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ABSTRACT

Piezoelectric materials have been extensively used in smart devices such as sensors
and actuators. Nowadays, lead zirconate titanate Pb(Zrx,Ti;—x)O; (abbreviated as PZT)
and PZT-based ceramics are the most commonly used piezoelectric materials due to their
excellent piezoelectric properties. However, lead oxide (PbO) in PZT has a strong
toxicity to the human body. Hence, there is a great need to develop lead-free piezoelectric
ceramics for replacing PZT. In recent years, (Bi;;Na;;)TiOs (abbreviated as BNT) has
been extensively studied as one of promising lead-free piezoelectric ceramics. On the
other hand, piezoelectric films have attracted more and more attentions with the great
development of Micro-electromechanical Systems (abbreviated as MEMS), especially in
the development of micro-sensors and micro-actuators. In this dissertation, an attempt to

deposit BNT film on titanium substrate was made using a hydrothermal method.

In the hydrothermal synthesis of BNT films on titanium substrates, hydrated bismuth
nitrate (Bi(NO3); -5H,0), titanium oxide(TiO;) and sodium hydroxide(NaOH) were used
as starting materials. We employed a 2-step process: nucleation and crystal growth. A
series of samples were prepared with varying the concentrations of Bi(NOs); and TiO;
starting materials. The properties of deposited BNT films were characterized using SEM,
EDX, XRD, LCR and other instruments, and then investigated with respect to the
concentrations of Bi(NO;3); and TiO, starting materials. First of all, XRD diffraction
patterns confirmed the generation of BNT crystal with a rhombohedral crystal structure in
the deposited films. However, Bi,0O3 impurity was also found, and its amount increased
with increasing the Bi(NOs); concentration. With assumption of deposited films as a
system of (1-x)(Bi;;,Na;;)TiO3-xBi,03, the BNT content was calculated from the Bi/Ti
ratio of the EDX results. With the evaluation target of the calculated BNT content, the
optimized synthesis condition was determined as follows: Bi(NOs); of 1.2 mol/l and TiO;
of 0.5 mol/l. In addition, the unimorph cantilever type actuators were fabricated by BNT
deposited samples, and their piezoelectric responses were measured under a DC and AC

field. This actuation test confirmed the piezoelectric activity of deposited BNT films, and



it was noted that the piezoelectricity strength of the deposited BNT film was greatly
dependent on the crystallization level of BNT. The piezoelectric response of the tested

unimorph actuator was stronger in the case of higher BNT diffraction peaks.

The performance and reliability of film/substrate structures are determined to a large
extent by the interfacial strength. A quantitative evaluation of the adhesion strength is
demanded in the design and fabrication of the film base component. As yet, there is no
accepted convention for defining the adhesion strength between the film and substrate. In
an effort to quantitatively assess the adhesion strength between the deposited BNT film
and titanium substrate, a tensile test, indentation test and scratch test were carried out in
this dissertation. The critical force or substrate strain inducing film exfoliation or
delamination was determined with the aid of FEM analysis in their respective load
condition. In practical evaluation of film adhesion, which test method to use depends on
the comparability of the results to the actual operational environment of the film/substrate
system. In addition, film adhesion measurements showed that the appropriate
pretreatment of titanium substrate such as chemical polish and mechanical polish can

improve the adhesion strength of BNT films on titanium substrates.

II
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Chapter 1
Introduction

This chapter briefly introduces the background for the conducted research. It then
motivates the necessity of the research and outlines the objectives and structure of this

disseration.

1.1. Motivation and Objectives

Piezoelectricity is exhibited in some materials which are called piezoelectric materials.
If a mechanical stress is applied to such piezoelectric materials, an electrical charge will
be generated on their opposite faces. This phenomenon is called the direct piezoelectric
effect. The converse piezoelectric effect occurs when an applied electrical field causes a

mechanical stress in the piezoelectric materials.

The direct piezoelectric effect was discovered by the brothers Pierre Curie and
Jacques Curie in 1880 V. They found that if certain crystals were subjected to mechanical
strain, they became electrically polarized and the degree of polarization was proportional
to the applied strain. In 1881, Lippmann mathematically proved that applying a voltage to

()]

a piezoelectric material induces strain in the material *’. The Curie brothers immediately

obtained quantitative proof of this effect.

Piezoelectric materials are capable of acting as either a sensor or an actuator, or both,
owing to the direct and converse piezoelectric effects. Nowadays, piezoelectric materials
have been extensively used in microelectronic and micromechanical systems (MEMS)®~
10, Among piezoelectric materials, lead zirconate titanate Pb(Zry, Ti;—x)O; (abbreviated

as PZT) and PZT-based ceramics are the most commonly used piezoelectric materials due



to their excellent piezoelectric properties (16 However, the toxicity of lead oxide in
PZT does harm to human and environment, and then causes a serious problem of
environment pollution 7. The European Union (EU) introduced legislation for use of
lead free materials in 2003 '®. The dangers of lead (Pb) are well recognized, and laws are
being introduced internationally to curb its use. Therefore, to reduce and eliminate lead

pollution, more and more attentions have been paid to lead-free piezoelectric ceramics ”

-(25)

Bismuth sodium titanate (Bi;;Na;;,)TiO; (abbreviated as BNT) is considered to be
one of promising lead-free piezoelectric ceramics ?@®®. In this work, BNT films were
deposited on pure titanium substrates by the hydrothermal method. On the other hand,
with the trend of miniaturization of smart devices such as micro-sensors and
micro-actuators, thin films of piezoelectric materials have been intensely studied ®-%.
Kanda et al. reported that PZT films were successfully deposited on pure titanium
substrates by the hydrothermal method 3%, The hydrothermal synthesis of BNT
powder was reported by Pookmanee et al “®. However, there have been few reports
about the development of BNT films. The desire for lead free piezoelectric materials and

the strong driving force for the miniaturization of intelligent systems motivate the present

research.

Based on the background as described above, the objective of this thesis is first to
develop BNT films on titanium substrates by a hydrothermal method, with investigating
the effects of the concentrations of starting materials on the characteristics of BNT films;
and second to quantitatively evaluate the adhesion of BNT films to titanium substrates in
different load conditions by a tensile test, indentation test and scratch test with the aid of

FEM analysis.



1.2. Thesis Outline

This dissertation is organized as follows:

Chapter 1 motivates the necessity of the research and outlines the objectives and
structure of this dissertation.

In Chapter 2, the related background and previous research on piezoelectric materials
are reviewed, including the relation between the crystal symmetry and the piezoelectricity,
the piezoelectric constitutive relation, and piezoelectric materials with the perovskite
structure. The synthesis methods of piezoelectric films are also reviewed, especially
introducing the hydrothermal method.

Chapter 3 firstly presents the hydrothermal synthesis of BNT films on titanium
substrates; secondly, we characterize the properties of deposited BNT films, such as
microstructure, crystal structure, element compositions, relative permittivity and
piezoelectric performance; thirdly, we make optimization of synthesis condition on the
evaluation target of the BNT content; finally, we investigate the characteristics of
deposited BNT films with respect to the concentrations of the starting materials.

In chapter 4, a tensile test is performed to evaluate the adhesion of deposited BNT
films to titanium substrates. We investigate the behavior of film exfoliation using the
replica method, and determine the critical substrate strain inducing film exfoliation with
the aid of finite element analysis (FEM).

In chapter 5, an indentation test is performed to evaluate the adhesion of deposited
BNT films to titanium substrates. We investigate the behavior of film delamination by
observing the morphology of the indentations using the laser microscope system, and
then determine the critical substrate strain inducing film delamination with the aid of
finite element analysis.

In chapter 6, a scratch test is performed to evaluate the adhesion of deposited BNT
films to titanium substrates. Some of Ti substrates are pretreated by chemical polish and
mechanical polish respectively prior to BNT film deposition with a view of investigating
the effects of substrate surface pretreatments on the adhesion of BNT films. We

determine the critical force from the variations of the tangential force and the acoustic



emission (AE) signals with the normal force.
In chapter 7, we make a summary on the basis of experimental results and

investigations.
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Chapter 2

Literature Review

This chapter reviews the related background and previous research in the field of
piezoelectric materials, which are essential to understand the present dissertation. It
mainly includes fundamentals of piezoelectricity and ferroelectricity, crystal symmetry
and piezoelectric materials with the perovskite structure. The synthesis methods of

piezoelectric films are also reviewed, especially introducing the hydrothermal method.



2.1. Piezoelectricity and Ferroelectricity

Piezoelectricity is the ability of some of dielectric materials to develop electrical
polarization in respond to mechanical strain (stress). Ferroelectricity is exhibited in some
of dielectric materials which possess a spontaneous polarization even when they are

unstrained

. Ferroelectric materials are a subset of piezoelectric materials. The
relationships between dielectric, piezoelectric and ferroelectric materials are illustrated in
Figure 2.1. All the ferroelectric materials are piezoelectric materials, while not all the
piezoelectric materials possess ferroelectric properties. In this section, the fundamentals
of piezoelectricity and ferroelectricity are presented from the viewpoint of

microstructure.

Dielectric Piezoelectric Ferroelectric

Figure 2.1 Relationship between dielectric, piezoelectric and ferroelectric materials
2.1.1. Crystal Structure

Piezoelectricity is attributed to the lack of a center of symmetry of the

1 @ Deformation of such a unit cell leads to polarization. Figure

crystallographic unit cel
2.2 provides an explanation of why the piezoelectric effect exists. In the unstressed unit
cell, the center of positive charges coincides with the center of negative charges. As
shown in Figure 2.2a, the unit cell with a center of symmetry deforms when subjected to
a compressive stress, but the centers of positive and negative charges are not separated,
thus no piezoelectricity is observed in the bulk material. In Figure 2.2b, the unit cell with
a noncentrosymmetric structure deforms when subjected to a compressive stress, and the

centers of positive and negative charges are separated. This results in the net polarization

of the unit cell, thus piezoelectricity is observed in the bulk material.

10



ﬂ_ﬁ
(O—2
©) (D
O—
1T o

Figure 2.2 Origin of piezoelectricity: (a) centrosymmetric crystal structure;

(b) noncentrosymmetric crystal structure

Piezoelectricity is exhibited in some materials (crystal or non-crystalline) that do not
have a center of symmetry. As BNT film, the focus of this dissertation, is one of
polycrystals, the relationship between crystal structure and piezoelectricity is solely
discussed in this section. Crystals are classified into seven crystal systems according to

their atomic lattices. The seven crystal systems are further divided into 32 point groups or

11



crystal structures, each of which exhibits unique symmetric elements such as reflection,
rotation and translation ). In the 32 point groups, 11 point groups with a center of
symmetry can not support piezoelectricity; the other 21 point groups lack a center of
symmetry, thus support piezoelectricity with one exception (point group 432) . In other
words, crystals belonging to one of these 20 point groups exhibit piezoelectricity.
Microscopic dipoles are formed in piezoelectric materials by the displacement between
the positive and negative charges in the unit cell. 10 of the 20 piezoelectric point groups
have no net polarization, as the microscopic dipoles sum to zero except when the crystal
is strained. The remaining 10 piezoelectric point groups exhibit a spontaneous
polarization even when the crystal is unstrained. These crystals are referred to as
pyroelectric materials. The spontaneous polarization is a result of a displacement between
the centers of positive and negative charges in the crystal unit cell and changes when the
material is heated uniformly causing a charge to develop on the surface ©'. Ferroelectric
materials are a subset of pyroelectric materials, and defined as pyroelectric materials with
a switchable spontaneous polarization . Ferroelectric materials include the structures of
tungsten bronze, perovskite, pyrochlore and bismuth layer ’. BNT crystal has a
perovskite structure ®. As described above, the crystal structures of piezoelectric,
pyroelectric and ferroelectric materials are depicted schematically in Figure 2.3 @9 1t
can be concluded that the necessary condition for piezoelectricity to exist is a
noncentrosymmetric crystal structure, and the necessary conditions for ferroelectricity to
exist are a noncentrosymmetric crystal structure and a switchable spontaneous

polarization.
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Figure 2.3 Crystal structures of piezoelectric, pyroelectric and ferroelectric materials
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2.1.2. Piezoelectricity

It has been more than one hundred years since piezoelectricity was discovered in
1880 by the Curie brothers 'V, “Piezo” is derived from the Greek word piezein meaning
“to press” Y. Piezoelectricity is the ability of some materials to convert mechanical
energy to electric energy (direct piezoelectric effect) or electric energy to mechanical
energy (converse piezoelectric effect). The direct and converse piezoelectric effects are

illustrated in Figure 2.4.

