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ABSTRACT

In our efforts to develop new lead-free piezoelectric materials, Ky sNagsNbO;
(KNN)-based ceramics were prepared by a new solid-state synthetic method using
potassium fluoride (KF) as a sintering agent. The addition of KF resulted in ceramics
with enhanced density and quality. Piezoelectric properties were improved over those of
conventionally sintered KNN ceramics. Chemical analyses were performed by means of
Energy Dispersive Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS) to
deduce the sintering mechanism.

The ferroelectric solid-solution of (1-x)(KsNays)NbO3-xBiAlO; was synthesized
by solid state reaction. A partial temperature-composition phase diagram was established,
which includes a morphotropic phase boundary in the composition range 0.002 < x <
0.005. Due to increased chemical and polar disorders, which are a result of the coupled
substitutions: Bi*" + AP’" > (KosNags)" + Nb”", the temperature dependences of
dielectric constant exhibit increasingly broadened peaks and significant frequency

dispersion as the BA concentration increases.
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CHAPTER 1:
General Introduction

This thesis work contains various ways of synthesizing, developing, and
improving lead-free piezoelectric ceramics with high performance and high Curie
temperatures for a wide range of applications as electromechanical transducers, sensors
and actuators.

This chapter will present the basic concepts and background information which
lay out the foundation of our work. It includes ferroelectricity, piezoelectricity, the
perovskite structure, ceramic sintering, and a few examples of the most promising lead-

free ferroelectric materials, leading to the motivation and objectives of our work.

1.1  Ferroelectricity

A ferroelectric material is one that exhibits a spontaneous electric polarization
(Py), over some range of temperature, that can be reoriented with the application of an
appropriate external electric field [1]. Ferroelectric materials are characterized by a
hysteresis loop (Fig. 1.1), which displays the variation of polarization (P) as a function of
applied electric field (E) [2].

As shown in Figure 1.1, when a relatively small electric field is first applied to a
ferroelectric material, it behaves as a normal dielectric and displays a linear response
between polarization and electric field. However, as the field increases, domains (regions
of neighboring unit cells with the same polarization direction) not originally aligned with
the field begin to reorient in the direction of the applied field, which results in a rapid

increase in polarization until all are aligned and the polarization is saturated. When the



external electric field is reversed, some polarization will return to the original state,
however, a large component will remain in the direction of the previously applied field,
exhibiting a remnant polarization (P,) at zero electric field. As the field is reversed, the
polarization can be completely reversed to -P,. It is this field that is termed the coercive
field (E.). The polarization can be saturated once again in the opposite direction upon
increasing the reversed field strength further. The loop can be completed by then
switching the direction of the applied field and increasing to the saturation point of the

polarization.

P,

Figure 1.1: A typical Polarization-Electric Field (P-E) hysteresis loop produced by
ferroelectric materials.

The electric polarization obtained from ferroelectric materials may be the result of
three contributions: (1) a dielectric contribution, (2) a polarization (domain) switching
contribution, and/or (3) a leakage current contribution. Figure 1.2 shows the respective P-
E hysteresis loops that are produced as a result of each contribution. The dielectric
contribution produces a polarization that is directly proportional to the external electric

field, resulting in a linear relationship (Fig. 1.2(a)), the polarization switching



contribution exhibits a rectangular loop (Fig. 1.2(b)), and the leakage contribution
displays an ellipse shape (Fig. 1.2(c)). Because each of these contributions exhibits
different P-E hysteresis loops, the shape of the loop for different materials will vary with

the amount and type of contributions present.

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

/1
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Figure 1.2: Components of a ferroelectric hysteresis loop: (a) Dielectric, (b)
Polarization Switching and (c) Leakage current (schematic).

The spontaneous polarization of ferroelectric materials is exhibited over a certain
temperature range specific to each material. Within this temperature range the material
can undergo various structural phase transitions. The temperature at which the material
changes from a ferroelectric, polar and non-centrosymmetric phase to a paraelectric, non-
polar and centrosymmetric phase, is called the Curie temperature (7¢). Because the
material is centrosymmetric and non-polar above the 7¢, there are no possible
polarization states (Fig. 1.3(c)), therefore, the material is unable to exhibit a spontaneous
polarization or the ferroelectric effect. Below 7¢, the structure becomes distorted,
breaking the symmetry of the paraelectric structure, allowing for multiple polarization

states and permitting the existence of ferroelectricity in the material (see Sec. 1.4 for the



structural origin of ferroelectricity). This is shown in Figure 1.3(a) by the two minima
separated by a potential energy barrier (AE) [3].

The temperature dependences of dielectric, elastic, thermal, and optical properties
often show anomalies around phase transition temperatures due to low potential energy
barriers (Fig. 1.3(b)) [2]. A good example is the large increase in dielectric permittivity
(&) observed at T¢ (Fig. 1.3(d)), resulting from an extremely polarizable state due to
structural instability. This sharp increase in permittivity is indicative of a ferroelectric to

paraelectric phase transition.
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Figure 1.3: Top: Free energy (G) as a function of polarization (P) at various
temperatures (7): (a) T<T¢, (b) T=T¢, and (c) T>T¢ (adapted from Ref.
[3]).
Bottom: (d) Typical variation of dielectric permittivity (&) as a function
of temperature for a normal ferroelectric.



1.2  Piezoelectricity

In 1880, the Curie brothers found that certain materials had the ability to generate
an electric potential in response to an applied mechanical stress [4]. This “direct” effect
was also found to be reversible because these materials also changed shape under the
application of an external electric field and, therefore, exhibited a “converse” effect. Any
material that is polarizable is able to exhibit both the direct and converse effects, which
together are known as the piezoelectric effect. Figure 1.4 shows the molecular
mechanism of the piezoelectric effect with respect to the ions in a perovskite crystal

structure of BaTiOs.
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Figure 1.4: The mechanism of the piezoelectric effect. Top: 2-dimensional perovskite
structure of BaTiO3 in response to an external electric field. Bottom:
Magnitude of polarization (P) with response to an external electric field.
(@) room temperature structure and P under no external field, (b)
elongated structure and increased P under external field of same
polarity as P, and (c) compressed structure and decreased P under
external field of opposite polarity as P.




The direct and converse piezoelectric effects can be described by the following
equations [5]:

D, =d; X, (Direct effect) , (1.1)

X = dy

E,  (Converse effect) , (1.2)
where Xj; is the stress applied to a piezoelectric material, and D; is the induced charge
density, Ey is the electric field applied, and x;; is the strain developed in the piezoelectric
material, and dj; and dy; are piezoelectric coefficients with units of C/N and m/V,
respectively. Both dj and dj; are third-rank tensors, however, these piezoelectric
coefficients for the direct and converse effects are thermodynamically identical.
Equations 1 and 2 can be simplified and may be expressed in the reduced notation
form [6]:
D, =d, X , (1.3)

x,=d E, (1.4)
where values of =1, 2, or 3 and values of m=1, 2, 3, 4, 5, or 6, which are directional
values, because all of the properties in the above equations are directional properties [7].
The values of i and m identify the geometries under which the properties are measured
(Fig. 1.5(a)). For example, d;; is measured when the induced polarization is generated in
direction 3 due to a stress applied in direction 1, or when the induced strain is in direction
3 due to an electric field applied in direction 1. For a thin ceramic disc, d3; is measured
because the output signal is produced in the same direction as the stress is applied (Fig.

1.5(b)). It is important to note that the strain and stress tensors are symmetrical, therefore,

the piezoelectric coefficient is also symmetrical with respect to the same i and m values



(dim = dui). High piezoelectric coefficients are desirable in order to increase the charge or

strain developed per force or electric field applied.
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Figure 1.5: (a) Directional axes for a plate, and (b) directional axes for a thin disc,
where 1(r) is the radial direction.

Another important parameter used to characterize piezoelectric performance is the
electromechanical coupling factor (k). This term is a measure of the ability of a
piezoelectric material to convert mechanical energy to electrical energy or vice versa:

k = \(generated mechanical energy/supplied electrical energy) (1.5)

k = \(generated electrical energy/supplied mechanical energy) (1.6)
A unity value of k£ would represent perfect energy conversion, so a value close to this is
desired. Like the piezoelectric coefficient, the electromechanical coupling factor is also a
directional property, so subscripts are used to indicate the geometry under which the
property is determined, e.g. k3; or k3;. For certain shapes, special indices are used. For
example, for a thin ceramic disc, the planar coupling factor (k,) is a measure of radial
coupling between an electric field applied in direction 3 and the mechanical vibrations

produced radially in directions 1(r) (see Fig. 1.5(b)) [8].



1.3 Applications of Piezo- and Ferroelectric Materials

The ability of materials to show good piezoelectric properties has led to many
industrial and commercial applications, such as actuators, sensors and transducers. The
ability of these materials to generate strain makes them useful as high precision actuators,
which are used in the fabrications of sonar and ultrasound imaging, diagnosis and
treatment. Piezoelectric actuators find applications in scientific instrumental techniques
like Atomic Force Microscopy (AFM). These materials are widely utilized as sensors
because they have the ability to generate an electric signal in response to stress, acoustic
waves, or vibrations. Applications in sonar and ultrasound detection are very typical of
these types of materials. Piezoelectrics are also very common in our daily life. For
example, they are used in gas igniters, ink jet printers, frequency standards, such as
quartz clocks, and in many automotive applications, such as airbag deployment.

Ferroelectric materials are widely used as capacitors due to their very high
dielectric permittivity values, which are commonly exhibited. They are also used in
memory applications, such as non-volatile ferroelectric RAM as a result of their
hysteretic properties (switchable spontaneous polarization). The spontaneous polarization
of ferroelectrics also changes with temperature, which makes them pyroelectrics. These
materials generate electric potential (or current) with temperature change, making them

useful for heat sensing applications, such as infrared (IR) detection.



1.4  Perovskite Structure

Today, a vast majority of ferroelectric materials in applications are of the
perovskite structure. Figure 1.6(a) shows a typical ABO; perovskite unit cell, which
consists of the A cations at the corners of the cell and the B cation in the centre of an

oxygen octahedron.

(a) (b)
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Figure 1.6: (a) Cubic prototype perovskite ABO; crystal structure above T¢; (b)
distorted perovskite crystal structure below the T¢ depicting the
spontaneous polarization.

