezoelectric properties have become the aim of this research.
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1.1.1 Piezoelectric Operation Concept @

x<Q
Piezoelectricity was dis;:@q@d by Jacques and Pierre Curie back in 1880 (Jaffe,

1971). Piezoelectric mate@k%ust be polarized to align all the dipoles in the same

direction to achieve rﬁ@num piezoelectric properties. The piezoelectric materials must

exhibit both di d converse effects. The polarized piezoelectric material can develop
N

electrical‘@rges due to the mechanical stress applied and is known as a direct

pi@ctric effect. These materials should also show the converse phenomenon, where

a geometric strain can be developed by an applied voltage, which is known as the

converse piezoelectric effect. Figure 1.2 shows the direct and converse piezoelectric

effects.
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Figure 1.2 Direct and converse piezoelectric effects.

All materials that exhibit piezoelectricity have a crystallographic requirement in
which the materials must have non-centrosymmetric unit cells (Aksel & Jones, 2010).
The piezoelectric material unit.cells consist of dipoles with random directions. Dipole
refers to a separate concentration between the negative and positive electric charges.
Normally, these dipoles cancel each other out and there is no net separation of charge in
the unit cells:\Polarization is needed for piezoelectric material to induce interaction
between'the dipoles. The polarization process allows the dipoles of the material to be
aligned with the same direction when there is an applied electric field, thus enhancing the
piezoelectricity. Once stress is applied to the piezoelectric materials, the atoms shift,
resulting in an asymmetrical and charge distribution within the unit cells. Therefore, the
dipoles have a net separation of positive and negative charges due to the applied stress
and produced voltage. When an electric field is applied to the material, it induces a

geometric strain which is also known as the converse effect.



1.1.2 Figure of Merits of Piezoelectric Materials in Energy Harvesters

There are several figure of merits (FoMs) which have been applied to evaluate the
energy conversion efficiency of the piezoelectric energy harvester applications. The most
common FoMs that are widely used for piezoelectric material involve the piezoelectric
charge constant, dij (unit, pC/N or pm/V) and piezoelectric voltage constant, gij (unit,
m?/C or mV/N). High dij value represents the ability of the material to develep'motion or
vibration while high gij value indicates that the material has high desirability to generate
a voltage from a mechanical stress. The FoMs for the piezoelectric materials selected for
energy harvester applications require high dij and gij valués (Xu & Kim, 2012; Xiong &
Wang, 2016; Todaro et al., 2017; Uchino & Ishii, 2010). The product value of dj; and gj

indicates the output electric power, P as shown,in Equation 1.1:

P o gij - dij (1.1)

1.1.3 Polarization Direction and Mechanical Stress Axis Nomenclature

The piezoelectric properties can be determined based on the polarization direction
and the mechanical stress axis applied to the piezoelectric material. These axes are
represented by subscript i and j alongside the piezoelectric properties symbols
(piezoelectric charge constant, dij and piezoelectric voltage constant, gi). The axis
nomenclature is demonstrated in Figure 1.3. The subscript i denotes the axes numbered
1, 2 and 3 which is similar to the Cartesian coordinate axes X, y, and z respectively. It

represents the polarization direction. Although subscript j denotes the same three axes,



but it is numbered from 1 to 6 to define the directions of the mechanical stress or strain
and also the shear stress or strain in rotational motions around them (number 4, 5 and 6
indicate shear around x, y, and z respectively) (Toprak & Tigli, 2014). Typically, axis 3
is assigned as the direction of the polarization of the piezoelectric material. When the
mechanical stress applied is in the same direction as the polarization axis 3, it indicates
that the piezoelectric material is operated in a 33-mode (dsz and gzs). Under a 31-mode,
the material is poled in the direction of 3 and the mechanical stress acts in-the direction

of 1 (da1 and ga1) as depicted in Figure 1.4.

/ Piezoelectric Material

Surface Electrodes

Dipole Alignment

Figure 1.3 The schematic diagram of a piezoelectric material with its polarization
and mechanical stress axis (Moheimani & Fleming, 2006).

33 Mode 31 Mode
LF{ | |
_— ﬁL(

Figure 1.4 The illustration of 33 mode and 31 mode operation for piezoelectric
material (Roundy, Wright & Rabaey, 2003).
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Operation in a 31-mode can be applied to flexible thin elements in which a large
strain is developed in the direction of 1 through the bending of the elements (e.g.
piezoelectric bimorphs) (Roundy, Wright & Rabaey, 2003). Baker et al., 2005 have
compared the energy harvesters’ productivity between piezoelectric materials operated
under the 31-mode and 33-mode and concluded that the piezoelectric material under the
31-mode is more efficient to convert lower-level loads/force/deformation into electrical
energy. However, when the piezoelectric material is under a higher-level load'such as the
piezoelectric material installed under the pavement with high load induced by vehicle
movements, the conversion is more efficient under the 33-mode: (Baker, Roundy &
Wright, 2005). The energy harvester under the 33-mode show that the energy productivity
increases linearly with the stress applied along the direction of the poled material (Xiong
& Wang, 2016). Piezoelectric material operated under the 33-mode is studied most
extensively (Zhang, Glaum, Groh, Ehmke, Blendell, Bowman et al., 2014; Khandelwal,
Gupta, Laishram & Singh, 2019; Baraskar, Kadhane, Darvade, James & Kambale, 2018;
Wang, Liu, Liang & Yang, 2018; Zhou, Liu, Xu, Yao & Cai, 2017; Zhang, Sun & Chen

2018). In this research, @ll the samples involved with the 33-mode.

Anather comparison was done by Ramsay and Clark in 2001, which concludes
that-the:31-mode conversion may benefit the energy conversion of a piezoelectric material
under very low pressure sources, while the 33-mode may be feasible for piezoelectric
material with greater volume (Ramsay & Clark, 2001). The piezoelectric material can
achieve higher output energy in the 33-mode conversion by increasing the piezoelectric
material layers by stack configurations while the 31-mode stress might be easily achieved
by bonding the piezoelectric element to a substructure in which they undergo bending and

stretch together (Roundy, Wright & Rabaey, 2003).