Direct
piezoelectric effect

piezoelectric
materials

Converse
piezoelectric effect

Figure 2.4 The direct and converse piezoelectric effects

The constitutive relation describing the electromechanical effect is given by the
following two equations ¥,
D=dT (2.1)
S=dE (2.2)
Where, D: charge density, C/mz;

d: piezoelectric constant, C/N;
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T: stress, N/mz;
S: strain;
E: electric field, V/m.

Equation (2.1) describes the charge density change if a stress is applied to the crystal,
and this effect is called the direct piezoelectric effect. In other words, the direct
piezoelectric effect describes the material’s ability to produce a voltage when
mechanically strained and can be utilized in sensor applications. Similarly, the converse
piezoelectric effect in Equation (2.2) states that the crystal will become strained if an
electric field £ is applied to the crystal. Therefore, the converse piezoelectric effect can
be utilized in actuator applications. If considering the linear elastic and dielectric

relations, the piezoelectric constitutive equations can be expressed in the tensor form ¥

D,=d,T +¢ E, (2.3)

S, =siT, +d,.E 2.4)

mi m

Where s is the elastic compliance, ¢ is the permittivity, and the subscripts 1, j, m and k
indicate the direction of stress, strain or electric field. The superscript £ indicates that the
elastic compliance is measured under the constant electric field (short-circuit condition),
and the superscript 7 indicates that the permittivity is measured under zero stress.

The piezoelectric constant d is an important parameter in the quantitative description
of piezoelectricity. The general matrix of the piezoelectric constant is given by the

following expression .

Q
Q
Q
Q
N

Q
Q

2% (2.5)
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The first subscript refers to the direction of polarization generated in the bulk material
or the direction of the applied electric field. The second subscript refers to the direction of

the applied stress or the direction of induced strain. The direction of polarization is
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usually chosen to coincide with the Z-axis of a rectangular system. If the directions of X,
Y and Z are represented by 1, 2 and 3 respectively, and the shears about these axes are
represented by 4, 5 and 6 respectively, as shown in Figure 2.5, the tensor of piezoelectric

constant is expressed into the matrix(Equation 2.5).

1

Figure 2.5 Designation of the axes and directions of deformation
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The piezoelectric constants d;, ds; and d;s are illustrated in Figure 2.6 as examples.
ds;: the polarization in the 3 direction induced by unit applied stress in the 1 direction, or
the strain induced in the 1 direction by unit electric field in the 3 direction.
ds;: the polarization in the 3 direction induced by unit applied stress in the 3 direction, or
the strain induced in the 3 direction by unit electric field in the 3 direction.
d;s: the polarization in the 1 direction induced by unit applied shear stress in the 5
direction, or the shear strain induced in the 5 direction by unit electric field in the 1

direction.
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Figure 2.6 Schematic illustrations of piezoelectric coefficients: (a) ds;; (b) ds3; (c) dis
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2.1.3. Ferroelectricity

Ferroelectricity was first discovered in Rochelle salt (sodium potassium tartrate
tetrahydrate, NaKC4-H4O¢*4H,0) in 1921 by J. Valasek 19 The name ferroelectricity
stems from the hysteretic nature of dielectric displacement with applied field, analogous
to the hysteresis in magnetization with magnetic field present in ferromagnets. The word
ferroelectricity was thus chosen out of convenience and in no way implies that iron is a
necessary component to all crystals displaying the ferroelectric phenomenon.

Ferroelectric materials are a subset of pyroelectric materials, which are in turn, a
subset of piezoelectric materials. As such, ferroelectrics possess a spontaneous electric
dipole moment, develop charges on their surfaces when subjected to a stress and deform
when subjected to an electric field. Although each unit cell of ferroelectric materials has a
spontaneous polarization, these polarizations are randomly orientated. Therefore unpoled
ferroelectric materials have no net remnant polarization, and they must be polarized to
exhibit a bulk piezoelectric effect. In addition, ferroelectric materials generally exhibit a
ferroelectric behavior below a certain temperature and a paraelectric behavior above this
temperature. This structural phase transition from a high-temperature nonferroelectric
paraelectric phase to a low-temperature ferroelectric phase occurs at what is called the
Curie point (7.) 7. Typically, a ferroelectric material in the paraelectric phase is
centrosymmetric, which means it exhibits no piezoelectricity, and in the case of BNT, the
crystal structure is cubic and hence neither pyroelectric nor piezoelectric '*).

The distinction between pyroelectric and ferroelectric materials is that the direction of
the spontaneous polarization in ferroelectrics can be switched by an applied electric field.
The polarization reversal can be observed by measuring the ferroelectric hysteresis. A
typical D-E hysteresis loop of a ferroelectric material is shown in Figure 2.7. Here, D and

E mean electrical displacement and electrical field strength, respectively.

18



i D
c
B
I ﬂﬂﬂﬂﬂ —_—
J
PS
Pr
EE
‘ < E
0 -
H
G

Figure 2.7 A typical D-E hysteresis loop of ferroelectric materials *

As shown in Figure 2.7, initially the unpoled ferroelectric material has zero
polarization (origin point O). If only a small electric field is applied across the sample,
only a linear relationship between D and E is observed, because the electric field strength
is not large enough to switch domains and the ferroelectric material behaves as a normal
dielectric material (OA). A domain is a region with a uniform polarization, surrounded by
regions with other polarization directions. As the electric field strength increases, a
number of negative domains will switch over to the positive direction and the
polarization will increase rapidly (AB) until all the domains are aligned in the positive
direction (BC). This is a state of saturation in which the ferroelectric material is
composed of just a single domain. As the electric field strength decreases, the
polarization will generally decrease but does not return to zero with the removal of the
applied electric field. This is because some of the domains remain aligned in the positive

direction and the ferroelectric material will exhibit a remnant polarization (OJ, P,). The
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linear extrapolation of the segment BC back to the polarization axis (CBI) represents a
linear dielectric and piezoelectric response. The polarization value at point I is the
spontaneous polarization (Ps). The electric field required to reduce the polarization P to
zero is called the coercive field strength (OF, E.). Further increase of the electric field
strength in the reverse direction will cause a complete alignment of the dipoles in this
direction and the cycle can be completed by reversing the field direction once again. The
relation between D and E is represented by a hysteresis loop (CJFGHC) as shown in the

figure. Hysteresis loop is an important characteristic of ferroelectric materials.
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2.2. Piezoelectric Materials

After the piezoelectric effect was discovered in quartz crystal, many materials with
piezoelectric property were discovered and synthesized. Nowadays, quartz is still a
widely used piezoelectric material for overall stability with respect to time and
temperature and is noted for its capability of frequency control ®”. Quartz is naturally
piezoelectric (non-ferroelectric) with an essentially linear response, even when very high
electric or stress fields are imposed. However, the piezoelectric effect exhibited in natural
materials such as quartz, tourmaline, Rochelle salt, etc. is very low @@ Thus,
polycrystalline ferroelectric ceramic materials such as BaTiOs; and PZT have been
developed with improved properties. Ferroelectric ceramics have become an important

group of piezoelectric materials.

Ferroelectric ceramics require poling to exhibit the piezoelectric behavior **. Poling
or polarization is normally achieved at an elevated temperature by applying a high
electric field across the material. The orientations of domains in ferroelectric ceramics
determine whether or not the ferroelectric ceramics exhibit piezoelectricity. The domains
are randomly oriented in the ferroelectric ceramics before poling. Owing to the random
distribution of domains throughout the ferroelectric ceramics, no overall polarization or
piezoelectricity is exhibited. The domains switch to the applied electric field and align in
the same orientation during the poling process. After poling, the domains stay roughly in
the same orientation though the electric field is removed. When a stress or an electric
field is applied to such poled ferroelectric ceramics, the domains experience the response
proportional to the applied stress or electric field, and this results in the display of
piezoelectricity. As a consequence, these ferroelectric ceramics become to possess

piezoelectricity after poling.
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2.2.1. Perovskite Structure

Perovskite is the mineral name of calcium titanate (CaTiO;) “*. Ferroelectric
ceramics with the perovskite crystal structure are probably the most important class of
ferroelectric materials for technological applications. For example, barium titanate
(BaTiOs), lead titanate (PbTiO;), PZT, lead lanthanum zirconate titanate (PLZT) and
BNT have the perovskite structure ®*. The general chemical formula of the perovskite
structure is ABO; where O is oxygen. A denotes a monovalent, divalent or trivalent metal
cation with a large radius, and B denotes a pentavalent, tetravelent or trivalent metal
cation with a small radius. As shown in Figure 2.8, the perovskite structure (unit cell) can
be described as a cubic structure with A ions at the corners, O ions at the face centers and

smaller B ion filling the cubic center.

dp C

d

g a

(a) (b)

Figure 2.8 Perovskite structure (ABQO;): (a) paraelectric cubic phase above the Curie

temperature; (b) ferroelectric tetragonal phase below the Curie temperature
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Figure 2.8 compares the unit cells of the paraelectric cubic phase and the ferroelectric
tetragonal phase. Above the Curie temperature, the ferroelectric ceramics exhibit the
simple cubic symmetry (Figure 2.8(a)). This structure is centrosymmetric with positive
and negative charge centers coinciding, so there are no dipoles present in the material.
Below the Curie temperature, however the ceramics take on the ferroelectric phase in
which the positive and negative charge centers no longer coincide. As an example of
ferroelectric structure below 7., tetragonal symmetry is presented in Figure 2.8(b). As a
consequence, each unit cell then has a built-in electric dipole which may be reversed, and
also switched to a certain allowed direction by the application of an electric field or stress.
It is shown in Figure 2.9 that the tetragonal phase may undergo 90° or 180° polarization
switching among the six equivalent polarization directions. The polarization switching
induced by an electric field is called ferroelectric switching (90° or 180°), and that
induced by a stress is called ferroelastic switching (90°). A stress does not induce 180°

switching because 180° switching doesn’t accompany a change of spontaneous strain.
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Figure 2.9 Polarization switching of the tetragonal phase. A stress induces 90°

ferroelastic switching; an electric field induces 90° or 180° ferroelectric
switching

23



An electric dipole is one of necessary conditions for ferroelectric ceramics to exhibit
piezoelectricity. As described above, the ferroelectric ceramics with electric dipoles will
exhibit piezoelectricity after poling. As shown in Figure 2.10, the domains are randomly
oriented before poling, and then aligned roughly in the direction of the applied electric
field after 90° and 180° switching. As a result, the ferroelectric materials with a

perovskite structure become to exhibit piezoelectricity after poling.

(b)
Figure 2.10 Schematic diagram of domains in ferroelectric ceramics with a perovskite

structure: (a) before poling; (b) after poling
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2.2.2. PZT

PZT, one of the perovskite family, has been widely used because of their superior
piezoelectric and dielectric properties. In the perovskite structure of PZT, Pb cations
occupy the corners of a cube, with O anions at the face centers and a Zr or Ti cation at the
center of the unit cell. In fact, PZT is a solid solution of lead zirconate(PbZrO;), and lead
titanate(PbTi0O3). Both PbTiO3; and PbZrO; have the perovskite structure. Below their
respective Curie temperatures, PbTiO; has a tetragonal ferroelectric phase; whereas
PbZrO; has an orthorhombic antiferroelectric phase @7 The Ti*" cations in PbTiO; can
be partially substituted by Zr*" with a molar ratio X to form a binary system (solid
solution) with the following chemical formula Pb(Zry,Ti; )Os. The percentage of PbZrO;
or PbTiOs3 in the solid solution determines not only the phase of the solution at a
particular temperature but also certain properties like the piezoelectric constant.