The stability of the ferroelectric phase will depend on bond type and polarizability,

however, the stability of the structure is most sensitive to the size and valence of the A

and B cations and is generally described with respect to ionic radii. The tolerance factor

(¢) is used to predict the formation of a stable perovskite structure [9].

r,+r,

t=m >

(1.7)



where 74, 5, and ro are the ionic radii of the A, B, and oxygen ions, respectively. It has
been determined that the stability of the perovskite structure falls between ¢ =0.88 and ¢
=1.09 with the A cation having a coordination number of 12, and B cation a coordination
number of 6 [2, 10].

When a perovskite ferroelectric material is heated above its Curie temperature, its
structure is cubic and centrosymmetric, as discussed previously. However, when this
material is below its Curie temperature, the structure becomes distorted, causing the B
cations to be displaced with respect to the oxygen ions, which results in a spontaneous
polarization (Ps) (Fig. 1.5(b)). The direction of this spontaneous polarization can be
reoriented with the application of an external electric field of opposite polarity, which is
characteristic of ferroelectric materials. In order to create a large polarization, B cations
are typically small, highly charged ions like Ti*', zr**, Sn*', Nb**, or Ta’", while A
cations are generally large ions with low charge such as K, Ba2+, Pb2+, Bi*", or La*". The
large A cations will facilitate the distortion for the small B cations to move off center

and, therefore, create a large electric displacement and polarization.

1.5 Sintering of Ceramics

Sintering is a heat treatment process for making useful polycrystalline ceramics
from a powder or porous material. Depending on the type of systems, there are several
types of sintering methods. The first type is for pure, single phase, ceramic materials. The
powder is pressed into a compact, which is then heated to a temperature approximately
50-80% of the melting temperature [11]. In this way, the powder does not melt; rather the

particles join to reduce the porosity of the compact by ionic diffusion (Fig. 1.7).
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grain /
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Figure 1.7: Schematics of sintering process: (a) three grains before solid-state
sintering, and (b) after sintering.
Because this process occurs in the solid-state, this method is referred to as ‘solid-state
sintering’. This type of sintering, however, may not produce a dense ceramic in all cases,
or the sintering temperature may be too high for practical reasons. Instead, an additive
can be used, which forms a small amount of liquid phase between the particles at the
sintering temperature. The liquid phase does not cause the density of the material to
increase by filling the pores itself; it simply provides a high mobility path for atomic

diffusion (Fig. 1.8) [11]. This method is appropriately termed ‘liquid-phase sintering’.

/

grain boundary

Figure 1.8: The liquid-phase sintering process.
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Yet another common type of sintering is ‘pressure-assisted sintering’, which can
be applied to either solid-state or liquid-phase sintering. This technique involves the
application of an external pressure on the powder compact during heating.

It is very important to synthesize a dense ceramic as close to pore-free as possible
in order to obtain high dielectric, piezoelectric and ferroelectric properties. Since air has a
dielectric constant of 1 and a ds; of 0 pC/N at room temperature, these low values will
cause the potential properties of ceramics to diminish. Therefore, the sintering process is
a very important step in the fabrication of high-performance piezo-/ferroelectric
ceramics. One of the main tasks of this thesis work is to develop new methods for the

sintering of a class of important piezo- and ferroelectric materials.

1.6 Lead-Free Perovskite Ferroelectrics

Currently, lead containing ferroelectric solid solutions, such as Pb(Zr,Ti)O; (PZT)
and (Pb,La)(Zr,Ti)Os (PLZT) have been shown to exhibit the best piezoelectric and
ferroelectric properties, and as a result they are used widely in various technological,
industrial and commercial applications [7]. These enhanced properties can be attributed
to the 6s lone pair of electrons on the Pb*" ion [12, 13]. For both PbTiO; (PT) and
BaTiO; (BT), the ground state below the Curie temperature is a distorted tetragonal
structure, which is due to their tolerance factors (1.019 and 1.062, respectively) being
greater than 1, causing oxygen octahedral distortion and thus polarization. This distortion
makes the molecular orbitals lose degeneracy and increase in energy, which causes the 6s

orbital to mix with the 6p orbitals. Now the Pb*" 65 electron pair resides in an s-p hybrid

12



orbital and are isolated to one side of the Pb*>" ion (Fig. 1.9) [12, 14], introducing inherent

polarization.

Ky ’
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Figure 1.9: Perovskite structure showing the presence of the stereochemically active
electron pair effect by the variation of Pb-O bond distances.
This stereochemically active lone pair promotes larger displacement than in BaTiO;, for
example, and results in a highly polarizable material. Confirmation of this effect can be
obtained from the reported tetragonality (c/a ratio of the unit cell parameters) and T¢
values of BT and PT, which are 1.01 and 120 °C [15], and 1.06 and ~490 °C [16],
respectively. PT has a larger c/a ratio, indicating a larger structural distortion than BT,
and it also has a much higher 7¢ than BT because much more thermal energy is required
to stabilize a cubic perovskite structure for the more distorted PT. In this non-polar
centrosymmetric structure, there is no distortion and the 6s” electrons of Pb”" reside in the

spherical s-orbital and are stereochemically inactive.
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The excellent properties of PZT and PLZT are also a result of the formation of a
morphotropic phase boundary (MPB) between the rhombohedral and tetragonal phases of
these materials, which are formed from solid solutions [7, 17]. An MPB is a region
bridging two phases of different symmetry, in which these two separate phases and lower
symmetry phases can coexist [17]. Electrical properties are often enhanced within an
MPB due to the increased number of possible polarization directions as a result of the
coupling of phases. Within this region, there is a greater chance for the dipole moments
to align with an external electric field, which allows for optimum polarization
reorientation, leading to a larger overall net polarization and, thereby, higher piezoelectric
response in the material [18].

Unfortunately, these materials contain lead, which is toxic both environmentally
and biologically. Legislation has been passed in Europe that restricts the use of six
hazardous substances including lead. The Waste from Electrical and Electronic
Equipment (WEEE) and the Restriction of Hazardous Substances (RoHS) directives
became law in 2003 [19], which has encouraged the scientific community to develop
lead-free alternatives. Unfortunately, the application of lead-free systems is limited due to
the comparably low piezoelectric and ferroelectric performance and low depoling
temperature, above which the material loses polarization and piezoelectricity. Some of
the lead-free perovskite compounds currently being studied are BaTiO;, KNbOs,

(Ko.sNag s)NbOs, (Nag sBigs)TiO; and other Bi-based systems.
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1.6.1 (KosNaps)NbO3z-Based Systems

This thesis work focuses on developing piezo-/ferroelectric materials that are
lead-free. To replace lead-containing materials, alkali transition metal compounds, such
as potassium niobate, KNbOs, are an appropriate choice. Nb>™ is a small B-site cation
(ionic radius of 0.64 A [20]) with no d-electrons, which allows for stronger ionic bonding
and a larger displacement. K is a large A-site cation (ionic radius of 1.64 A [20]), which
causes the perovskite unit cell to expand, thereby allowing more space for Nb* to rattle
in the TiO¢ octahedral, leading to a larger polarization. By forming a solid-solution with
an MPB, this polarization can be further enhanced, as in PZT. As a matter of fact, the
most promising of the lead-free materials is an alkali-transition metal solid-solution,

potassium sodium niobate (1-x)KNbO;3-xNaNbO; (KNN).
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Figure 1.10: Temperature versus composition phase diagram of the (1-x)KNbO3-
xNaNbOj solid solution system (note the different scales for x < 90%
and x > 90%) (adapted from Ref. [23]).
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KNN possess an MPB at x~0.5, which separates two different orthorhombic
phases (Fo; and Fpy) at room temperature (Fig. 1.10) [21, 22]. It is at this composition
that the optimum piezoelectric properties are exhibited [21, 22].

In fact, hot-pressed KNN ceramics have been reported to produce good
piezoelectric properties with ds; and k&, values of 160 pC/N and 45%, respectively, along
with a high Curie temperature of approximately 420 °C [21, 22, 24]. However, it is
difficult to obtain dense ceramics of KNN by conventional sintering methods due to its
high hygroscopicity and the volatility of K,O at high temperatures, which usually drifts
the composition away from stoichiometric [22, 24, 25].

Many research groups around the world have recently been investigating various
KNN-based systems, including KNN-LiNbO; [26], KNN-LiTaOs [27], KNN-LiSbO;
[28], KNN-SrTiOs [29], KNN-BaTiOs [30], and KNN-AgNbO;s [31]. The compound
(Ko.44Nag 52L19,04)(Nbg.gaTag.10Sbg.06)O3 synthesized by Saito and company, is especially
interesting [32]. It is a textured material (preferential orientation of grains) that possess a
high d;; of 416 pC/N, which is one of the highest lead-free values so far reported, and is
comparable to some modified PZT ceramics. This value is initially very impressive,
however, upon inspection, it is apparent that some of the enhanced property is due to a
shift of the tetragonal to orthorhombic phase transition (77.¢) to room temperature [28,
33-35]. This causes the piezoelectric properties of the material to be temperature

sensitive, which is a large drawback for application purposes.
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1.6.2 Bi-Based Systems

Bismuth-based compounds have been getting much attention recently, because the
Bi’" ion has a stereochemically active 6s” lone pair of electrons just like the Pb*" ion [13].
It is believed that because of this lone pair, bismuth compounds should be highly
polarizable and also posses a large polarization in the same way as lead-based systems.
BiScO; has been used to replace PbZrOs in PZT in an effort to reduce the amount of lead
in the system. Dielectric and piezoelectric properties were enhanced due to the presence
of an MPB, and a high T¢ of 450°C was also reported [10, 36].

High Curie temperatures are fairly typical of Bi-based compounds, which allows
for relatively temperature independent properties and a larger temperature range for the
operation of the piezoelectric devices. For example, BiFeO; has a very high 7 of 850 °C
[37] and BiAlO; was recently shown to have a high 7 of > 520 °C [38].

Several Bi-based systems have recently been investigated, including Bi(Ga,Sc)Os-
PbTiO; [39, 40], BilnOs-PbTiO; [10], BiYbOs;-PbTiO; [10], and KNN-BiFeO; [37].
However, many bismuth compounds have low perovskite stability and limited solubility,

which usually prevent the formation of MPB.

1.7  Objectives of This Work and Organization of the Thesis

The recent push for lead-free materials has opened up a large field for research in
the area of solid-state ferroelectrics. Many systems have been studied and a great deal of
investigation has progressed, however, all of that work simply opens more opportunities
to study new systems for a better understanding of lead-free capabilities in the search for

materials with high performance and a high 7¢ for applications, which will ultimately
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replace the currently used PZT ceramics in modern technologies. Therefore, the objective
of this work is to develop new synthetic methods to improve the sintering and to optimize
the properties of the promising lead-free KNN solid solution systems.