Figure 2.11 shows the phase diagram of PZT solid solution system. The Curie
temperature is the boundary between the cubic paraelectric phase and the various possible
ferroelectric/antiferroelectric phases. 7. varies from 230°C to 490°C depending upon the
Z1/Ti ratio. Above T,, paraelectric cubic phase exists in PZT and the Zr/Ti ions are
located at the exact center of the unit cell, regardless of the composition. Below T, a
morphotropic phase boundary (MPB) divides the ferroelectric region in two parts, which
are the rhombohedral (Zr-rich side) and the tetragonal (Ti-rich side). The MPB is located
near X~50%, and is almost a vertical straight line. Hence, the transition is practically
temperature independent. PZT solid solutions with compositions close to or at the MPB
are quite interesting, because they have high dielectric and piezoelectric properties. In the
tetragonal phase, there are six equivalent (100) polarization directions; whereas in the
rhombohedral phase, there are eight equivalent (111) variants. Within the MPB region,
the 6 domain states of the tetragonal coexist with the 8 domain states of the rhombohedral.
This results in 14 possible directions for the spontaneous polarization. Consequently, the
compositions near the morphotropic boundary show maximum dielectric, ferroelectric

and piezoelectric properties.
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Figure 2.11 Phase diagram of PZT solid solution system
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2.2.3. Lead-free Piezoelectric Materials

To date, PZT and PZT-based ceramics are the most widely used piezoelectric
materials for piezoelectric actuators, sensors and transducers due to their excellent
piezoelectric properties. However, the hazardous lead content present within these
materials raises serious environmental concerns. For example, in the typical composition
of PZT, Pb(Zr(5,Ti45)03, lead takes up to more than 60 wt.% of the material 29 The
toxicity of lead presents serious threat to human health. Once absorbed by a human body,
lead occupies the bonding sites where calcium is supposed to be. Because calcium is a
crucial messenger to nerve pulse transmission, heart activity and blood clotting, the
replacement by lead disrupts the functioning of brain neurotransmitter and the central
nervous system is seriously jeopardized ©*. Moreover, lead can accumulate in human
organisms and is difficult to remove. There are two major ways that lead gets into the
environment: the disposal of discarded lead-contained devices and the evaporation of
lead oxide during the processing of lead-based materials. Most wastes are disposed of by
the landfill method. After lead-contained devices are buried in the ground, toxic lead can
dissolve into the underground water during the acid rain falls contaminating the water
source that people need for everyday life. During the processing of lead-based materials,
the evaporation of lead oxide is inevitable due to its low melting point (888°C) and high
vapor pressure ",

In addition, in the biosensing applications where the biosensor needs to be utilized
inside human body, it’s required that the sensing materials, for instance, the piezoelectric
materials need to be biocompatible with the interior environment of human body.
Lead-based piezoelectric materials are obviously not suitable for these applications.

With the above concerns, regulations and policies against lead-based materials have
been increasingly enacted throughout the world. In 2003, European Union (EU) issued
the decree of Waste Electrical and Electronic Equipment Directive (WEEE), in which the
hazardous substance directive (RoHS) strictly prohibited the use of the six materials
listed in Table 2.1 in the manufacturing of electronic equipment. These hazardous
materials had to be eliminated from all new electrical products on market since July 1,

2006. Lead was in the first place in these six hazardous substances. In Asia, Japan, China,
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and South Korea have also enacted similar policies and legislation to control the usage of
lead-contained materials ®?. However, lead-based piezoelectric materials are exempted
from the list of the banned materials in these directives or regulations due to the fact that
the piezoelectric properties of current lead-free candidates were still inferior to the
lead-based materials. Therefore, there has been a growing interest in developing
alternative lead-free piezoelectric materials that can eventually replace the current

lead-based ones.

Table 2.1 Restriction of Hazardous Substances (RoHS) 33)

Number Hazardous substance Chemical formula or symbol
1 Lead Pb
2 Mercury Hg
3 Cadmium Cd
4 Hexavalent chromium cr
5 Polybrominated biphenyls PBB
6 Polybrominated diphenyl ether PBDE

In recent years, an intensive research effort has been spent on the search for
alternative environment friendly lead-free materials all around the world. Among all the
lead-free piezoelectric materials, two classes have drawn a lot of attention: bismuth layer
structure type (BLSF) and perovskite structure type. Table 2.2 shows the current major
lead-free piezoelectric materials and their primary properties in comparison to those of

PZT.

Table 2.2 Primary properties of current major lead-free piezoelectric materials and PZT

BLSF Perovskite structure type
Bi4Ti30, BaTiOs BNT (Nag sK.s)NbO3 PZT
T.(°C) 683 120 320 420 300~400
ds; (pC/N) <10 190 120~200 100~416 200~500
ds; (pC/N) -78 -7.5 -30~-152 -130
g (at 1kHz) | 100~200 | 1500~6000 ~1700 200~500 1000~4000
References (34) (35) (36) (37 (38)
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In the current lead-free piezoelectric materials which are studied intensively, bismuth

sodium titanate (BNT), discovered by Smolenskii et al. in 1960 39

, 1s considered to be
one of promising lead-free piezoelectric ceramics. BNT belongs to the perovskite family
(ABOs) with bismuth cations(Bi’") and sodium cations (Na") at the A-sites, and titanium
cation (Ti*") at the B-site. BNT has a relatively large remnant polarization (P,=38uC/cm?)
and coercive field (£,=73 kV/cm) at room temperature. It also has a relatively high Curie
temperature (7,=320°C) “?. In addition, BNT has a rhombohedral symmetry at room
temperature. Therefore, BNT piezoelectric ceramics show a great prospect not only for

environment protection but also for various applications.
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2.3. Synthesis Methods of Piezoelectric Films

Recently, with the rapid development of Micro-electromechanical Systems (MEMS)
engineering, there is an increasing trend for the miniaturization of smart devices such as
micro-sensors and micro-actuators. With the driving force towards miniature devices,
piezoelectric films have been intensely investigated on their fabrication and
characterization. Among film fabrication techniques, chemical vapor deposition (CVD),
pulse laser deposition (PLD), sol-gel, RF magnetron sputtering and hydrothermal
synthesis have been investigated to fabricate films on various substrates “"“°. Figure
2.12 shows the diagram of film fabrication methods, most of which could be categorized
into the following categories.

(1) Vapor phase deposition;

(2) Liquid phase deposition

A general definition for vapor phase deposition is the transportation of evaporated
molecules from a source material onto a substrate. The initial step of vapor deposition is
to obtain the gaseous form of the source molecules. The vaporized source material is then
condensed onto a substrate to form a film. There are two general types of vapor
deposition techniques: Physical vapor deposition (PVD) and chemical vapor deposition
(CVD). In PVD methods, the solid or liquid source material is vaporized by evaporation,
laser ablation, or sputtering at high vacuum conditions. In CVD methods, chemical
reactions occur during thin film deposition. These reactions can happen between source
gases prior to deposition, or between source molecules and substrate during condensation.
CVD can be performed under high vacuum or atmospheric pressures, depending on the
desired chemical reaction.

In the liquid phase deposition, chemical solution deposition involves fabricating thin
films from a chemical solution, drying to remove the liquid in the gel network and
performing appropriate heat treatment to convert the as-deposited film into the desired
crystalline phase.

Hydrothermal synthesis, one of chemical solution deposition methods, is a method for
synthesizing crystals in an aqueous solution under high temperature and high pressure.

Compared with other methods such as sol-gel method, CVD, PLD, or the RF
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magnetron sputtering method, the hydrothermal method has four outstanding advantages

as follows 47V

(1) Films can grow on the curved substrate, allowing new kinds of micro-sensors and
micro-actuators. Other methods are useful only for a flat-figure substrate. The
hydrothermal method, however, utilizes a chemical reaction between the substrate
and ions dissolved in the solution, so a film can be deposited over the entire substrate
surface.

(2) Deposited films require no poling treatment. During the deposition, the polarization
direction is aligned. The direction of the chemical reaction is vertical to the surface of
the substrate. It has been assumed that this is why polarization direction is aligned.
However, a detailed explanation of this phenomenon is not yet available.

(3) Deposited films require no annealing treatment. Other methods require that the
deposited films be annealed to be crystallized. Therefore, it is easy to cause a crack in
the deposited film because of the difference in the thermal expansion coefficient
between the film and the substrate. The hydrothermal method utilizes a
recrystallization reaction, so annealing is not necessary.

(4) The cost of the method is rather low.

In this dissertation, the hydrothermal method was developed to deposit BNT films on

pure titanium substrates.
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Chapter 3

Synthesis and Characterization of BNT Films on

Titanium Substrates

This chapter describes the technology for the synthesis of piezoelectric BNT films on
pure titanium substrates by the hydrothermal method. BNT films are prepared with
varying the concentrations of starting materials to obtain the optimum synthesis
condition. The optimization of the synthesis condition with the evaluation target of the
BNT content is presented. Characterizations of deposited BNT films are also presented.

Correlations between their properties and synthesis conditions are discussed.
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3.1. Introduction

Piezoelectric materials have been extensively used in smart devices such as sensors
and actuators. Nowadays, PZT and PZT-based ceramics are the most commonly used

O, However,

piezoelectric materials due to their excellent piezoelectric properties
because of the strong toxicity of lead oxide, the use of the lead-based ceramics has caused
serious lead pollution and environmental problems ®. Therefore, there is a great need to
develop lead-free piezoelectric ceramics for replacing them. BNT, one of promising
lead-free piezoelectric ceramics, belongs to the perovskite family (ABOs-type) with a
rhombohedral symmetry at ambient temperature ®. BNT ceramics and some BNT-based

ceramics have been studied extensively “®

Recently, piezoelectric films have attracted more and more attentions in
microelectronic and micromechanical systems, especially in the development of
micro-sensors and micro-actuators ®. Kanda et al. reported that PZT films were
successfully deposited on pure titanium substrates by the hydrothermal method "'?. In
this dissertation, we introduced the hydrothermal method to deposit BNT films on pure
titanium substrates. Compared with other methods such as sol-gel method, chemical
vapor deposition (CVD), or the puttering method, the hydrothermal method has two
outstanding advantages: " (1) films can grow on the complex shaped or tiny substrates,
allowing new kinds of micro-sensors and micro-actuators; (2) the deposited films require

no post treatment (annealing or poling).

The hydrothermal synthesis of BNT powder was reported by Jing et al. '® and
Pookmanee et al. !*. However, little investigation on the development of BNT films has
been done by the hydrothermal method. Moreover, there has been no report on the
optimization of hydrothermal synthesis conditions of BNT films. In this work, the
characteristics of BNT films were investigated with varying the concentrations of starting

materials.
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3.2. Experimental

3.2.1. Materials and Apparatus

In this study, a pure titanium substrate (40x20x0.05mm) was used. The
biocompatibility of titanium is a factor of primary consideration. In addition, the titanium
metal exhibits some excellent properties such as high strength, low density and high
corrosion-resistance. Moreover, titanium substrate helps to form BNT nuclei on its

surface. The starting materials for hydrothermal synthesis of BNT films are as follows:

Bi precursor: hydrated bismuth nitrate, Bi(NO3)3*5H,0, hereinafter referred to as
Bi(NOs3);.

Ti precursor: titanium oxide, TiO,.

Na precursor: sodium hydroxide, NaOH.

Mineralizer: NaOH.