In this work, we strive to improve the properties of KNN ceramics by two
approaches. In the first approach, we address the poor sinterability issue. By using a
sintering aid we develop a simple, cost effective technique to increase the density of the
KNN ceramics, and thereby improve the properties of this material. On the other hand, in
the second approach, we modify the system chemically by forming a new solid solution.
By synthesizing the new lead-free (1-x)KNN-xBA solid solution, we couple the qualities
of each end member synergistically in order to improve the piezoelectric and ferroelectric

properties on the whole.

1.7.1 Synthesis of KNN ceramics with Fluoride Sintering Aid

As mentioned earlier, KNN has been recognized as a promising host material for
new lead-free piezoelectric materials. However, the inability to sinter ceramics well by
traditional solid state sintering methods presents a significant drawback. It is this
sintering problem that we attempt to address in the first part of our work (Chapter 3).

In this work, KNN-based ceramics are prepared by solid-state synthesis using KF
as a sintering aid. It was hypothesized that because KF has a lower melting point (8§98°C)
than KNN (1140°C), it would function as an intergrain sintering agent to lower the
sintering temperature of KNN, thereby improving the density of ceramics. The mixture of
fluorides (LiF + MgF,) was previously shown to effectively enhance the densification of

ferroelectric LiTaO; and LiNbO; ceramics [41-43]. For this reason, the effectiveness of
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KF as a sintering agent is studied. In order to investigate the sintering mechanism,
chemical and physical analyses are performed by means of Energy Dispersive
Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS). The ceramic density,
crystal structure, and dielectric, piezoelectric and ferroelectric properties are
characterized using various techniques, including X-ray diffraction (XRD), dielectric
spectroscopy, Scanning Electron Microscopy (SEM), and piezo-/ferroelectric

measurements.

1.7.2 KNN-BA Solid Solution

A solid solution is a single phase formed from two or more different end
members. Formation of solid solutions has proved to be an effective method to synthesize
new piezo-/ferroelectric materials with excellent properties, in particular with the
existence of an MPB. Besides the already promising KNN system, the bismuth
aluminate, BiAlO3; (BA), has attracted much attention recently because of its lead-free
character and its high 7¢ [38]. Bi-based compounds are attractive due to the
stereochemically active lone pair of electrons on the Bi*" ion, as discussed previously.
BA crystallizes in a rhombohedral structure at room temperature. However, it is difficult
to synthesize BA under normal pressure. Moreover, it decomposes on heating at 547°C
[38]. Therefore, incorporating BA into a solid solution is a viable alternative to stabilize
BA. Baettig et al. predicted that solid solutions containing BA may potentially be high-
performance piezoelectrics [44], so it would be interesting to synthesize a solid solution
of BA with KNN, i.e. (1-x)KNN-xBA. It is hypothesized that the lone pair would further

increase the polarizability of the KNN host material, and hopefully lead to an increase in
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properties. It was also thought that, because KNN and BA adopt different symmetries at
room temperature (orthorhombic and rhombohedral, respectively), an MPB may exist in
the solid solution, which would enhance the dielectric and piezoelectric properties.
Therefore, the second part of our work (Chapter 4) is dedicated to the synthesis of this
new lead-free (1-x)KNN-xBA solid solution system in the form of ceramics, and to
characterize the structure and the dielectric, piezoelectric and ferroelectric properties by
means of X-ray diffraction, dielectric spectroscopy, and piezo-/ferroelectric
measurements. During the progress of this work, it came to our attention that Zuo et al.
reported the synthesis of the similar system [45]. However, the results described in
Chapter 4 are from our independent and original work, which has been taken beyond the

report of Zuo et al.
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CHAPTER 2:
Characterization: Principles and Techniques

2.1 Introduction

In this chapter, we will present the basic principles for the various experimental
techniques used to investigate the structure and properties of the materials studied in this
work. These techniques include chemical and structural analyses, and characterization of
physical properties of the materials by dielectric, piezoelectric and ferroelectric

measurements.

2.2 Powder X-ray Diffraction (XRD)

Powder x-ray diffraction (XRD) is a technique that was used to characterize the
phase components, structure, phase symmetry and lattice parameters of the materials
prepared in this work. In this technique, an electric field is used to accelerate electrons,
which are directed at a metal target [1]. The penetrating electrons eject other electrons out
of their atomic orbitals, specifically from the inner most (K) shell. This vacancy in the K
shell is then filled by an electron from the closest shell higher in energy (L) or the one
above that (M), yielding two sharp and intense x-ray peaks, K, and Kp, respectively [2].
The difference in energy between the two shells is released as radiation in the form of an
x-ray. Since the energies of the shells are well defined, each transition produces a
monochromatic beam line.

A Rigaku Rapid-Axis x-ray diffractometer using copper K, (A=1.5418 A)

radiation (46 kV, 42 mA) was used to produce powder diffraction patterns in this work.
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Figure 2.1 illustrates how x-rays interact with the planes in the crystal lattice of the
sample. This interaction can also be expressed by the Bragg law [2]:

2d,,,sinf= A , (2.1)
where dj 1s the interplanar spacing between the crystal planes (4kl), @1is the Bragg angle
at which diffraction from these planes are observed, and A is the wavelength of the x-
rays. The diffracted x-rays are detected and a plot of intensity as a function of the 20
angle can be produced. This XRD pattern provides very useful information such as the d-
spacing of the lattice planes, which is directly related to the unit cell parameters of the

material, and the symmetry of the phase(s) present [3].

X-ray X-ray
source detector

\\‘ .
,* atomic planes

* = . * * -

Figure 2.1: Bragg diffraction from a set of lattice planes with a spacing d.
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Figure 2.2: lllustration of various unit cell types with corresponding lattice
parameters for a perovskite, ABOs, structure.

A unit cell is characterized by six lattice parameters (@, b, and ¢, and ¢, £ and ),
which represent the lengths of the unit cell and the interaxial angles, respectively (Fig.
2.2). As a crystal undergoes a structural phase transition, the lattice parameters change
along with d-spacings. Depending on the type of structure adopted by the material, the
relationship between d-spacing and lattice parameters varies. The d-spacings for a
material with a crystal structure of orthogonal axes, i.e. cubic, tetragonal or

orthorhombic, can be expressed as follows [2]:

1 W KL

— =+t , 2.2
dfk, a b 22)
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where 4, k, and / are the Miller indices.

X-ray diffraction patterns can be used to monitor chemical reactions and
structural properties such as phase purity and change of symmetry (phase transition). For
example, if a crystal structure changes from cubic to tetragonal, the interaxial angles do
not change (¢, £ 7= 90°), but the lengths of the unit cell are no longer equal (a=b#c).
This will affect the d-spacings within the lattice, which in turn will result in the splitting
or merging of peaks as shown in Figure 2.3. This characteristic XRD pattern can be used

to identify the symmetry and phase components of the materials.

= ) 2
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20 26 20

Figure 2.3: Characteristic x-ray diffraction patterns for various symmetries showing
the corresponding splitting with respect to the cubic (111), (200) and
(220) reflections.
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2.3 Dielectric Permittivity Measurements

Dielectric property measurements allow for the determination of phase transition
temperatures, permittivity values, and dielectric loss. Dielectric properties of the ceramics
as a function of frequency and temperature were performed using a Solartron 1260
impedance analyzer in conjunction with a Solartron 1296 dielectric interface. The relative

real permittivity, or dielectric constant (g), is determined based on the following

C=c¢g, [éj
d

where C is the capacitance of the dielectric material between two parallel electrodes, &, is

equation:

: (2.3)

the permittivity of free space, 8.854x10"2 F/m, A4 is the area of one of the plates of the

parallel electrodes, and d is the distance between them [3, 4].

sample

G

G

Figure 2.4: A schematic diagram of the circuit used in the dielectric permittivity
measurements.
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Figure 2.4 shows a schematic of the circuit used in this technique. In this circuit,
the voltage is applied by a signal generator across the pair of electrodes on the surfaces of
a sample capacitor (Cs, with thickness, d) and a reference capacitor (C,). The voltage (V)
across the reference capacitor is measured, and because the two capacitors are connected
in series, the charge (Q,) on the reference capacitor must be the same as the charge (Q)
over the sample capacitor (Q,=Q;). This means that the charge on the sample can be
found by:

0=C xV, . (2.4)
The voltage (V) is also measured across the sample, allowing for the capacitance of this

material to be determined by using the following equation:

c-2
V, : (2.5)

Once the capacitance of the sample (C) is obtained, the dielectric permittivity can be
determined using Equation 2.3. The existence of dielectric loss, which may be caused by
leakage current, also needs to be considered when writing the expression for permittivity.
Charge with respect to current (/) can be described as:

O=1Ixt , (2.6)
where ¢ is time. This expression indicates that the charge resulting from the leakage
current is time dependent. Therefore, the dielectric permittivity must be expressed in

complex form as a function of frequency (f) [5]:
& (N)=&(f)-ig'(f) , 2.7)
where ¢ is the real part of the dielectric permittivity, termed the dielectric constant,

i=+/-1, and ¢”1is the imaginary part of the dielectric permittivity. The dielectric loss is
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related to the imaginary part of the permittivity, however, it is most often described by

the tangent of the dielectric loss angle (tano) [5]:

tano = —
& : (2.8)

where ¢ is the angle between the imaginary component and the real component of the
permittivity, as illustrated in Figure 2.5. In this work the dielectric loss (tand) and

permittivity (&) are measured as a function of temperature at various frequencies.

%/

»
>
n

(3

Figure 2.5: llustration of the dielectric loss angle (d) as a function of the imaginary
and real components of the permittivity.

2.4  Ferroelectric Hysteresis Measurements

The ferroelectric properties of the ceramics prepared in this work are
characterized using an RT66A Standard Ferroelectric testing system, which performs
measurements of polarization as a function of electric field. Polarization (P) may be

defined as:

_Q
P== , 2.9)
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where Q is the charge developed on the electrodes of the ferroelectric capacitor and 4 is
the area of the electrodes. A Sawyer-Tower circuit allows for the determination of a
material’s polarization as a function of electric field [6], which gives rise to a

ferroelectric hysteresis loop shown in Figure 1.1 in Chapter 1.

%

sample

CS RS

®

(V) @

Figure 2.6: A modified Sawyer-Tower circuit for the measurement of ferroelectric
hysteresis loops (adapted from Ref. [7]), where Cy, Ry, C,, R, V, and V,
stand for the capacitance of the sample, the resistance of the sample, the
capacitance of the reference, the resistor, the step voltage, and the
voltage across the reference capacitor, respectively.