Table 3.1 shows the hydrothermal synthesis conditions of starting materials. In this
study, the concentration of NaOH was kept constant. The experimental equipment for
hydrothermal synthesis of BNT films is shown in Figure 3.1, and it is equipped with a
rotation device. During the hydrothermal synthesis process, the reaction vessel was
rotated at the speed of 12 rpm to stir the reaction solution. Figure 3.2 shows the reaction

vessel with a Teflon cup of 40ml.

Table 3.1 Conditions of starting materials and symbols of samples

4ml solution of
16 ml solution of Bi(NO;), (mol/l)
NaOH(10mol/T)
1.0 1.2 1.4 1.6
03] A E I M
8 ml solution| () 4 B F J N
of TiO,
(mol/l) 0.5 C G K O
06| D H L P
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Figure 3.1 The experimental equipment for hydrothermal synthesis of BNT films

Figure 3.2 The reaction vessel for hydrothermal synthesis of BNT films
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3.2.2. Hydrothermal Synthesis

The Hydrothermal method is the method of material synthesis or crystal growth in
water under high temperature and pressure. Water exists as liquid under high pressure
even if the temperature is above the boiling point of water at atmospheric condition.
Reaction which is impossible under atmospheric pressure can occur under the above
situation. It is said that various minerals are synthesized in the inside of the earth by the
hydrothermal method.

Without considering the intermediate reaction steps, the total reaction, as showed in
Equation (3.1), is desired to deposit BNT films on the surface of Ti substrates by the law
of conservation of mass. The schematic illustration of the hydrothermal synthesis of BNT

is shown in Figure 3.3.

2TiO, +4NaOH + Bi(NO,), — 2Bi, ,Na,,,TiO, +3NaNO, +2H,0  (3.1)

High pressure, High temperature
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Figure 3.3 Schematic illustration of the hydrothermal synthesis of BNT

In this study, the hydrothermal method utilizes the chemical reaction at high
temperature and pressure to grow BNT films on titanium substrates. Hence, the reaction
vessel must be sealed to prevent the solution from evaporating. The reaction solution still

exists as liquid in the process of hydrothermal synthesis. As shown in Figure 3.4, the
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hydrothermal process of BNT films is a 2-step process: the first step is the nucleation
process, and then the second step is the crystal growth process. After the nucleation
process step, the reaction solution was renewed. BNT crystals were expected to grow in
the second step. In this study, we repeated the second step once more to obtain a thicker
film. After completion of each deposition, the sample was firstly cleaned in methanol
using the ultrasonic cleaner, secondly rinsed by distilled water, and finally was dried

using the blower.

. . NaOH
Ti precursor Bi precursor .
solution
I I
> Mixed | |
solution
lii Ti substrate
150°C Nucleation
for 24H step

Washing & drying

<

v

Renewed solution
as the beginning

|

120°C Cystal growth
for 24H step

Washing & drying

BNT films

Figure 3.4 The process of the preparation of BNT films by the hydrothermal method
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3.2.3. Characterization

3.2.3.1. SEM and EDX

A scanning electron microscopy (SEM) is an important tool to study the surface of
thin films. The morphology and microstructures can be detected by using SEM. In this
study, the grain shape and grain size of deposited BNT films were observed by SEM
(Philips XL20) which is equipped with an energy dispersive X-ray spectrometer (EDX).
The latter was used to make a quantitative analysis of element compositions of deposited
BNT films. Before SEM observation, the sample with deposited BNT film was mounted
on a special stage with a conductive tape, and then was sputtered with a thin layer of gold

using a sputter coater (CRESSINGTON 108 AUTO).

3.2.3.2. XRD

X-ray diffraction (XRD) is one of the most popular and powerful technique to
investigate the crystal structure of a material. In this study, crystal structures and
crystallization levels of deposited BNT films were analyzed by XRD (JEOL JDX-3500)
at the detection range (26) of 10-90° with a step of 0.05°. In an XRD pattern, amorphous
materials don’t have clearly defined peaks. BNT that has completed its structural change
from the amorphous to the perovskite phase should only feature peaks associated with the
established diffraction pattern for ideal BNT crystal. The Joint Committee for Powder
Diffraction Studies (JCPDS) diffraction data defines the peaks associated with the
rhombohedral structure of pure BNT, as well as their related relative intensities. BNT

with the rhombohedral structure can be verified by JCPDS reference (file no. 36-0340).

3.2.3.3. Dielectric and Piezoelectric Properties

In order to evaluate the dielectric properties of deposited BNT films, punctiform
conductive epoxies were laid on the film surface as electrodes. The areas of epoxy
electrodes were measured using a laser microscope (VK-8510, Keyence). The dielectric
loss and capacitance between the electrode and the titanium substrate (counter electrode)
were measured at the frequency of 1 kHz using LCR Meter (Agilent 4284A). The
piezoelectric constant d3; of the films was measured using a piezo-meter system (UK,
Piezotest). The responses to applied DC and AC electric fields were measured on the

unimorph cantilever type actuator.
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3.3. Results and Discussion

3.3.1. Preparation of Starting Solution

It was noted that the order of mixing the precursors and the mineralizer for preparing
the starting solution influenced greatly the quality of the prepared starting solution, thus
affected the crystallization of deposited BNT films. The distinction between the different
prepared starting solutions was visible to naked eye. The results are shown in Table 3.2.
Mixing aqueous solutions of Bi(NO3); and TiO, and then adding NaOH aqueous solution
led to no agglomerate, and then the starting solution close to a colloid was prepared. This
is one of necessary conditions for hydrothermal synthesis of well crystallized BNT films.
Figure 3.5 shows the XRD pattern of the specimen synthesized from the starting solution
prepared in the order of (NaOH + Bi(NOs);) + TiO; (TiO,=0.5 mol/l, Bi(NO3);=1.2
mol/l, NaOH=10 mol/l). Rather low BNT diffraction peaks observed indicate low
crystallization of deposited BNT film.

Table 3.2 The order of mixing the precursors and the mineralizer for preparing the
starting solution

Order of mixing Prepared starting solution
(NaOH + Bi(NOs3)3)+ TiO, Some agglomerates
(NaOH + TiO)+ Bi(NOs)3 Some agglomerates
(Bi(NO3)3 + TiO,)+ NaOH No agglomerate

At the beginning of the hydrothermal synthesis, the titanium substrate reacted with the
ions dissolved in the solution to form some nuclei on the substrate surface. This finally
helps to increase the adhesion strength between deposited BNT film and the titanium
substrate. The reaction of titanium substrate with the reaction solution was verified by the
hydrothermal synthesis of BNT film without TiO; in the starting solution. Figure 3.6
shows the XRD pattern of the specimen synthesized under the condition without Ti
precursor (Bi(NO3);=1.2 mol/l, NaOH=10 mol/I). BNT diffraction peaks were found in
this XRD pattern, and thus the generation of BNT crystal was confirmed. But the BNT
diffraction peaks are very low. This indicates that the reaction of titanium substrate with
the reaction solution occurred only in the nucleation stage, and the Ti precursor is

necessary as a starting material for the crystal growth of BNT.

44



500

400 e BNT

300

Intensity

200

ooy
OM . u

10 20 30 40 50 60 770 80 90

26
Figure 3.5 XRD pattern of the specimen synthesized from the prepared starting solution:

(NaOH + Bi(NOs3)3) + TiO»(TiO2=0.5 mol/l, Bi(NO3);=1.2 mol/l, NaOH=10
mol/l)
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Figure 3.6 XRD pattern of the specimen synthesized under the condition without Ti

precursor (Bi(NO3);=1.2 mol/l, NaOH=10 mol/l)
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3.3.2. Observation of Synthesis Process

To study the evolution of the hydrothermal deposition of BNT films on titanium
substrates, the procedure of deposition was stopped at various appointed time after the
beginning of the synthesis of BNT films, and then SEM observations were performed on
the substrate surface. Figure 3.7 shows that some crystal nuclei were found on the
substrate surface after 15 minutes of deposition, and BNT crystals were generated all
over the substrate surface after one hour of deposition. However, the film thickness was
less than 1 um after one hour of deposition. The film thickness reached about 5 um after

24 hours of deposition.
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Figure 3.7 SEM observations of substrate surface in the process of BNT crystallization
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3.3.3. Film Thickness and Deposition Speed

The thicknesses of deposited films after the 1st, 2nd and 3rd deposition were
measured respectively by a micrometer, and shown in Figures 3.8, 3.9 and 3.10,
respectively. Not a big difference was found in the film thickness between all the samples
after the 1st deposition. However, a great difference was found in Figures 3.9 and 3.10. It
was found that the film tended to be thick in the case of high Bi(NOs3); concentration after
the 2nd or 3rd deposition. For the case of after the 3rd deposition, this tendency was
clearly observed in Figure 3.11, which shows the variation of the film thickness with the
Bi(NOs); concentration. In general, the film thickness increased with increasing the

Bi(NOs); concentration, and then stayed almost the same as the Bi(NO3); concentration

was more than 1.4mol/l.
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Figure 3.8 The film thickness after the 1st deposition
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Figure 3.9 The film thickness after the 2nd deposition

Figure 3.10 The film thickness after the 3rd deposition
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Figure 3.11 Variation of the film thickness with the Bi(NO;); concentration

Figure 3.12 shows the increase of the deposited film thickness for each deposition for
all the samples. Only a small difference was found in the film thickness for the Ist
deposition between these samples. However, the film thickness increases greatly in the
2nd and 3rd depositions. Figure 3.13 shows that the average deposition speeds for the 1st,
2nd and 3rd deposition were about 0.25, 0.35 and 0.45 pum/hr, respectively. For the Ist
deposition, the deposition speed was relatively stable for all the synthesis conditions.
However, for the 2nd and 3rd depositions, the deposition speed changed greatly with the
synthesis condition. The maximum deposition speed reached 0.6 pum/hr for the 3rd

deposition.
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Figure 3.13 Deposition speed for each deposition
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3.3.4. Morphology and Microstructure

SEM observations were performed on all the samples after the Ist, 2nd and 3rd
deposition, respectively. As examples of observed samples, Figures 3.14, 3.15 and 3.16
show SEM images for sample G, K, O. Relatively homogenous granular BNT crystals
(approximately 2 pm grain size) were observed after the 1st deposition. Some tetrahedral
crystals were obviously found after the 2nd deposition, and the amount of this tetrahedral
crystal increased greatly after the 3rd deposition, subsequently, the tetrahedral crystals
were dispersed all over the film surface. This tetrahedral crystal was identified as Bi,Os
crystal by XRD analysis in Section 3.3.5. The great increase of the film thickness after
the 2nd deposition may be primarily attributed to the generation of Bi,O; crystal. The
Bi,03 impurity was more generated in the case of high Bi(NOs); concentrations.
However it has no contribution to the piezoelectric property of deposited films, and thus
the removal of Bi,0O3; was desired. The Bi,O3 impurity can be removed by the immersion
into concentrated nitric acid. The SEM images of sample G, K and O after the immersion
are shown in Figures 3.14(d), 3.15(d) and 3.16(d), respectively. The thickness of etched
BNT film was about 7 um on each side regardless of the synthesis condition. The other
properties of etched BNT films such as crystal structure, element composition,
permittivity, piezoelectric constant etc. will be further investigated in our future research.