Figure 2.6 shows a schematic of a modified Sawyer-Tower circuit. In this circuit,

a step voltage (V) is applied by the signal generator across the pair of electrodes on the

surfaces of a sample capacitor (Cs, with thickness d). This is the origin of the quantity

plotted on the horizontal x-axis, which is proportional to the electric field (E=V/d) across
the sample. The sample is then connected in series with a parallel RC circuit, which
compensates for any phase shift due to conductivity or dielectric loss in the sample. The

voltage (V) across the reference capacitor (C,) is measured, and because the two

capacitors are connected in series, the charge on the reference capacitor must be the same
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as the charge over the sample capacitor. This means that the charge on the ferroelectric
sample can be found by using Equation 2.4, as discussed previously. Once the charge on
the sample is known, the polarization can be determined using Equation 2.9 above.

As discussed in Chapter 1, the electric polarization obtained in ferroelectric
hysteresis measurements arises from three contributions: the dielectric component, the
domain switching component, and the leakage current contribution (Fig.1.2). Polarization
with respect to current (/) can be described as:

_Ixt
A

P

, (2.10)

where ¢ is time. This expression indicates that the polarization resulting from the leakage
current is time dependent, therefore a relatively high frequency is used in hysteresis
measurements so that the contribution from the leakage current component can be
minimized to reveal the contribution from polarization (domain) reorientation and

switching.

2.5 Piezoelectric Property Measurements

The piezoelectric coefficient (d3;) of the ceramics studied in this work was
measured by a quasi-static method using a Piezo-dss/ds; Meter (ZJ-6B). The piezoelectric

coefficient is defined by the following equation:

d, = [ﬂj , 2.11)
L),

where Djs is the charge density (C/m?) and T3 is the mechanical stress (N/m?) at constant

electric field (£). Figure 2.7 shows a schematic diagram for the d;; measurement using

the Piezo-Meter.
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Figure 2.7: A schematic diagram for the d3; measurement by a quasi-static method.

When a force (F) is applied on an area (4) of a sample by the upper and lower
probes, a piezoelectric charge (Q) is produced due to the piezoelectric effect on the

contact area (4), therefore Equation 2.11 can be simplified at follows:

(@) 0 cxv
¥O(F/4) F F

, (2.12)
where C is the shunt capacitance and V' is the potential difference across the shunt
capacitor. The Piezo-Meter measures this potential difference, calculates the d3; (in
pC/N) of the sample and displays the value digitally. Average d3; values are reported
after taking measurements from various areas across a ceramic sample.

Impedance measurements were also performed to determine the
electromechanical coupling factor (k) using a Solartron 1260 impedance analyzer in
conjunction with a Solartron 1296 dielectric interface. The electromechanical coupling

factor is a measure of the efficiency of how well a piezoelectric material can convert

electrical energy into mechanical energy, or vice versa [8]. Depending on the dimensions
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and symmetry of the material, there are different expressions for k. A thin piezoelectric
ceramic disc, like the materials prepared in this work, produces radial vibrations when
exposed to an alternating electric field, which is applied parallel to the direction in which
the ceramic is polarized [8]. The planar coupling factor (k,) expresses this radial coupling

by the following equation [9]:

kﬁ2::2f5(ﬁ'_“ﬂ)

r

(2.13)

3

where f, and f, are the anti-resonance and resonance frequencies, respectively. The
resonance frequency is the frequency at which the material vibrates most readily or where
the impedance is at a minimum as seen in Figure 2.8 [8]. This is the point at which the
sample most efficiently converts electrical energy into mechanical energy, and vice versa.
As the frequency is further increased the impedance reaches a maximum, and it is this
frequency that is termed the anti-resonance frequency. Once these two frequencies are
determined for a ceramic disc, the planar coupling factor can be calculated using

Equation 2.13 above.

log impedance
J
/
T

frequency

Figure 2.8: Impedance as a function of frequency, displaying resonance (f,) and anti-
resonance (f;) frequencies.
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2.6 Scanning Electron Microscopy (SEM)

The microstructures of the ceramics prepared in this work were examined by a
Scanning Electron Microscope (SEM; Hitachi S-3400N). SEM is a technique that images
a sample’s surface enabling us to investigate the topography, structure, morphology,

grain size, defects, etc., of solid materials.

Electron beam

Secondary electrons
(for SEM imaging) X-rays

<

Diffracted & Inelastically
unscattered scattered
electrons electrons

Y

Figure 2.9: The interaction of an electron beam with a sample (adapted from Ref.
[10]).
In order to image the sample’s surface, an electron beam is thermally emitted
from a tungsten filament under vacuum and focused on an area (< 10 nm) and then
scanned across the sample (Fig. 2.9). The electrons penetrate the surface and

consequently eject other electrons that are detected and used for imaging [10]. Because
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electrons enter the material, the sample must be conducting, and so the ceramics in this

work were coated with a sputtered gold layer for SEM studies.

2.7 Energy Dispersive Spectroscopy (EDS)

Chemical analysis of the ceramics studied in the work was performed by Energy
Dispersive Spectroscopy (EDS; x-ray analyzer [EDAX] feature of the SEM; FEI
DualBeam Strata 235), which is a technique used for elemental analysis of a material. In
this technique, a beam of electrons is focused into the material. Atoms within the material
contain ground state electrons, which reside in discrete energy levels from the nucleus.
The electron beam can eject an electron from an inner shell leaving a hole, which is then
filled by the descent of an electron from an outer shell or higher energy level (Fig. 2.10).
The difference in energy between these two levels will then be released in the form of an

x-ray and the number and energy of these x-rays can be measured by a spectrometer [11].

Electron 4@ Ejected
beam " electron

Figure 2.10: The interaction of an electron beam with electrons within an atom used
in EDS.
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The energies of the x-rays released are characteristic of the difference in energy levels
and of the atomic structure of the element from which they were emitted, therefore the
elemental make-up of a material can be determined. EDS is able to detect elements with
an atomic number (Z) of 5 and above [11]. It cannot detect hydrogen (Z = 1), helium (Z =

2), lithium (Z = 3) or beryllium (Z = 4).

2.8  X-ray Photoelectron Spectroscopy (XPS)

Chemical analysis of the ceramics prepared in this work was also performed by
means of X-ray Photoelectron Spectroscopy (XPS; Axis Ultra DLD), which is a
quantitative technique used widely to measure the elemental composition, chemical state
and electronic state of the elements that compose a material. XPS is a surface chemical
analysis technique in which the surface of a material is irradiated with a beam of x-rays
under ultra high vacuum that penetrate the top 1-10 nm of the material, causing electrons

to be ejected from the material being analyzed (Fig. 2.11) [12].

Electron
detector

X-ray beam
Photo-emitted
electrons

i B

Figure 2.11: Interaction of x-rays with a specimen within the XPS setup.
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XPS spectra are obtained by measuring the kinetic energy and number of
electrons that escape. An XPS spectrum is a plot of electron counts versus electron
binding energy (Fig. 2.12). The electron binding energy of each of the ejected electrons
can be determined by using the following equation based on the early work of

Rutherford:

E yinding = E photon = (Etineric + #) , (2.14)
where Epinging 1S the binding energy of an electron, Eyjq,, 1s the energy of the x-ray
photons, Ejinesic 18 the kinetic energy of an electron measured by the instrument, and ¢ is
the work function of the spectrometer [12]. Since the energy of a specific x-ray
wavelength is known (E,u00n), the binding energy of each electron can therefore be
calculated. XPS is able to detect elements with an atomic number (Z) of 3 and above
[12]. It cannot detect hydrogen (Z = 1) or helium (Z = 2). The highest detection limit for

the majority of elements is approximately 100 ppm, which requires 816 hours of

exposure time.
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Figure 2.12: Typical XPS spectrum of a silicon wafer (adapted from Ref. [13]),
showing the binding energy of a Si (2p) electron and a SiOy4 (2p)
electron.
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CHAPTER 3:
Preparation and Characterization of KNN-Type Piezo- and
Ferroelectric Ceramics by a New Sintering Process

3.1 Abstract

Lead-free ceramics based on the (Ko sNag s)NbO; (KNN) solid solution are known
to display promising piezoelectric properties. However, it is difficult to obtain dense
ceramics of KNN by conventional sintering methods. In this work KNN-based ceramics
have been prepared by a new solid-state synthetic method using KF as a sintering agent.
The addition of KF resulted in dense ceramics with a relative density reaching 92% after
sintering at 1120 °C. By varying the amount of KF used in the sintering process, it was
found that the KNN ceramics sintered with 0.5% KF displayed the best piezoelectric
properties. The piezoelectric coefficient (d33), planar electromechanical coupling factor
(k,), and dielectric loss tangent were found to be 125 pC/N, 0.38, and 0.025, respectively,
at room temperature. These properties represent an improvement over those of
conventionally sintered KNN ceramics. The SEM imaging revealed that the ceramics
sintered with KF were less porous than the KNN ceramics. This enhanced densification
correlates well with the improved electrical properties. The Curie temperature (7¢) was
unaffected by the addition of KF and remains high at 420 °C, which indicates that KF
was not incorporated into the perovskite structure of KNN. Chemical analyses were
performed by means of energy dispersive spectroscopy (EDS) and x-ray photoelectron
spectroscopy (XPS) to deduce the sintering mechanism, and the results confirm that the

fluoride indeed acted as a sintering agent without entering the lattice of KNN.
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3.2 Introduction

Ferroelectric materials exhibit a spontaneous and switchable polarization and
large dielectric constants as a result of their high polarizability, which make them useful
for such applications as in memory devices and capacitors [1, 2]. The non-
centrosymmetric and polar structure of these materials below a certain Curie temperature
(T¢), which is specific to each material [1], implies a loss of inversion center, causing
ferroelectric materials to also exhibit piezoelectric properties, furthering applications for
use in sensors, actuators or high voltage generators [1]. A high 7¢ is therefore desired in
order to have the largest possible operation range of these materials.