In the present work, we focus on the characterization of as-deposited BNT films.
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(d)

Figure 3.14 SEM images of BNT films (Sample G):
(a) after the 1st deposition; (b) after the 2nd deposition; (c) after the 3rd deposition;

(d) etched BNT film after the treatment of concentrated nitric acid
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Figure 3.15 SEM images of BNT films (Sample K):
(a) after the 1st deposition; (b) after the 2nd deposition; (c) after the 3rd deposition;

(d) etched BNT film after the treatment of concentrated nitric acid
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Figure 3.16 SEM images of BNT films (Sample O):
(a) after the 1st deposition; (b) after the 2nd deposition; (c) after the 3rd deposition;

(d) etched BNT film after the treatment of concentrated nitric acid
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3.3.5. EDX and XRD Analysis

Deposited BNT films were quantitatively analyzed by EDX for all the samples, and
their element compositions were shown in Figure 3.17. It can be seen that the element
composition ratio (Bi/Na/Ti/O) of deposited BNT films is different from the
stoichiometric ratio of BNT (10/10/20/60). This is thought to result from the generation
of Bi,0s. The content of Bi,03 will be calculated from the result of element compositions
in Section 3.3.6. EDX analysis was also performed on sample G, K and O after the 1st,
2nd, 3rd deposition and etching treatment of concentrated nitric acid, respectively, and
their results were shown in Figure 3.18. It can be found that the element composition
ratio (Bi/Na/Ti/O) is relatively close to the stoichiometric ratio of BNT (10/10/20/60) for
sample G, K and O after the 1st deposition.
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Figure 3.17 Quantitative analysis of element compositions of deposited films by EDX
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(2) Ge, Ke and Oe indicate sample G, K and O after the etching treatment of concentrated
nitric acid

Figure 3.18 Quantitative analysis of element compositions of sample G, K and O by EDX
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All the samples were measured using XRD. The generations of BNT and Bi,O3
crystals were confirmed for each sample. As examples of measured XRD patterns, those
of sample G, K and O (Bi(NOs); concentrations of the starting solution were 1.2, 1.4 and
1.6 mol/l respectively) are shown in Figure 3.19. The results show that sample G and K
were nearly the same and more intense than sample O in the BNT diffraction peaks. Each
diffraction peak of sample O was comparatively low, indicating that the crystallization

level of sample O was not so high as that of sample G and K.

o et om0, |-
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Figure 3.19 XRD patterns of sample G, K and O
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3.3.6. Optimization of Synthesis Condition

It is evident that the homogeneity of deposited BNT films plays a vital role in
determining their piezoelectric properties. However, the Bi,Os impurity was found in
deposited films from the results of XRD analysis and SEM observation. Without
considering the other impurities of small quantity, we can assume deposited BNT films as
a system of (1-x)(Bi;»xNa;;)TiO3-xB1,03. In other words, the element composition ratio
(Bi/Na/Ti/O) of deposited BNT films is assumed to be (1+3x):(1-x):(2-2x):6. The value
of x can be determined by the measured ratio of Bi/Na, Bi/Ti, Bi/O or etc. Since the
change of the concentrations of Bi and Ti precursor is thought to directly affect the Bi/Ti
ratio of deposited BNT films, the measured Bi/Ti ratio was used to calculate the values of
x and 1-x, which indicate the contents of Bi,O3 and BNT. The composition ratios of BNT
and Bi;O; were shown in Figure 3.20 for all the samples. Figure 3.21 shows the
composition ratio of BNT for sample G, K and O after the 1st, 2nd, 3rd deposition and
etching treatment of concentrated nitric acid, respectively. The composition ratio of BNT
decreased in the sequence of the 1st, 2nd and 3rd deposition. After etching treatment, it

stayed almost the same, close to that of the sample after the 1st deposition.

The optimized synthesis condition was determined on the evaluation target of the
calculated BNT content. Figures 3.22 and 3.23 show the correlation between the BNT
content of deposited films and the Bi(NO;); and TiO, concentrations of starting solutions,
respectively. In these two figures, fitting curves obtained by the least square method show
that the BNT content reaches a maximum at the Bi(NO;); and TiO; concentrations of 1.2
and 0.5 mol/l, respectively. This indicates that the synthesis condition of G is optimum in

our current research.
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Figure 3.20 The composition ratio of calculated BNT and Bi,0; content
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Figure 3.21 The composition ratio of calculated BNT content for sample G, K and O after
the 1st, 2nd, 3rd deposition and etching treatment

61



o
o
L)
[ ]

BNT content (1-x)

o
(o))
T

o
N
®)
@
@)

o
N
¥
1

0 2 [ 2 [ 2 [ 2 [ 2 [ 2 [ 2 [

0.9 1 1.1 12 13 14 15 16
Bi(NO,),, mol/
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Figure 3.23 Correlation between the BNT content and the TiO, concentration
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3.3.7. Permittivity and Dielectric Loss

The relative permittivity, ¢,, is a measurement describing the ability of a material to
store charge. It was calculated from the following equation:

C -t
&, =— (3.2)
A-g,

where C, is the capacitance(F), ¢ is the film thickness(m), 4 is the top electrode area(m?)

and ¢ =8.85x1071 F/m, which is the vacuum dielectric constant. Figure 3.24 shows the
schematic illustration for measuring dielectric properties of deposited BNT films. Figure
3.25 shows the relative permittivity of deposited BNT films after the 3rd deposition. It
shows that the relative permittivity was much larger in the case of the Bi(NOs);
concentration of 1.6 mol/l, compared with the case of 1.4 mol/l. However, a small
difference in the film thickness has been found between these two cases of 1.4 and 1.6

mol/l. The decrease in crystallization may be a factor to increase the relative permittivity

of deposited films.
Ti substrate Conductive epoxy
= 4
£
£
=
8 mm
10 mm
LCR meter
BNT film

Figure 3.24 Schematic illustration for measuring dielectric properties of deposited BNT
films
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Figure 3.25 Relative permittivity of deposited BNT films after the 3rd deposition

Figure 3.26 Dielectric loss of deposited BNT films after the 3rd deposition
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As shown in Figure 3.26, the dielectric loss of deposited BNT films after the 3rd
deposition varied with the synthesis conditions, and its change is similar to the result of
relative permittivity (Figure 3.25). A correlation between the relative permittivity and
dielectric loss was investigated and shown in Figure 3.27. The dielectric loss was positive

correlated with the relative permittivity.
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Figure 3.27 Correlation between the dielectric loss and relative permittivity
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3.3.8. Piezoelectric Performance
3.3.8.1. The Piezoelectric Constant

The piezoelectric constant d3; was measured on the specimen, as shown in Figure
3.28. Gold was sputtered on one side of the specimen. The deposited BNT film on the
other side was removed using an emery paper. Figure 3.29 shows the piezoelectric
constant ds; of deposited BNT films after the 3rd deposition. It indicates that the
piezoelectric constant may tend to be large in the case of low concentration of Bi(NOs3)s.
In contrast to the results of XRD patterns, the results of piezoelectric constant indicate
that the BNT crystallization level can affect the piezoelectric constant of film, and high
crystallization of BNT leads to large piezoelectric constant. For example, sample G and K
were almost the same and larger than sample O in the piezoelectric constant. This is in
agreement with their BNT crystallization levels. In addition, the correlation between the
relative permittivity and piezoelectric constant of deposited films can not be found by
comparing Figure 3.25 with Figure 3.29.

It is evident that the piezoelectric property of deposited BNT films is dependent on
their BNT contents. Figure 3.30 shows the correlation between the piezoelectric constant
and the BNT content. An obvious correlation was not found when the BNT content is less
than 0.6, however the piezoelectric constant was positive correlated with the BNT content
when the BNT content is more than 0.6.

Au electrode

/

/

/

6mm

Ti substrate BNT film

Figure 3.28 The specimen for measuring the piezoelectric constant d;; of deposited BNT
film
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Figure 3.29 Piezoelectric constant of deposited BNT films after the 3rd deposition
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Figure 3.30 Correlation between the piezoelectric constant and the BNT content

67



3.3.8.2. The Converse Piezoelectric Effect under DC Field

The converse piezoelectric effect of deposited BNT films was examined by the
actuation testing. Figure 3.31 shows the unimorph cantilever type actuator used in the
testing. Gold was sputtered on the film surface as an electrode, and the titanium substrate
was used as the other electrode. The measurement system is shown in Figure 3.32. A thin
copper wire was bonded to the gold electrode with conductive epoxy. A DC field was
applied on the actuator through the power amplifier, which was used to change the
electric field strength. Then we measured the deflection of the tip of its free end by a laser
displacement meter (Keyence, LC-2400). A data logger was used to collect the data of the
tip deflection and the electric field strength.

As examples, the unimorph cantilever type actuators made from sample G, K and O
were discussed here. Figure 3.33 shows the relation of the driving DC field and the tip
deflection of unimorph cantilever type actuators for sample G, K and O. It can be seen
that the relatively large deflections were obtained for sample G and K in the case of the
positive DC field. It was reported by Fujiwara et al. that the deflection was almost linear

to the driving electric field for PZT actuator ¥

, which was also synthesized by the
hydrothermal method with the same shape and dimension. However, an obvious
hysteresis was observed in Figure 3.33 and the deflection was hardly obtained in the
negative electric field. On the other hand, it can be also seen that the deflection for
sample O was not almost generated in the positive or negative electric field. This was
considered the result of the insufficiency of BNT crystallization on the sample O. The

above results are considered to be in good accordance with the results of crystallization

level and piezoelectric constant for sample G, K and O.
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Figure 3.31 Dimensions of unimorph cantilever type actuator
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Figure 3.32 Measurement system of the unimorph cantilever type actuator under DC field
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Figure 3.33 Deflection of the unimorph cantilever type actuator under DC field

3.3.8.3. The Converse Piezoelectric Effect under AC Field

The converse piezoelectric effect of deposited BNT films under AC field was
measured on the unimorph cantilever type actuator, the same as described in Section
3.3.8.2. Figure 3.34 shows the measurement system. A sinusoidal AC voltage was applied
on the unimorph cantilever type actuator through the function generator, and then we
monitored the vibration of the tip of its free end on the oscilloscope by using a laser
vibrometer (Melectro, V100). The resonance amplitude was obtained by adjusting the
input frequency using the function generator. As examples, the unimorph cantilever type
actuators made from sample, K and O were discussed here. Figure 3.35 shows the
variation of resonance amplitude with applied peak-to-peak voltage V., for sample G, K
and O. It can be seen that the resonance amplitude was almost linear to the applied
voltage for each sample, and the relatively large resonance amplitudes were obtained for
sample G and K. This is considered to be in good accordance with their results of

crystallization level and piezoelectric constant.
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Figure 3.34 Measurement system of the unimorph cantilever type actuator under AC field
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Figure 3.35 Variation of resonance amplitude with applied AC voltage V.,
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3.4. Conclusions

BNT films were successfully synthesized on pure titanium substrates by the

hydrothermal method with varying the Bi(NO3); and TiO, concentrations of the starting

materials. The main conclusions obtained from this chapter are summarized as follows.

(1)

2)

3)

(4)

()

(6)

The generation of BNT crystal with the thombohedral crystal structure was
confirmed in the deposited films by XRD analysis. Bi,O; impurity was also
found, and its amount increased with increasing the Bi(NOj3); concentration.
The order of mixing the precursors and the mineralizer for preparing the
starting solution influenced greatly the quality of the prepared starting solution,
thus affected the crystallization of deposited BNT films. In this study, the order
of (Bi(NOs;); + TiO;) + NaOH was used for preparing the starting solution
close to a colloid. This is one of necessary conditions for hydrothermal
synthesis of well crystallized BNT films.

At the beginning of the hydrothermal synthesis, the titanium substrate reacted
with the ions dissolved in the solution to form some nuclei on the substrate
surface. Some crystal nuclei were found on the substrate surface after 15
minutes of deposition, and BNT crystals were generated all over the substrate
surface after one hour of deposition.

With the evaluation target of the calculated BNT content of deposited films, the
optimized synthesis condition was determined as the condition of G, which is
as follows: Bi(NOs3)s; of 1.2 mol/l and TiO, of 0.5 mol/l. For sample G, the
piezoelectric constant was 1.54 pC/N, and the relative permittivity and
dielectric loss were 370 and 0.88, respectively.

Deposition speed was relatively high in the 2nd and 3rd deposition. This was
primarily attributed to the great amount of the Bi,Os impurity generated in
these two depositions. The Bi,O3; impurity can be removed by the etching
treatment of concentrated nitric acid.

The relative permittivity tended to increase greatly in the case of the Bi(NO;)3
concentration of 1.6 mol/l. The dielectric loss was positive correlated with the

relative permittivity.
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(7)

(8)

The piezoelectric constant was positive correlated with the BNT content when
the BNT content is more than 0.6.

The actuation test confirmed the converse piezoelectric effect of deposited
BNT films, which greatly depended on the crystallization level of BNT, and so
the piezoelectric response of the tested unimorph cantilever type actuator to a

DC or AC field was stronger in the case of higher BNT diffraction peaks.
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Chapter 4

Evaluation of Adhesion Strength between BNT Films
and Ti Substrates by a Tensile Test

A deposited film relies on the mechanical properties of a substrate to provide strength.
The substrate is always competent for most of applications. However, a failure usually
occurs at the interface between the film and the substrate. Therefore the performance
and reliability of film/substrate structures are determined to a large extent by the
interfacial strength. A quantitative evaluation of the adhesion strength is demanded in
the design and fabrication of the film base component. As yet, there is no accepted
convention for defining the adhesion strength between the film and substrate. In an
effort to quantitatively assess the adhesion strength between the deposited BNT film
and titanium substrate, a tensile test, indentation test and scratch test were carried out
in this dissertation. In this chapter, the tensile test is presented in detail, and the

indentation test and scratch test will be presented in the next two chapters respectively.
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4.1. Introduction

The applications of the film/substrate system require that the film adhere sufficiently
to its substrate. Therefore, the interfacial adhesion strength between a film and a substrate
is often the predominant factor and chief target in determining the performance and
reliability of the film/substrate system V. Quantitative assessment of the adhesion is quite
important to understand the film characteristics and develop high quality films. Common
methods to evaluate the adhesion of film include pull-off test, scratch test, and
indentation test @' The pull-off test is accurate and quantitative if the pulling force can
be calibrated well normal to the sample surface. The main restriction with this method is
that the tested critical force is limited by the strength of the adhesive, normally weaker
than 90 MPa V. Thus, the adhesive usually fails prior to the films.

The tensile test is the most widely used test in determining the mechanical properties
of materials. In this chapter, we evaluate the adhesion of deposited BNT films to Ti
substrates by the tensile test with the aid of FEM analysis. Titanium substrates were
pretreated by chemical polish and mechanical polish respectively prior to BNT film
deposition with a view of investigating the effects of substrate surface pretreatments on

the adhesion strength of BNT films.
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4.2. Experimental

4.2.1. Sample Preparation

BNT films were hydrothermally synthesized on pure titanium substrates which were
I mm in thickness with a gauge section of 18 mm in length and 6 mm in width. Figure
4.1 shows the dimensions of smooth specimen for the tensile test. In addition, holed
specimens, shown in Figure 4.2, were also prepared to investigate the effect of stress and
strain concentration on the adhesion strength. The synthesis process for BNT film was
performed at the temperature of 150°C for 24 hours under the optimum condition G, as

described in the previous chapter, and shown in Table 4.1. BNT film of about 5 um thick

was obtained on each side of titanium substrate.
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Figure 4.1 Schematic of the smooth specimen for the tensile test
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Figure 4.2 Schematic of the holed specimen for the tensile test
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Table 4.1 The synthesis condition for depositing BNT film on titanium substrate

Bi(NOs); *SH,0 TiO, NaOH Temperature | Time | Rotation

1.2 mol/l 0.5 mol/l | 10 mol/l 150°C 24 hr | 12 rpm

Heat treatment of titanium substrates prior to BNT film deposition was performed in
a furnace (KDF-P90G), in an argon inert atmosphere with a heating rate of 10°C/min
from room temperature to 700°C. Table 4.2 shows the annealing condition for titanium
substrate. The titanium substrates were placed into the furnace from the beginning of the
heating procedure, and then stayed at the annealing temperature 700°C for 1 hour. After
the end of this period the argon flow was used for cooling down the specimens. When the
temperature in the furnace reached 300°C, the specimens were removed from the furnace
and left to cool down freely in the air. Larger crystal grains were obtained in titanium
substrates after the heat treatment.

After the heat treatment, some of smooth and holed titanium substrates were
mechanically polished by a 500 grit emery paper. The other substrates were chemically
polished by immersing them in a chemical solution with the temperature of 90°C. The
chemical solution was prepared by nitric acid (HNOs;), hydrofluoric acid (HF) and
distilled water, as shown in Table 4.3. After the pretreatment of mechanical and chemical
polish, the substrates were ultrasonically cleaned in a methanol bath followed by a rinse

in distilled water.

Table 4.2 The annealing condition for titanium substrate

Heating rate Temperature Holding time | Gas

10°C/min 700°C 1 hr Ar

Table 4.3 The solution prepared for the chemical polish treatment of Ti substrates

Component Volume Volume fraction
Distilled water | 19 ml 54.3%
HNO; 12 ml 34.3%
HF 4 ml 11.4%
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4.2.2. Tensile Test

A tensile test was carried out using a universal testing machine (SHIMADZU,
AG-100kNG). The stress-stain curve was measured on the heat-treated titanium substrate
with the tension speed of 0.02 mm/s up to fracture, with a view of examining the ultimate
strength and yield strength (for plastic strain of 0.2%) of the heat-treated titanium
substrate. During the tensile testing of the BNT deposited specimens, the crosshead of the
universal testing machine was manually operated to stop at various appointed
displacements, and then the behavior of film exfoliation was investigated by the replica
method. Figure 4.3 shows the picture of the specimen being tested in a tensile test using a
replica film. The process of the replica method is shown in Figure 4.4. The film
exfoliation would adhere to the replica film, so the behavior of film exfoliation can be
investigated by observing the applied replica film. In this study, for the smooth specimen,
the number of the film exfoliation in the fixed field of vision was measured by the
polarized microscopic observation (OLYMPUS, BX60). For the holed specimen, the
exfoliation area near the edge of the hole was measured using a laser microscope system
(KEYENCE, VK-8510), and then the exfoliation rate was determined by the ratio of the

exfoliation area to the gauge section area.
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Figure 4.3 Tensile testing of the specimen using a replica film
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Figure 4.4 The process of the replica method
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4.3. Results and Discussion

4.3.1. Heat-treated Titanium Substrate

Figure 4.5 shows the variation of stress with the stroke of crosshead for the tensile
test of heat-treated titanium substrate. It can be seen that the ultimate strength is about
350 MPa. Figure 4.6 shows the stress-strain curve of the heat-treated titanium substrate in
the first part of tensile test. The yield strength (cp,) and Young’s modulus (E) were
determined to be 195 MPa and 106 GPa, respectively. These strength data provided

reference for the tensile test of BNT deposited specimens.
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Figure 4.5 Variation of stress with the stroke of crosshead for the tensile test of
heat-treated titanium substrate
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Figure 4.6 Stress-strain curve of the heat-treated titanium substrate in the tensile test

4.3.2. Smooth Specimen

The applied replica films in the tensile test were observed by the polarized
microscopic observation, and some of observed results are shown in Figures 4.7 and 4.8.
Figure 4.7 shows successive observations with the increase of strain for the mechanically
polished (MP) smooth specimen. The critical strain inducing the first film exfoliation was
determined to be 1.2% for the MP smooth specimen. Figure 4.8 shows successive
observations with the increase of strain for the chemically polished (CP) smooth
specimen. The critical strain was determined to be 1.0% for the CP smooth specimen. For
both of the MP and CP smooth specimens, the film exfoliation occurred after the yield
strength of the substrate, and the number of film exfoliation increased with the increase
of train. Figure 4.9 shows the variation of the number of film exfoliation with the strain

of Ti substrate for these two smooth specimens. The number of film exfoliation increased
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monotonously with the strain up to 3% after the occurrence of the film exfoliation.

In addition, it is noted that the strain in this section indicates the total mechanical
strain of titanium substrate in the tensile direction, which was obtained from the finite
element (FEM) analysis of the titanium substrate. The FEM analysis was performed
using ANSYS Res. 11.0 software package. In the FEM analysis, the titanium substrate
was treated as a homogeneous, isotropic, rate-independent and non-linear plastic body. As
shown in Figure 4.10, the constraint conditions were set as follows:

(1) The degree of freedom (DOF) of the bottom surface was set zero in the y

direction.

(2) The DOF of AB line was set zero in the Z direction.

(3) The DOF of A point was set zero in all of the directions.
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No strain 1.22% strain

1.49% strain 1.75% strain

2.28% strain 2.55% strain

Figure 4.7 Successive observations for the MP smooth specimen
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No strain 0.99% strain

1.28% strain 1.58% strain

1.87% strain 2.46% strain

Figure 4.8 Successive observations for the CP smooth specimen

88



1000 v v L} L} L} L}

°
800 o CP °
-% ® MP O
8 °
@) O
£ 600 -
5 °°
3 400 } o -
o
£ °
Zz 200F o J
°
o
oot — .

0 0.5 1 1.5 2 2.5 3 3.5
Total strain of Ti substrate (%)

Figure 4.9 Variations of the number of exfoliation with the total strain of Ti substrate for
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Figure 4.10 Schematic of the constraint condition for the FEM analysis of the titanium
substrate in the tensile test
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4.3.3. Holed Specimen

The applied replica films in the tensile test were observed by a stereo
microscope(OLYMPUS, SZ1145TR-SPT), and some of observed results are shown in

Figures 4.11 and 4.12. Figure 4.11 shows successive observations with the increase of
strain for the MP holed specimen. The film exfoliation firstly occurred when the
maximum strain near the edge of hole reached 1.0%. Figure 4.12 shows successive
observations with the increase of strain for the CP holed specimen. The film exfoliation
firstly occurred when the maximum strain near the edge of hole reached 0.77%.
Therefore, the critical strains for the MP and CP specimens were determined to be 1.0%
and 0.77%, respectively. Figure 4.13 shows the variations of exfoliation rate with the total
strain of Ti substrate for holed specimens. The exfoliation rate of CP specimen increased
more largely than that of MP specimen with further increase of substrate strain after the
occurrence of exfoliation. Figure 4.14 shows the comparison of the critical strain between
the smooth and holed specimen. The critical strain for the holed specimen is slightly
different from that of the smooth specimen. It can be also found that the critical strain for
the MP specimen is larger than that of the CP specimen for both of the smooth and holed
specimens. This indicates that the pretreatment of the mechanical polish improved the
adhesion of deposited BNT film. In addition, for both of the MP and CP holed specimens,

the film exfoliation expanded in the direction of 45° angle with the tensile direction.