Currently, lead containing materials, such as Pb(Zr,Ti,)O3 and (Pb;.La,)(Zr.
+T1,)O3, exhibit the best ferro-/piezoelectric ceramic properties [1]. However, lead is toxic
both environmentally and biologically, which has encouraged the scientific community to
develop lead-free alternatives. Unfortunately, the availability of lead-free systems is
limited considering the requirement for materials with good piezoelectric performance
and a high T¢c. To date, one of the most interesting families of materials is the (1-
x)KNbO;-xNaNbO; (KNN) solid solution-based ceramics [1, 3, 4]. KNN crystallizes in a
perovskite structure with orthorhombic symmetry and has a high 7¢ of 420 °C. When the
composition is at 50% of each end member, the solid solution exhibits a morphotropic
phase boundary (MPB), which defines the boundary between two phases, where the
material shows enhanced electrical properties [1, 3]. These characteristics of KNN make
it a promising candidate as a lead-free piezoelectric material; however, it is difficult to
obtain dense ceramics of KNN by conventional sintering methods due to its high

hygroscopicity and the volatility of K,O at high temperatures during sintering, which
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inevitably changes the stoichiometry [3, 5, 6]. Hot-pressing method has proven to
increase the density and properties of KNN ceramics [3. 6], however, this route is more
expensive than conventional sintering and requires specialized equipment.

In this work, KNN-based ceramics were prepared by a novel solid-state synthetic
technique using KF as a sintering aid. It was hypothesized that because KF has a lower
melting point (898 °C) it would function as an inter-grain flux to lower the sintering
temperature of KNN, thereby improving the density of the ceramics. The mixture of
fluorides (LiF + MgF,) was previously shown to effectively enhance the densification of
ferroelectric LiTaO; and LiNbO; ceramics, the mechanism of which involves the
formation and disappearance of a transient intermediate phase of MgsTa,Oo-type [7-9].
For this reason, the effectiveness of KF as a sintering agent of KNN ceramics was
studied. Chemical analyses were also performed in order to investigate the sintering

mechanism.

3.3 Experimental Procedure

Ceramic samples of (Ko sNajs)NbO; + x mole% KF, with x = 0, 0.5, 1, 2 and 5,
were prepared using solid-state reaction. Stoichiometric amounts of K,COs,
Na,COs-H,0, and Nb,Os powders were mixed together and hand-ground for one hour in
acetone. The mixtures were calcined at 800 °C for 4 hours and then reground in acetone
for one hour with the addition of x mole% KF and polyvinylalcohol (6% PVA solution)
(one drop per gram of powder) as binder. Finally, these powders were pressed into 10

mm-diameter pellets of 2-5 mm thickness by means of uniaxial pressing. The pellets were
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heated up to 600 °C in a muffle furnace for one hour to drive off the PVA binder, and
then sintered at a temperature of 1120 °C for 4 hours in air.

The density of the ceramics was determined by measuring the volume and mass
of each pellet. X-ray powder diffraction (XRD) patterns were recorded on a Rigaku
Rapid Axis x-ray diffractometer using Cu K¢ radiation (46 kV, 42 mA) and were used to
characterize the phase components and lattice parameters of the sintered ceramics. The
microstructures of the ceramics were observed using a Hitachi S-3400N Scanning
Electron Microscope (SEM). Chemical analysis was performed in order to detect the
presence of any fluorine using Energy Dispersive Spectroscopy (EDS) provided by the x-
ray analyzer [EDAX] feature of the SEM, and X-Ray Photoelectron Spectroscopy (XPS)
(Axis Ultra DLD). To measure the dielectric and piezoelectric properties, the ceramics
were polished to give parallel and flat surfaces, and Au electrodes were sputtered onto the
opposite sides of each pellet. Complex dielectric properties ,

& =e+ig" (1)
where ¢*, ¢” and & are the complex, real and imaginary permittivities, respectively, were
measured using a Solartron 1260 impedance analyzer in conjunction with a Solartron
1296 dielectric interface upon cooling from 550 °C to 25 °C in the measurement
frequency range of 100 Hz to 1 MHz. These samples were then poled using a Stanton
PS350 high voltage power source at 30 kV/cm in silicon oil for 10 minutes in a Delta
9023 variable temperature chamber at 130 °C. The piezoelectric coefficient, ds;, was
measured using a ZJ-6B Quasistatic d3;/d;; Meter (Chinese Academy of Sciences). The

planar electromechanical coupling factor (kp) was calculated based on resonance and
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anti-resonance frequencies that were measured using the same equipment as used above

for dielectric measurements, according to the following equation [10]:

g oasUef) @)
7,

where f, and f, are the resonance and anti-resonance frequencies corresponding to the

minimum and maximum of the impedance spectrum, respectively.

3.4 Results and Discussion

3.4.1 Densification of the Ceramics

Synthesis of KNN using potassium fluoride (KF) as a sintering agent was found
to produce dense ceramics. Figure 3.1 gives the variation of the relative density of the
ceramics as a function of content of the fluoride additive. It shows a dramatic increase in
the relative density (based on the theoretical density of 4.51 g/cm’ [6]) of ceramics upon a
small addition of KF, with the ceramic sintered with 0.5 mole % KF showing the largest

relative density of 92% (£ 0.05%).
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Figure 3.1: Relative density of KNN ceramics as a function of mole% KF, sintered

at 1120 °C for 4 hours.

3.4.2 Phase Analysis by X-Ray Diffraction
X-ray diffraction (XRD) patterns of KNN sintered with various amounts of KF as

the sintering agent show that the ceramics obtained are of pure perovskite phase with an

orthorhombic symmetry (Bmm?2) [11] (Fig. 3.2).
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Figure 3.2: XRD patterns of KNN ceramics sintered with various mole% KF,
sintered at 1120 °C for 4 hours.

The XRD patterns were also used to determine the lattice parameters, which are
shown in Figure 3.3. It can be seen that the lattice parameters remain relatively constant
with the addition of up to 5 mole% KF (Fig. 3). The constant lattice dimensions suggest
that the fluoride was not incorporated into the perovskite structure. The radius of the
fluoride anion (1.33A [12]) is smaller than the radius of the oxygen anion (1.4A [12]), so
the lattice parameters would have decreased if fluoride had in fact entered the KNN
lattice. In addition, the substitution of F~ for O would require reduction of a cation in

order to balance the charge, which seems to be unlikely in air.

46



5.9

. w—
5.8 > b
—A—C
< 5.7 % g
I i—a—3 —1
(0]
£ 5.6-
S
&
O
|
3.9
3.8 T T T T T T T T T T T
0 1 2 3 4 5

mole% KF (x)

Figure 3.3: Lattice parameters (a, b, ¢) as a function of % KF sintering aid for
ceramics sintered at 1120 °C for 4 hours.

3.4.3 Dielectric Properties

The variation of the dielectric constant (¢’) of the KNN ceramics as a function of
temperature is shown in Figure 3.4. It can be seen that the Curie temperature (7¢) of the
ferroelectric to paraelectric phase transition in KNN is unaffected by the use of KF as a
sintering aid regardless of the amount added, and it remains high at 420 °C. This is a very
promising advantage, which ensures a wide operation temperature range for the KNN

ceramics synthesized.
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Figure 3.4: Temperature dependence of the dielectric constant (&) of the KNN
ceramics sintered with various mole% KF (x).

It is also interesting to note from this plot that the tetragonal to orthorhombic phase
transition temperature (77.0), that occurs at 200 °C, is also unaffected by the KF-aided
sintering. This is the second indication that fluoride did not enter the KNN lattice.
Otherwise, the maxima in the £’(T) curves, which indicate the 7¢ and T7.¢, would have
been affected by the change in the composition of the ceramics and would have shifted
on the temperature axis. These two phase transitions can also be observed in the plot of
dielectric loss tangent (fano), which is a measure of energy dissipation, as a function of

temperature (Fig. 3.5).
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Figure 3.5: Temperature dependence of the loss tangent of the KNN ceramics
sintered with various mole% KF (x).

A sharp peak in the fand vs. temperature curve represents the 7¢ and a local

maximum occurs at the 77, which correlates well with permittivity data. It is also

observed that the dielectric losses remain below 0.06 over a large temperature range (25-

500 °C) despite the initial addition of KF.
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Figure 3.6: Composition dependence of the room temperature dielectric permittivity
(&’rr) Of the KNN ceramics sintered with various mole% KF (x).

The room temperature permittivity (&'zr) values were plotted against mole % KF,
and are presented in Figure 3.6. All ceramics sintered with KF show higher room
temperature permittivity values than those of pure KNN (&’zr = 270), with the KNN

ceramic sintered with 0.5 mole% KF having the largest value (&'zr = 380). The

piezoelectric charge coefficient (d;) is directly related to the relative permittivity

according to [13, 14]:
2)

d, ~20, xKxg,xP,
where Oy, K, &, and P; are the electrostrictive coefficient, relative permittivity, the

permittivity of free space, and the remnant polarization after poling, respectively.

Therefore, considering negligible changes in the electrostrictive coefficient, as the room

temperature permittivity increases, the piezoelectric charge coefficient will also increase
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Based on Figure 3.5, it is expected that the KNN ceramics sintered with KF have higher
ds; values than the pure KNN ceramics, and the ceramic sintered with 0.5% KF should

exhibit the largest d3; value.

3.4.3 Piezoelectric Characterization

The measured piezoelectric properties for the KNN ceramics prepared using five
different sintering conditions are shown in Figure 3.7. It is found that the trend in the
piezoelectric properties vs. mole% KF relation correlates well with the variation of
density vs. mole% KF. As the density increases, so do the piezoelectric properties.
Having an improved density (d = 4.143 g/cm’) over that of pure KNN (d = 3.501 g/cm’),
the ceramic sintered with 0.5% KF indeed shows the best piezoelectric properties with a
piezoelectric coefficient (d3;) of 125 pC/N and a planar electromechanical coupling factor
(kp) of 38%. This trend is validated because a ceramic that is less porous (one that is
more dense) is expected to have a larger permittivity thus a higher piezoelectric charge

coefficient since the relative dielectric permittivity of air has a value of &= 1.
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Figure 3.7: Variation of the piezoelectric coefficient (d;;) and planar
electromechanical coupling factor (kp) for the KNN ceramics sintered
with various mole% KF (x).

Recently, several other studies on KNN-based systems were reported with
enhanced d3; values, such as KNN-Li (7%) (d;; = 240 pC/N) [15],
(Ko.44Nag 52L19.04)(Nbg 86 Ta.10Sbp.04)O; (KNN-LF4, textured) (ds; = 410 pC/n) [4, 16],
and KNN-SrTiO3 (d3;3 =200 pC/N) [17, 18]. However it should be pointed out in each of
these systems the phase transition at 77.o was shifted close to room temperature (at 20, 25
and 27 °C, respectively) as a result of the chemical substitutions. This polymorphic effect
was the true reason for the increase in the observed piezoelectric properties. This 770
phase transition results in an increase in permittivity at room temperature, which as
explained earlier, gives rise to higher d;; values, since the piezoelectric coefficient is

measured at room temperature as well. The issue rising from this shift of 77 to room
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temperature is the temperature instability of the piezoelectric properties, which is a severe
issue for these materials to be used in devices especially at high temperatures. In contrast,
we have found a synthetic method that results in enhanced piezoelectric properties
without shifting the 77.¢ phase transition at all. This means that piezoelectric performance
can be maintained in a wide temperature range up to Txy/T¢, a feature that is very

important for practical applications.