The above strain in this section was obtained from the FEM analysis of the holed
titanium substrate. In the FEM analysis, the constraint conditions were set the same with
that of the smooth specimen, as described in Section 4.3.2. Figures 4.15, 4.16 and 4.17
show the contrast between microscopic observation and strain contour plot by FEM
analysis for the MP holed specimen under the displacement load of 0.23, 0.26 and 0.32
mm, respectively. It can be found that the exfoliation area was in good agreement with
the shape of strain contour. By the contrasts of all the results, it was found that the film

exfoliation always occurred in the area where the strain was about more than 1.3%.
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No strain 1.07% strain

2.41% strain 3.62% strain

4.38% strain 5.15% strain

Figure 4.11 Successive observations for the MP holed specimen
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No strain ©0.77% strain

-

2.13% strain ' © 3.18% strain

Figure 4.12 Successive observations for the CP holed specimen

92



8 Y T y v
o

s 6F o] .
g © ® *
© L
s T o o 1
IS o
S o ® o CP
=< 2F [ -
L o_® ® MP

Oﬂ 1 1 N 1

0 5 10 15 20

Total strain of Ti substrate (%)

Figure 4.13 Variations of exfoliation rate with the total strain of Ti substrate for holed

specimens
[ Chemical polish

151 B Emery paper polish 1
g
c
s 1F i
»
©
Q
o 05F -

0

Smooth

Figure 4.14 Comparison of critical strains
specimens

93

Holed

for the tensile test of smooth and holed



NODAL SOLUTION

STEP=6
SUB =1

EPTor (AVG) ~.610E-03

DX = 233E-03 .004124

235 ;?62225503 .008859

.013593

.018328

.023062

.027797

.032531

.037266

.042

(b)

Figure 4.15 Contrast between (a)microscopic observation and
(b) strain contour plot by FEM analysis for the MP holed specimen under the
displacement load of 0.23 mm
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Figure 4.16 Contrast between (a)microscopic observation and
(b) strain contour plot by FEM analysis for the MP holed specimen under the
displacement load of 0.26 mm
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Figure 4.17 Contrast between (a)microscopic observation and
(b) strain contour plot by FEM analysis for the MP holed specimen under the
displacement load of 0.32 mm
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4.4. Conclusions

In this chapter, tensile tests were performed on the smooth and holed specimens to
quantitatively evaluate the adhesion strength of deposited BNT films on titanium
substrates. The effects of the substrate pretreatments of the mechanical and chemical
polish on the adhesion strength were also investigated. The critical strain was obtained
with the aid of FEM analysis. The main conclusions are summarized as follows:

(1) For both of the smooth and holed specimen, the film exfoliation firstly occurred after
the yield strength of titanium substrate. The behavior of film exfoliation was
attributed to the plastic deformation of the substrate.

(2) For the smooth specimen, the number of exfoliation increased monotonously with the
increase of the substrate strain after the occurrence of the film exfoliation. For the
holed specimen, the exfoliation area increased monotonously with the increase of the
substrate strain after the occurrence of the film exfoliation.

(3) The critical strain was determined to be about 1% for both of the CP and MP
specimens.

(4) For the holed specimen, the film exfoliation expanded with increasing the substrate
strain in the direction of 45° angle with the tensile direction. The film exfoliation
always occurred in the area where the strain was about more than 1.3%. This verified

the validity of the obtained critical strain.
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Chapter 5

Evaluation of Adhesion Strength between BNT Films
and Ti Substrates by an Indentation Test

An indentation method has long been used to characterize the mechanical properties
of materials as quantitatively as conventional testing techniques such as uniaxial
compression and tension. In this chapter, the indentation method will be used to
quantitatively evaluate the adhesion strength of deposited BNT films on titanium
substrates. The relation of the film delamination and the substrate strain will be discussed

with the aid of FEM analysis.
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5.1. Introduction

Historically, an indentation method is used as a testing method of hardness. Recently,
some researchers have developed depth-sensing indentation technique to accurately
measure mechanical properties of materials "*®, such as elastic modulus and
elasto-plastic properties. Attempts have also been made to determine the fracture
toughness of coatings and the coating-substrate interface strength via indentation %,
An indentation test was used to evaluate the adhesion of diamond-like carbon (DLC) film

to its substrate in some literatures '-1?),

In this chapter, the adhesion strength of BNT deposited films on titanium substrates
was evaluated under Vickers indentation through investigating the delamination response
of the BNT films to the applied load. Three dimensional finite element analysis was
employed to simulate the indentation test and thus to determine the strain distributions in
the substrate under the indentation loads. The delamination mechanisms of the BNT films

under Vickers indentation were discussed in terms of the strain results.
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5.2. Experimental

5.2.1. Sample Preparation

BNT films were hydrothermally synthesized on pure titanium substrates which were
0.05 mm in thickness. Some of titanium substrates (MP) were mechanically polished
using a 1000 grit emery paper. The other substrates (CP) were chemically polished in the
chemical solution, as shown in Table 4.3. The synthesis process was performed at the
temperature of 150°C for 24 hours under the optimum condition G, as described in Table
4.1. BNT film of about 5 um thick was obtained on each side of titanium substrate. In
order to remove the loose structure in the top layer of the BNT deposited specimens, the
deposited film surfaces were slightly polished using an emery paper before the Vickers

indentation test.

5.2.2. Vickers Indentation Test

Vickers indentation tests were carried out on the BNT deposited specimens using a
microhardness tester, as shown in Figure 5.1. The indenter tip was a Vickers tip with a
pyramidal square base and a 136-degree angle between opposing faces. The indentations
were performed under a set of discrete loads (0.98, 2.94, 4.9 and 9.8 N), with a 15 s hold
under the maximum load. After indentation, the morphologies of indentations were
observed by the laser microscope, and the indentation edge length and the delamination
area of BNT film around the indentation were measured using the laser microscope

system. Figure 5.2 shows the schematic illustration of indentation test.
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Figure 5.1 The Vickers indentation tester

Indenter BNT film

Ti subs

Film delamination

Figure 5.2 Schematic illustration of indentation test

102



5.3. Results and Discussion
5.3.1. Vickers Indentation Test

An indentation in the film deposited substrate may cause the following failure modes:
(1) the substrate cracking; (2) the film cracking and localized exfoliation; and (3) the
adhesion failure at the film/substrate interface and the film delamination . In this study,
we can firstly rule out the possibility of the first mode because Ti substrate is ductile. In
addition, no film cracking was observed at lower indentation load before the generation
of film delamination. Therefore, we can rule out the possibility of the second mode. The
above results suggest that Vickers indentation induced the adhesion failure at the BNT
film/Ti substrate interface, and then caused the film delaminations. This failure type was

confirmed as localized convexity on microscopic observations.

Figure 5.3 shows the microscopic observation of Vickers indentation under 4.9 N
indentation load. On titanium substrate, no convexity around the indentation was found,
while film delamination was found around the indentation on the CP specimen due to the
convexity, which was formed due to the difference of deformation between film and
substrate under indentation load. Figure 5.4 shows film delamination around the
indentation for the CP specimen under 0.98, 2.94, 4.9 and 9.8 N indentation loads,
respectively. Figure 5.5 shows the variation of film delamination area with applied indentation
load for CP and MP specimens. Compared with CP specimen, the MP specimen exhibited
relatively good adhesion when the indentation load was lower than 5 N. For both of the
MP and CP specimens, the delamination area increased monotonously with increasing the
indentation load after the beginning of film delamination. As shown in Figure 5.6, the
indentation depth also increased monotonously with increasing the applied indentation

load for the CP specimen.
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(a) (b)
Figure 5.3 Microscopic observation of indentation under 4.9 N indentation load:

(a) titanium substrate; (b) the CP specimen

Figure 5.4 Film delamination around the indentation for the CP specimen under various

indentation loads: (a) 0.98N; (b) 2.94N; (c) 4.9N; (d) 9.8N
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Figure 5.6 Variation of indentation depth with applied indentation load for CP specimen
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5.3.2. FEM Analysis

In order to investigate the strain field where film delaminations occurred,
three-dimensional FEM analysis of Vickers indentation was performed using ANSYS Res.
11.0 software package. A three dimensional finite element model was developed to
computationally simulate the Vickers indentation experiment. The Vickers indenter was
modeled as a rigid body. The model material was treated as a homogeneous, isotropic,
rate independent and nonlinear plastic body. Due to the symmetry, one fourth model of
the indentation was studied, as shown in Figure 5.7. The meshing was denser near the
indentation where the substrate is expected to deform while a coarse mesh was used in
the other regions. This was done to decrease the computation time and increase efficiency.
The indenter was constrained in all directions. The displacement load which was obtained
from the experimental results of indentation depth was applied on the bottom surface of
the model. Surface-to-surface (CONTA174 and TARGE170) and node-to-surface
(CONTA175 and TARGE170) contact elements were used.

Figure 5.8 shows the comparison of the experimental and FEM simulated results on
the indentation edge length. The results from the FEM analysis are in close agreement
with the experimental results. This indicates that the above FEM model is valid for this

analysis.

Figures 5.9, 5.10, 5.11 and 5.12 show the plastic shear strain (y,) field on the
indentation surface after the 0.98, 2.94, 4.9 and 9.8 N load indentation, respectively. The
extent of solid lines in each drawing shows the area where film delaminations occurred.
Based on a comprehensive consideration of the same mapping under all the indentation
load levels, we can conclude that the critical plastic in-plane strain on the substrate which

induces film delaminations is about 0.2.
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Figure 5.7 Three-dimensional mesh model used for the FEM analysis of one fourth of

indentation
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Figure 5.8 Comparison of experimental and FEM simulated results of the indentation
edge length
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-0.044 -0.006 0.032 0.071 0.109 0.148 0.186 0.224 0.263 0.301

Figure 5.9 In-plane plastic shear strain y,, field determined in FEM and delaminated area
under 0.98 N indentation load

-0.053  -0.011 0.032 0.074 0.116 0.159 0.201 0.243 0.286¢  0.328

Figure 5.10 In-plane plastic shear strain y,, field determined in FEM and delaminated
area under 2.94 N indentation load
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Figure 5.11 In-plane plastic shear strain yy, field determined in FEM and delaminated area
under 4.9 N indentation load

-0.062 -0.017 0.028 0.073 0.118 0.163  0.208 0.253 0.269 0.342

Figure 5.12 In-plane plastic shear strain y, field determined in FEM and delaminated
area under 9.8 N indentation load
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5.4. Conclusions

In this chapter, Vickers indentation tests were carried out on the MP and CP
specimens to quantitatively evaluate the adhesion strength of deposited BNT films on
titanium substrates. The relation between the film delamination and the shear strain of
titanium substrate was studied with the aid of FEM analysis. The main conclusions are

summarized as follows:

(1) The MP specimen exhibited better adhesion than the CP specimen under the
indentation load lower than 5 N. However, the delamination area for the MP
specimen increased more greatly than that of the CP specimen with further increase
of the indentation load.

(2) The delamination area increased monotonously with increasing the indentation load
after the beginning of film delamination.

(3) The BNT film delamination induced by the indentation was primarily attributed to the
plastic deformation of Ti substrate, and the critical shear strain y,, was evaluated to be

about 0.2 with the aid of FEM analysis.
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Chapter 6

Evaluation of Adhesion Strength between BNT Films
and Ti Substrates by a Scratch Test

A scratch test is one of common methods to quantitatively evaluate the adhesion
strength between a film and its substrate. In the scratch testing, the adhesion strength of
film can be further investigated by the microscopic observation of film damage, the
measurement of friction force and the detection of acoustic emission (AE). This chapter
presents the scratch test performed on the self-made scratch tester to quantitatively

evaluate the adhesion strength of deposited BNT films on titanium substrates.
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6.1. Introduction

A scratch method has been used to determine the practical adhesion strength and
mechanical failure mode of thin film, ceramic coatings on metal, ceramic, and polymer

substrates 7

. Conventional scratch testing employs a diamond stylus of defined
geometry and tip size to draw across the surface of the test sample a scratch track at a
constant speed. As the normal force is increased, the stylus produces progressive
mechanical damage in the coating through a combination of elastic/plastic indentation
stresses and frictional forces in the coating-substrate system. At a specific applied normal
force a recognizable failure mode is observed in the coating, this normal force is known
as the critical load (L.). The scratch adhesion test is operated in two modes: constant load
scratch testing and progressive load testing. In constant load testing, the applied normal
force remains at a set level throughout the test. While for progressive load testing, the
applied normal force is linearly increased as the test advances. Damage assessment of the
coating is performed by a microscopic observation of the scratch channel. Other

measurements taken to characterize the failure mechanism of the coating include the

tangential force and acoustic emission.

Recently, a scratch method has been developed to evaluate the adhesion strength of
TiN and DLC film on their substrates ®'¥. In this chapter, we employ the self-made
scratch tester to investigate the adhesion strength of deposited BNT films on titanium
substrates. The critical force was determined from the variations of the tangential force
and AE signals with the normal force, and then used to quantitatively evaluate the

adhesion strength of BNT films.
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6.2. Experimental

6.2.1. Sample Preparation

BNT films were hydrothermally synthesized on pure titanium substrates which were
0.2 mm in thickness. Some of titanium substrates (MP) were mechanically polished using
an emery paper. Some of substrates (CP) were chemically polished in the chemical
solution, as shown in Table 4.3. Table 6.1 shows the surface treatments of Ti substrates.
After the pretreatment, the substrates were ultrasonically cleaned in a methanol bath
followed by a rinse in distilled water. The surface roughness Ra was measured for all the
substrates to be deposited using a laser microscope.

The synthesis process of BNT film was performed at the temperature of 150°C for
24 hours under the optimum condition G, as described in Table 4.1. BNT film of about 5

um thick was obtained on each side of titanium substrate.

Table 6.1 Surface treatments of Ti substrates prior to the deposition of BNT

films
Sample Pretreatment method
AR As received with calendering
E240 Mechanical polish by a 240 grit emery paper
E1000 Mechanical polish by a 1000 grit emery paper
CpP Chemical polish by pickling in the prepared solution
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6.2.2. Scratch Tester

In this study, scratch tests were performed on the BNT deposited samples using the
self-made scratch tester with a diamond indenter. As shown in Figure 6.1, this tester
system consists of an indenter head, an adjustable stage, a step motor and AE system, and
it employed a sliding conical diamond indenter with apex angle 120° and spherical tip
radius of 50 pm. As shown in Figure 6.2, the indenter head is the core part of the
self-made scratch tester. AE sensor was used to detect the signal of acoustic emission.
Strain gauges on the cantilever beam and flat spring were used to detect the signals of
normal force and tangential force. We performed experiments in the condition of only
normal load and only tangential load respectively, and then made the regression analysis
of the obtained experimental data, which were shown in Figures 6.3 and 6.4, respectively.
As a result, the following two equations were obtained to calculate the normal force and

the tangential force by the output voltages of gauges during the scratch testing.

Vv
F=——2 6.1
‘62 (-
Fvn —_ Vsl _Vs2/6'12 (62)
1.25

Where F}is the tangential force;
F, is the normal force;
V1 s the output voltage of sensorl, which indicates the gauge on the flat spring;
Vs, is the output voltage of sensor2, which indicates the gauge on the cantilever

beam.
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Figure 6.1 The self-made scratch tester
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Figure 6.2 Schematic of the indenter head of the self-made scratch tester
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Figure 6.4 The output voltage as a function of applied tangential load
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6.2.3. Scratch Test

Figure 6.5 shows the schematic illustration of the scratch testing. During the scratch
testing, the signals of normal force, tangential force and acoustic emission were
simultaneously recorded. In this study, the stage was adjusted to a slope with an angle of
3° As a consequence, the normal load imposed on the sample increased continuously
during the scratching test. Scratch tests were carried out at a scratching speed of 3
mm/min over about 2 mm scratch distance. After scratching, the scratch channels were

observed by SEM.

Normal load

Tangential AE sensor
force

BNT film
Diamond indenter

Ti substrate

Scratch channel

|
Sample motion

Figure 6.5 Schematic of the scratch testing
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6.3. Results and Discussion

6.3.1. Microscopic Observation of Scratch

Figures 6.6, 6.7, 6.8 and 6.9 show SEM images of the different parts of the scratch
channel for sample AR, E240, E1000 and CP respectively. These SEM observations of
the scratched samples showed that the scratch channels were composed of two stages
before and after the diamond indenter reached the film/substrate interface. The first stage,
at low normal force, involved the film deformation which didn’t cause adhesion failures
of BNT films. In the second stage, the film exfoliations were observed around the scratch
channel owing to the deformations of film and substrate. The spot of the scratch channel
where the indenter tip just reached the titanium substrate was determined by the EDX

element analysis of the bottom of scratch channel.
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Figure 6.6 SEM images of the different parts of the scratch channel (AR):
(a) the fore part; (b) the middle part; (c) the rear part
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Scratch directi:)n 50 pm

Figure 6.7 SEM images of the different parts of the scratch channel (E240):
(a) the fore part; (b) the middle part; (c) the rear part
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Figure 6.8 SEM images of the different parts of the scratch channel (E1000):

(c) the rear part
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Figure 6.9 SEM images of the different parts of the scratch channel (CP):
(a) the fore part; (b) the middle part; (c) the rear part
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6.3.2. Adhesion Strength

In the scratch test of adhesion, the adhesion strength of film was evaluated by
investigating the critical force (load). Generally, the critical force is deduced from the
following three ways:

(1) The microscopic investigation of film exfoliation;
(2) The friction coefficient (F/F});
(3) AE signal.

In Section 6.3.1, it was found that the film exfoliation occurred after the indenter tip
reached the titanium substrate by SEM observation of the scratch channel. In this section,
we will investigate the critical force by the last two methods. Figures 6.10, 6.11, 6.12 and
6.13 show the variations of the tangential force (#;) and AE signal with the normal force
(F,) during the scratch test for sample AR, E240, E1000 and CP respectively. As the
mechanical properties of the film and substrate are different, there is a turning point in the
slope of F-F, and AE-F), curve respectively, when the indenter reaches the film/substrate
interface. At this turning point, the normal force is regarded as the critical normal force
which, if sufficiently large, induces adhesion failure. Two critical forces (Lr and L,z)
were determined from the F-F, and AE-F, curves. The small difference between Ly and
L4k was found in Figures 6.10, 6.11, 6.12 and 6.13, and thus can be neglected. In this

study, Ly was used to assess the adhesion strength of BNT film on its substrate.
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Figure 6.10 Variations of the tangential force and AE signal with the normal force (AR):
Lr=1.4Nand Lsz=1.42 N

12 A4 ] A4 ] A4 ] A4 | Y A4 20

Figure 6.11 Variations of the tangential force and AE signal with the normal force (E240):
LT =0.95 N and LAEZI.O N
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Figure 6.12 Variations of the tangential force and AE signal with the normal force
(E1000): Lr=1.5Nand L4z=1.65 N
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Figure 6.13 Variations of the tangential force and AE signal with the normal force (CP):
LT =2.3 N and LAE:23 N
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The critical force obtained by the scratch test for each sample and the surface
roughness for each substrate were shown in Figure 6.14 and Figure 6.15, respectively. It
was reported that the increase in the mechanical interlock between the film and the
substrate by surface roughening resulted in the improvement of the adhesion of film ®.
However, it can be found from Figure 6.16 that the CP sample was largest in the critical
normal force, and the critical normal force decreased almost monotonously with the
increase of substrate roughness. It may be a factor that a plastic deformation layer was

produced on substrate surface after mechanical polish.
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Figure 6.14 The critical normal force for various samples
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Figure 6.16 Correlation between the critical normal force and substrate roughness
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6.4. Conclusions

In this chapter, Scratch tests were performed to quantitatively evaluate the adhesion
strength of deposited BNT films on titanium substrates using the self-made scratch tester.
Some of titanium substrates were pretreated by chemical polish and mechanical polish
respectively prior to BNT film deposition with a view of investigating the effects of
substrate surface pretreatments on the adhesion of BNT films. The critical force was
determined by investigating SEM images of scratch channels and the relations between
the normal force, tangential force and AE signal. The main conclusions are summarized

as follows:

(1) Scratch test is an effective method for evaluating the adhesive strength of BNT
films on Ti substrates in the scratch condition.

(2) No exfoliation of BNT film was found before the indenter tip reached the titanium
substrate. The film exfoliations occurred around the scratch channel owing to the
deformations of film and substrate after the indenter tip reached the titanium
substrate.

(3) Comparing the critical forces between samples, it was demonstrated that chemical
polish and mechanical polish using a 1000 grit emery paper were pretreatments of
titanium substrate surface, which improved the adhesion strength of BNT films on

the Ti substrates. The chemical polish was better in comparison.
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Chapter 7

Summary

As indicated in Chapter 1, this dissertation has focused on two issues: one is the
development of the hydrothermal method to deposit BNT film on titanium substrate, and
the other is the quantitative assessment of the adhesion strength of deposited BNT films
by a tensile test, indentation test and scratch test.

In the hydrothermal synthesis of BNT films on titanium substrates, Bi(NO;); -5H,0,
TiO, and NaOH were used as starting materials. We employed a 2-step process:
nucleation and crystal growth. The properties of deposited BNT films were characterized
using SEM, EDX, XRD, LCR and other instruments, and then investigated with respect
to the concentrations of Bi(NO3); and TiO; starting materials. The main conclusions are

summarized as follows.

(1) The generation of BNT crystal with the rhombohedral crystal structure was confirmed
in the deposited films by XRD analysis. Bi,O3 impurity was also found, and its
amount increased with increasing the Bi(NO3); concentration.

(2) The order of mixing the precursors and the mineralizer for preparing the starting
solution influenced greatly the quality of the prepared starting solution, thus affected
the crystallization of deposited BNT films. In this study, the order of (Bi(NOs); +
TiO,) + NaOH was used for preparing the starting solution close to a colloid. This is
one of necessary conditions for hydrothermal synthesis of well crystallized BNT
films.

(3) At the beginning of the hydrothermal synthesis, the titanium substrate reacted with the
ions dissolved in the solution to form some nuclei on the substrate surface. Some
crystal nuclei were found on the substrate surface after 15 minutes of deposition, and
BNT crystals were generated all over the substrate surface after one hour of

deposition.
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(4) With the evaluation target of the calculated BNT content of deposited films, the
optimized synthesis condition was determined as follows: Bi(NOs); of 1.2 mol/l and
TiO; of 0.5 mol/l.

(5) Deposition speed was relatively high in the 2nd and 3rd deposition. This was
primarily attributed to the great amount of the Bi,O3 impurity generated in these two
depositions. The BiOs; impurity can be removed by the etching treatment of
concentrated nitric acid.

(6) The relative permittivity tended to increase greatly in the case of the Bi(NOs);
concentration of 1.6 mol/l. The dielectric loss was positive correlated with the relative
permittivity.

(7) The actuation test confirmed the piezoelectric activity of deposited BNT films, and it
was noted that the piezoelectricity strength of the deposited BNT film was greatly
dependent on the crystallization level of BNT. The piezoelectric response of the tested
unimorph cantilever type actuator was stronger in the case of higher BNT diffraction

peaks.

In an effort to quantitatively assess the adhesion strength between the deposited BNT
film and titanium substrate, a tensile test, indentation test and scratch test were carried out
in this dissertation. The critical force or substrate strain inducing film exfoliation or
delamination was determined with the aid of FEM analysis in their respective load

condition. The main conclusions are summarized as follows.

(1) In the tensile test, the film exfoliation firstly occurred after the yield strength of
titanium substrate for both of the smooth and holed specimens. With the aid of FEM
analysis of titanium substrate, the critical strain was determined to be about 1% for
both of the CP and MP specimens.

(2) In the Vickers indentation test, the film delamination area increased monotonously
with increasing the indentation load after the beginning of film delamination. The
critical shear strain y,, was evaluated to be about 0.2 with the aid of FEM analysis.

(3) In the scratch test, no exfoliation of BNT film was found before the indenter tip
reached the titanium substrate. The film exfoliations occurred around the scratch

channel owing to the deformations of film and substrate after the indenter tip reached
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the titanium substrate. Comparing the critical forces between samples, it was
demonstrated that chemical polish and mechanical polish using a 1000 grit emery
paper were pretreatments of titanium substrate surface, which improved the adhesion
strength of BNT films on the Ti substrates. The chemical polish was better in
comparison.

(4) The adhesion strength of deposited BNT film was sensitive to the property of
substrate surface. Film adhesion measurements showed that the appropriate
pretreatment of titanium substrate such as chemical polish and mechanical polish can
improve the adhesion strength of BNT films on titanium substrates.

(5) In practical evaluation of film adhesion, which test method to use depends mainly on
the comparability of the results to actual operational environments of the
film/substrate system. Much more researches are needed to establish a reliable and

versatile method for measuring the adhesion strength of film on its substrate.
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