3.4.4 Microstructure Analysis

SEM images were taken of the ceramics sintered with 0, 0.5, 1, 2 and 5% KF
(Fig. 3.8). It is clear that all samples sintered with KF are less porous than pure KNN.
The 0.5% KF-sintered sample is confirmed to exhibit the most dense microstructure,

which again correlates well with the enhanced electrical properties.

Figure 3.8: SEM images of the KNN ceramics sintered with various mole% KF (x)
at 1120 °C for 4 hours.
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3.4.6 Sintering Mechanism

The sintering mechanism was investigated by means of chemical analyses. Pure
KNN and KNN ceramics sintered with 5 mole% KF were analyzed by EDS. If KF is
incorporated into the perovskite structure of KNN, fluoride is expected to be seen within
the grain. On the other hand, if it simply serves as an inter-grain sintering aid and is not
incorporated into the crystal lattice, then it may be detected at the grain boundaries.

Based on these reasonings, data were taken from both inside the grain and at the grain

boundary.
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Figure 3.9: EDS spectra of (a,b) a sintered KNN ceramic, (c,d) a KNN ceramic
sintered with 5 mole% KF, and (e) an unsintered (KNN + 5 mole% KF)
powder (mixture).

Figure 3.9 shows the EDS spectra of (a,b) a sintered KNN ceramic, (c,d) a KNN

ceramic sintered with 5 mole% KF, and (e) an unsintered (KNN + 5 mole% KF) powder
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(mixture). No fluoride peak is observed either inside the grain or at the grain boundary. It
was a concern, however, that the fluorine peak might be hidden beneath the oxygen peak
because the energy of the core bands of fluorine is very close to that of oxygen [19]. In an
attempt to resolve this uncertainty, a heterogeneous powder sample consisting of a
mixture of KNN and KF powders was also analyzed before sintering. This sample
contained KF and the fluorine peak is indeed clearly observed (Fig. 3.9(¢)). Since this
fluorine peak is seen separately from the adjacent oxygen peak, the spectra obtained from
the sintered samples indicate that no fluoride is present in the final ceramics.

In order to verify these results, XPS was performed as well. Figure 3.10 shows the
XPS data for (a) pure KNN, (b) KNN sintered with 3 mole% KF, and (c) KNN powder

with 3 mole% KF powder.

50000
Q (a) Sintered KNN
(b) Sintered KNN + 5% KF
40000 ——— (c) Powder KNN + 5% KF
C kg
E% 30000 -
= Nb
2 20000 - |
2 bmuj
= (b)
10000 - |J ()
a
4 | !mﬂh-’wu o
0 n

0O 200 400 600 800 1000 1200 1400
Binding Energy (eV)

Figure 3.10: XPS spectra of (a) a sintered KNN ceramic, (b) a KNN ceramic sintered
with 3 mole% KF, and (c) an unsintered (KNN + 3 mole% KF) powder
(mixture).
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The powder mixture (c) shows a large fluorine peak at 681 eV, whereas the two sintered
samples do not show any evidence that fluoride is present. With all these results
combined, it can be concluded that KF has not been incorporated into the KNN lattice of
the sintered ceramics. These results, however, do not explain what was happening to the
fluoride during the sintering process. Although it is clear that the fluoride is no longer
present after the entire sintering process has taken place, it is unclear at what point the
fluoride evaporated, so further experiments were performed to investigate the sintering
mechanism.

A series of KNN pellets with 5% KF were placed into a muffle furnace
individually, and heated by the original sintering profile. Then the pellets were each
quenched in air to room temperature, from different temperatures of 820 °C, 920 °C,
1020 °C, 1120 °C and 1120 °C after 4 hours, respectively. These pellets were examined

by XRD to monitor the presence of fluoride, if any (Fig. 3.11).
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Figure 3.11: XRD patterns of (KNN + 5 mole% KF) pellets quenched from various
temperatures.

All the pellets, regardless of quenching temperature, possess the pure perovskite phase,
without indication of any impurity peaks that would have risen from the fluoride or
fluoride-type phases. To eliminate the doubt that fluoride might still exist in small
amount that would be beyond the XRD detection limit, XPS data were collected as well
since the XPS measurements have already been shown to be a viable technique for the
detection of trace amounts of fluoride.

The XPS data were collected from both the top surface and the cross section of
the pellet in order to fully track the evolution and evaporation of the fluoride. Figure 3.12
presents XPS spectra obtained for the pellets quenched from various temperatures. The

scale is set to focus attention on the area in which the fluoride peaks were observed.
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Figure 3.12: XPS spectra of (KNN + 5 mole% KF) pellets quenched from various
temperatures. The spectra were taken from both the top surface and
the cross section of each pellet.

It can be seen that the fluoride remains throughout the entire sample upon heating all the

way up to the final sintering temperature of 1120 °C, but during the 4 hours soaking

period held at this temperature, the fluoride has evaporated completely, indicating that no
fluoride subsists in the sintered KNN ceramics. This is consistent with the XRD result
about the absence of fluoride in the sample quenched at 1120 °C after 4 hours.

It can be concluded that during the sintering process, KF is not incorporated into
the perovskite structure of KNN. Consequently, the mechanism of the sintering is
proposed as follows. In order to aid in the sintering process KF partially dissolves KNN
at the grain boundaries, forming a transient liquid phase that allows for and promotes
migration of ions. This enhanced ionic migration causes KNN grains to grow larger,

filling the pore space of the material, and finally resulting in ceramics of much higher
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density than pure KNN. At the end of the sintering process, at 1120 °C for 4 hours, the

fluoride has evaporated, leaving a pure perovskite oxide phase for the KNN ceramics.

3.5 Conclusions

Potassium fluoride (KF) has been successfully used as a sintering agent to
produce dense ceramics of KNN. The relative density of the KNN ceramics reaches 92%
following a KF-assisted sintering at 1120 °C for 4 hours. XRD, EDS, and XPS were used
to investigate the sintering mechanism. It is found that fluoride is not incorporated into
the KNN structure of the final ceramics, but it forms a transient liquid phase at the grain
boundaries, which promotes grain growth and thereby the densification of the ceramics.
The fluoride has completely evaporated in the final stages of the sintering process, giving
rise to the KNN ceramics of pure perovskite oxide phase. Dielectric and piezoelectric
properties of the KNN ceramics were characterized. Interestingly, the Curie temperature
is not affected by KF-sintering, and it remains high at 420 °C for all the sintered samples.
The KNN ceramics sintered with 0.5% KF were found to exhibit the best piezoelectric
properties (ds; = 125 pC/N, kp = 38%). This enhancement in the dielectric and
piezoelectric properties arises directly from the enhancement in the density of the
ceramics, which is achieved by the KF-assisted sintering process. Compared with
currently used sintering methods such as hot-pressing and texturing, which are complex
and expensive, the KF-aided sintering is shown to be a simple, inexpensive and effective
technique, which can be used to produce dense KNN-based ceramics with improved
dielectric and piezoelectric properties potentially useful for applications in a wide

temperature operation range.
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CHAPTER 4:
Synthesis and Characterization of Lead-Free Ferroelectric
Solid-Solution System K;sNaysNbO;-BiAlIO;

41 Abstract

The lead-free ferroelectric solid-solution of (1-x)(Ko sNay s)NbO3-xBiAlO3; (KNN-
BA) (x = 0 - 0.07) has been synthesized by a solid state reaction method. A pure
perovskite phase was formed for compositions of x < 0.02. X-ray diffraction patterns
show a transformation from an orthorhombic symmetry (with the Amm2 space group)
into a pseudo-cubic symmetry as a result of the substitutions of Bi®™ for (KosNags)™ on
the A-site and AI’* for Nb°" on the B-site in the crystal structure of KNN. The addition of
BA induces a morphotropic phase boundary between the orthorhombic phase and the
pseudo-cubic phase in the composition range of 0.002 < x < 0.005. The relative densities
of the solid solution ceramics are significantly improved compared to pure KNN
ceramics, with the relative density reaching as high as 96.7% for x = 0.02. The
temperature dependence of the dielectric constant of the KNN-BA ceramics exhibits an
increased broadening of the dielectric peaks as the BA concentration increases, indicating
that the structural phase transitions in KNN become more diffuse. Large frequency
dispersion is also found in the dielectric peaks, which is attributed to an increased polar
disorder as a result of the addition of Bi’" and AI’" cations. The room temperature
dielectric constant increases significantly and reaches a maximum value of 704 at x =
0.01, which is more than twice as large as the value of KNN ceramics. This can be
associated with the improved density of the ceramics on the one hand, and the

substitution of polar Bi** ion for (Ko.sNao,s)Jr on the other hand. The remnant polarization
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and coercive field of KNN are increased and it was not possible to obtain saturated P-E£
loops for the compositions of x = 0.005, 0.01, and 0.02. A partial phase diagram of the (1-
X)KNN-xBA solid solution with x = 0 - 0.02 is established. The improved dielectric
properties of the KNN-BA ceramics make them useful for high-energy-density

capacitors.

4.2 Introduction

Lead-containing ferroelectric materials, such as Pb(Zr,Ti,)O; (PZT),
(Pbi,,La,)(Zr4Ti,)O3 (PLZT), and (1-x)Pb(Mg;3Nb,3)O3-xPbTiO0; (PMN-PT), exhibit
the best ferro-/piezoelectric properties in the forms of ceramics and thin films (with a
relatively high T7¢), which are being used in a wide range of applications as
electromechanical sensors and actuators, and multilayered capacitors for energy storage.
This high piezoelectric performance is attributed to the formation of a morphotropic
phase boundary (MPB) bridging the rhombohedral and tetragonal phases [1, 2]. However,
the toxicity of lead is of great concern, therefore, development of lead-free,
environmentally friendly materials is in high demand for commercial applications of
piezo-/ferroelectric materials. Potassium sodium niobate, (KosNags)NbO; (KNN), a
compound of the MPB composition within the (1-x)KNbO3-xNaNbOs solid solution, is
one of the most promising lead-free (host) materials [3, 4]. KNN crystallizes in a
perovskite structure with orthorhombic symmetry (space group Amm?2) at room
temperature, where it exhibits a reasonably high piezoelectric coefficient (d3; = 80 pC/N),
and it has a high Curie temperature (7¢) of 420 °C. However, as mentioned in Chapter 3,

it is difficult to obtain dense ceramics of KNN by conventional sintering methods due to
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its high hygroscopicity and the volatility of K,O at high temperatures during sintering,
which changes the stoichiometry [3, 5, 6]. Hot-pressing methods have proven to increase
the density and piezoelectric properties of KNN ceramics (with d3; = 160 pC/N and kp =
45%) [3, 6], however, this route is less attractive than the conventional sintering process
because it requires specialized equipment, causing it to be more expensive. A great deal
of work has recently been carried out in order to improve the density and properties of the
KNN-based solid solutions, such as KNN-LiNbO; [7], KNN-LiTaO; [8], KNN-LiSbO;
[9], KNN-SrTiO; [10], KNN-BaTiO; [11], and KNN-AgNbO; [12].

Recent characterization of bismuth aluminate, BiAlOs; (BA), ceramics synthesized
under high pressure, showed that BA crystallizes in a rhombohedral structure (with a
predicted R3¢ space group [13]) and is ferroelectric with a high Curie temperature 7¢ >
520 °C [14]. Its dielectric and ferroelectric properties are comparable to those of other
lead-free materials, such as BiFeO; and SrBi,Ta;O9, which makes it a promising material
for memory applications [14]. Although pure BA must be synthesized by a high-pressure
method, it is possible to stabilize the compound by forming a solid solution. Recent work
from our laboratory has shown that BA can be incorporated into other perovskite
materials to form solid solutions, such as BaTiO3-BA (BT-BA) [15] and (Nay sBig 5)TiO3-
BA (NBT-BA) [16], in which the stable BT or NBT end member provides a host to
partially stabilize BA, which in turn modifies the structure and improves the properties of
the host material. Because both BA and KNN crystallize in the perovskite (ABO;)
structure, but adopt different symmetries at room temperature, an MPB is expected to
form in the solid solution, which would result in enhanced properties. In this work, the

lead-free (1-x)KNN-xBA solid solution has been synthesized in the form of ceramics by
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the solid state reaction method, and the compositional dependences of the structure and

the dielectric and ferroelectric properties have been systematically studied.

4.3  Experimental Procedure

Ceramics of the (1-x)KNN-xBA solid solution, with x = 0, 0.002, 0.005, 0.01,
0.02, 0.05 and 0.07, were prepared using the conventional solid state reaction technique.
Stoichiometric amounts of K,COs3, Na,CO5;-H,0, Nb,Os, Bi,O3, and Al,O3 powders were
mixed together and hand-ground for one hour in acetone. The mixtures were calcined at
800 °C for 4 hours and then reground in acetone for one hour with the addition of
polyvinylalcohol (6% PVA solution) (one drop per gram of powder) as binder. Finally,
these powders were pressed into 10 mm-diameter pellets of 2-5 mm thickness by means
of uniaxial pressing. The pellets were heated up to 600 °C in a muffle furnace for one
hour to drive off the PVA binder, and then sintered at a temperature of 1090 - 1140 °C
(depending on the composition, higher temperatures were used for larger values of x) for
4 hours in air.

The density of the ceramics was determined by measuring the volume and mass
of each pellet. X-ray powder diffraction (XRD) patterns were recorded on a Rigaku
Rapid Axis x-ray diffractometer using Cu K« radiation (46 kV, 42 mA) and were used to
characterize the phase components of the sintered ceramics. To measure the dielectric
and piezoelectric properties, the ceramics were polished to give parallel and flat surfaces,
and gold electrodes were sputtered onto the opposite sides of each pellet. The dielectric
permittivity (¢’) and dielectric loss (tand) were determined by measuring the complex

dielectric permittivity (&£*),
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& =e+id" (1)
where ¢’ and &” are the real and imaginary parts, respectively, using a Solartron 1260
impedance analyzer in conjunction with a Solartron 1296 dielectric interface upon
cooling from 550 °C to 25 °C in the measurement frequency range of 100 Hz to 1 MHz.
Ferroelectric hysteresis measurements were performed using an RT66A Standard
Ferroelectric Testing System. These samples were then poled at 30 kV/cm (using a
Stanton PS350 high voltage power source) in silicon oil for 10 minutes in a Delta 9023
variable temperature chamber at 200 °C, and then cooled to room temperature with the
field applied. The piezoelectric coefficient, d3;, was measured using a ZJ-6B Quasistatic

d31/d33 Meter.

4.4 Results and Discussion
4.4.1 Phase Analysis by X-Ray Diffraction

X-ray diffraction (XRD) patterns of the (1-x)KNN-xBA (x = 0, 0.002, 0.005, 0.01,
0.02, 0.05 and 0.07) solid solution ceramics are presented in Figure 4.1. It can be seen
that all the samples with x < 0.02 exhibit a pure perovskite phase, indicating the
formation of the (KosNags);BiyNb;Al,O3 solid solution. Some weak peaks were
observed for x > 0.05 at 26 = 28 and 47 °, which arise from the formation of a small
amount of a bismuth-deficient Bi,Al4O¢-type secondary phase. The appearance of this
impurity phase indicates that the limit of solubility of BA into the KNN structural lattice
is at x = 0.04. This relatively low solubility is most likely due to the chemical instability

of BA under ambient pressure.
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Figure 4.1: XRD patterns of the (1-x)KNN-xBA solid solution ceramics (x = 0, 0.002,
0.005, 0.01, 0.02, 0.05 and 0.07).

Careful analysis of the XRD patterns in Figure 4.1 reveals that the KNN-BA solid
solution with low BA content (x < 0.002) exhibits an orthorhombic structure of KNN
nature, while the compounds with a higher BA content (x > 0.01) shows a rhombohedral
(or pseudo-cubic) structure of BA nature. The transformation from the orthorhombic
phase of pure KNN to a rhombohedral (pseudo-cubic) phase occurs as the BA content
increases and can be observed as the (200) peak, which is originally split, merges into a
single peak with increasing BA content. A morphotropic phase boundary (MPB) must be

present in the composition range of 0.002 < x < 0.005, which bridges these two phases.
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4.4.2 Sintering and Densification of the Ceramics
Synthesis of the solid solution (1-x)KNN-xBA, with x = 0, 0.002, 0.005, 0.01, and
0.02, produced ceramics that were much more dense than pure KNN ceramics. Figure 4.2

gives the variation of the relative density of the ceramics as a function of the BA content.
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Figure 4.2: Relative density of the (1-x)KNN-xBA solid solution ceramics as a
function of BA content (x), sintered at 1090-1140 °C for 4 hours.

It shows a dramatic increase in the relative density over pure KNN (based on the

theoretical density of 4.51 g/cm’® [17]). The density increases with increasing x, and the

ceramic with x = 0.02 reaches a maximum relative density of 96.7% (errors are £+ 0.05%).

This result shows that BiAlO; is an effective compound that helps improve the
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densification of the KNN-based ceramics. According to the temperature-composition
phase diagram for Bi,0;-Al,05 [18], a eutectic point exists at 820 °C, at which a liquid-
type phase is formed. KNN has a relatively high melting point of 1140 °C, so it is
reasonable to expect that a eutectic melting will take place in the multi component system
of KNN-Bi,0;-Al,0; at a lower temperature. Therefore, we hypothesize that the sintering
mechanism of the (1-x)KNN-xBA ceramics involves a transient liquid phase, which
promotes ionic mobility, and thereby, the grain growth and the reduction of pore volume.
This liquid phase also acts as a lubricant, allowing grains to ‘slide’ closer together

mechanically, thus increasing the density of ceramics.

4.4.3 Dielectric Properties
4.4.3.1 Frequency and Temperature Dependences of Dielectric Properties

The variations of the dielectric constant (&) and dielectric loss (tano) of the KNN
ceramic as a function of temperature are shown in Figure 4.3(a). It can be seen that the
Curie temperature (7¢) of the ferroelectric (orthorhombic) to paraelectric (cubic) phase
transition occurs at a high temperature of 420 °C and the ferroelectric tetragonal to
ferroelectric orthorhombic phase transition temperature (7;) occurs at 190 °C. These two
phase transitions are also manifested in the plot of dielectric loss tangent (fano), which is
a measure of energy dissipation, as a function of temperature (Fig. 4.3(f)). A sharp peak
in the tano vs. temperature curve represents the 7¢ and a local maximum occurs at the 77,

which correlates well with the permittivity data for the KNN ceramics.
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Figure 4.3: Temperature dependences of the dielectric constant and the loss tangent
of the (1-x)KNN-xBA solid solution ceramics (x = 0, 0.002, 0.005, 0.01
and 0.02), where T¢ and T; are the original ferroelectric (orthorhombic)/
paraelectric  (cubic) phase transition and the ferroelectric
(orthorhombic)/ ferroelectric (tetragonal) phase transition, respectively,
and T, IS the maximum permittivity temperature.
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The temperature dependences of &’ and tano of the (KosNags);..Bi,Nb;,AlL,O;3
ceramics are shown in Figure 4.3(b-f). The temperatures of maximum permittivity (7.
or T¢) and T;, have been affected by the change in the composition of the ceramics,
which is another indication of the formation of the solid solution. The 7)., decreases
slightly with increasing x, while 7; remains fairly constant up to x = 0.01. For x = 0.02, T}
decreases in temperature (these changes will be illustrated more clearly in Section 4.4.4).
Interestingly, an increased broadening of the 7)., and 7; peaks is observed with
increasing x, which is similar to the behaviour observed in the (NagsBijs)Ti03-BiAlO;
solid solution [16], indicating that the structural phase transitions in KNN become more
diffuse. In fact, 7; becomes so diffuse for x = 0.02 that it almost disappears. The
permittivity maxima decrease significantly when x > 0.002 (see Fig. 4.7 for more details)

and large frequency dispersion is also found in the dielectric behaviour of these ceramics.

4.4.3.2 Structural Origins of Diffuse Phase Transitions and Dielectric Dispersion
The diffuse phase transition and dielectric dispersion can be attributed to an
increased chemical disorder by the addition of Bi*" and AI’* into the KNN crystal lattice.
The A-site of KNN is shared by the K™ and Na" ions, and the structure is found to be
disordered because XRD patterns do not show superlattice peaks that would indicate a
doubling of the normal unit cell as a result of ordering. Although KNN is disordered, the
valence of K" and Na" is still the same, so the polar order is not greatly affected. The A-
site cations in KNN (K and Na'), both having the same charge, maintain the charge
balance homogeneously throughout the entire material. Each dipole moment within a

single unit cell interacts with dipoles in neighboring unit cells, leading to large areas, in
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which all dipoles are aligned in the same direction, and the formation of ferroelectric

domains. Consequently, a single macroscopic polarization direction (P) is present within

each domain, as shown in Figure 4.5(a) (Figure 4.4(a-c) illustrates how (a) the 3-D

perovskite structure can be projected in 2-D (b) with oxygen ions, and (c) without oxygen

ions, as many of the explanations are conveniently described using 2-D projections).

A Z

@ (b) 0,1 1/2 0,1
-
y
0,1
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Figure 4.4: The perovskite (ABO3) structure represented: (a) in 3-D, (b) as a 2-D
projection on x-y plane, and (c) as a 2-D projection without oxygen ions
(the numbers beside each ion correspond to the coordinate along z-axis,

and P; in (c) indicates the dipole of a unit cell).
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Figure 4.5: Schematics of crystal and polar structures: (a) homogeneous KNN lattice
with single polarization direction (P) within a ferroelectric domain, (b)
chemical disorder in the (1-x)KNN-xBA solid solution, and (c) breaking
of ferroelectric long-range order into local polarizations (P;) as a result
of the chemical disorder shown in (b) (scale in (c) is larger than in (a)
and (b) to represent multiple domains).

The coupled substitutions of Bi*" for (K'/Na") and AI’" for Nb°" introduce,
however, the ions of different charges and different chemical nature on both the 4- and B-
sites. These ionic substitutions lead to chemical disorder and an inhomogeneous structure
(Fig. 4.5(b)). The entire sample has the average solid solution composition, but local
areas throughout the sample will have compositions that slightly deviate from the average
as a result of chemical disorder. Since the Curie temperature is composition dependent,
various areas will give rise to phase transitions at different temperatures, resulting in the
diffuse peaks observed in the ¢’(7) variations. Internal stresses are also induced by the
ionic substitutions of different radii (Table 4.1), which will affect the phase transition
temperatures produced by those regions. Similar behaviour was observed in the BaTiOs-

BaSnO; solid solution [21].
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Table 4.1: Charges and ionic radii of the A4- and B-site ions in the KNN-BA solid

solution system.

Site Element Ionic Charge Tonic Radius (A) [20]
K 1+ 1.64
A Na 1+ 1.39
Bi 3+ 1.17
B Nb 5+ 0.64
Al 3+ 0.535

Despite the small amount of BA introduced into KNN, the local chemical disorder

is believed to affect the polar order of KNN significantly. It will weaken the ferroelectric

coupling and break down the long-range polar (ferroelectric) order initially existing in the

KNN material, giving rise to local polar regions of different orientation and different

dipole moments (P;), as shown in Fig. 4.5(c). These short-range polar regions will

contribute to the permittivity differently than the non-substituted KNN. In particular,

such an inhomogeneous polar structure contains a distribution of dielectric response

times of various dipoles or local polarization (P;), leading to the strong dispersion

observed in the ¢’(f, T) variations in Figure 4.3.
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Figure 4.6: Frequency dependence of the maximum in the permittivity (7,,,.) of the
(1-x)KNN-xBA solid solution ceramics (x = 0, 0.002, 0.005, 0.01 and

function of frequency for the (1-x)KNN-xBA solid solution. The 7, remains constant
through all frequencies (10% — 10° Hz) for x < 0.005, indicating no relaxation behaviour.
However, for x = 0.01 and 0.02, the observed T, increases with decreasing frequency,
which is contrary to ‘normal’ relaxation, as found in relaxor ferroelectrics for example
[19]. The change in behaviour is due to the overlapping contribution from low frequency

dispersion (LFD) with the (diffuse) ferroelectric phase transition peak. The LFD mainly



results from mobile charge carriers within the sample, which leads to an increase in 7,4
and its magnitude &4, With decreasing frequency (the magnitude of ¢ ” and tanod will also
increase with decreasing frequency). Mobile charges are slowly moving carriers, but at
high temperatures they are provided enough thermal activation energy to follow the AC
current, allowing them to contribute more to the permittivity. For x = 0.01, there is a very
small increase in 7,, with decreasing frequency, however, there is a much greater
increase in 7, observed for x = 0.02. This means that there are many more mobile
charge carriers present, which is evidenced by the dramatic increase in dielectric loss for
the x = 0.02 sample, as shown in Figure 4.3(f).

Figure 4.7 shows the variation of the maximum dielectric constant (¢’,.) as a
function of composition (x = 0 - 0.02) at high (10° Hz) and low (10° Hz) frequencies. The
high frequency data correspond to the ferroelectric behaviour (lattice contributions) of the
materials, since mobile charge carriers cannot contribute to the permittivity at high
frequency. The decreasing trend is a result of the increased diffuseness of the phase
transition at 7¢, which arises from the chemical and polar disorders from the addition of
Bi*"and AI® ", as discussed previously. It can be seen that ¢, values for the x = 0.01 and
0.02 samples are very similar, (and from Figure 4.3(d and e), both 7, values are 380
°C), which indicates that the ferroelectric contributions are very similar for these two
samples at high frequencies. However, at low frequencies (10° Hz), the & pqy in x = 0.02
increases compared with x =0.01, which indicates a stronger contribution from mobile
charge carriers for x =0.02. This observation is consistent with the increased relaxation
behaviour, as shown in Figure 4.6, where T, increases with decreasing frequency more

rapidly than in x =0.01.
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Figure 4.7: Composition dependence of the magnitude of the maximum in the
permittivity (£’,4x) Of the (1-x)KNN-xBA solid solution ceramics (x = 0,

0.002, 0.005, 0.01 and 0.02) at high and low frequency.
This low frequency dispersion is not the only effect being observed, however. For
x = 0.02, it can be seen in Figure 4.6 that T, shifts back to lower temperature at the
lowest applied frequency of 10> Hz. This indicates that there are two or more overlapping
processes. When a heterogeneous material, containing areas that exhibit different
properties such as permittivity (&) and conductivity (o), is placed within an electric field,
charges may be able to move across one area, but not the other (Fig. 4.8). This results in
the build up of charge at the boundary and, thereby, the separation of charges known as

Maxwell-Wagner polarization [22, 23].
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Figure 4.8: Illustration of Maxwell-Wagner polarization arising from the
inhomogeneous polar microstructures.

These charges are separated over a large distance relative to the atomic scale,
therefore, this polarization will have a much larger contribution to the dielectric response
than the ferroelectric spontaneous polarizations developed in the material. The Maxwell-
Wagner effect causes T, to shift to lower temperatures with decreasing frequency [21,
22], so it seems likely that this is the dominant effect for the x = 0.02 sample at the

frequency of 10* Hz.

4.4.3.3 Improved Dielectric Properties

Figure 4.9 shows the variation of the room temperature dielectric constant (& ’zr)
as a function of composition (x = 0 — 0.02) at a frequency of 10° Hz. It is apparent that
¢ gr increases significantly compared with pure KNN, reaching a maximum value of ¢ g7
= 704 at x = 0.01, which is more than twice as large as the value of KNN ceramics.

Therefore, the addition of a small amount of BA can effectively improve the dielectric
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properties of the KNN ceramics. This can be attributed to the increased density and
quality of the ceramics (see Fig. 4.2). Another factor affecting the room temperature
dielectric constant is the local polarizations (P;) created by the coupled substitutions of
Bi*" for (Ko,5Na0,5)+ and AI*" for Nb5+, as discussed earlier in this section. The P; are
more polarizable, therefore, they will respond more easily to an electric field drive,
leading to an enhanced &’zr. The inherent lone pair effect from the Bi’" ion also
contributes to an enhanced polarizability, and thereby, an increased room temperature

dielectric constant in the solid solution ceramics.
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Figure 4.9: Composition dependence of the room temperature dielectric constant
(&’g7) Of the (1-x)KNN-xBA solid solution ceramics (x =0, 0.002, 0.005,
0.01 and 0.02) measured at 10° Hz.
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It should also be noted that the dielectric losses remain low (below 5 %) up to 400
°C for x < 0.01 for the (1-x)KNN-xBA solid solution (Fig. 4.3(f)), suggesting that the
ceramics are of good dielectric quality, potentially useful for a large application
temperature range. The improved dielectric properties of the KNN-BA ceramics,
including increased ¢ ’z7 and low loss, make them potentially useful for the fabrication of

multilayered high-energy-density capacitors.

4.4.4 (Partial) Phase Diagram of the KNN-BA System

Based on the above structural analysis by XRD and phase transitions detected by
the dielectric measurements as a function of temperature, a partial phase diagram
between temperature and solid-solution composition is established in Figure 4.10, where
Tc and T} indicate the cubic (paraelectric) to orthorhombic (ferroelectric), and tetragonal
(ferroelectric) to orthorhombic (ferroelectric) transition temperatures, respectively. This
phase diagram delimits several phase zones on the KNN side of the solid solution,
namely, cubic, tetragonal, orthorhombic and pseudo-cubic. In addition, a morphotropic
phase boundary (MPB) is found to exist in the composition range of 0.002 < x < 0.005
around room temperature, which bridges the orthorhombic phase and the pseudo-cubic
phase. It can be seen that the cubic <> tetragonal phase transition temperature (7¢)
decreases slightly with increasing x. In contrast, the tetragonal <> orthorhombic phase
transition temperature (7;) remains fairly constant (within error) up to x=0.01, above

which it decreases.
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Figure 4.10: (Partial) temperature versus composition phase diagram of the (1-
x)KNN-xBA solid-solution, where T. and T; indicate the cubic
(paraelectric) to orthorhombic (ferroelectric), and tetragonal
(ferroelectricy  to  orthorhombic  (ferroelectric)  transition
temperatures, respectively. This phase diagram delimits several phase
zones on the KNN side of the solid solution, namely, cubic, tetragonal,
orthorhombic and pseudo-cubic. In addition, a morphotropic phase
boundary (MPB) is found to exist in the composition range of 0.002 <
x <0.005 around room temperature.
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4.4.5 Ferroelectric Characterization

Figure 4.11 shows the polarization versus electric field (P(E)) hysteresis loops at
room temperature for the (1-x)KNN-xBA ceramics with x = 0, 0.005, 0.01, and 0.02,
which indicate the ferroelectric properties of the solid solution. The x = 0.002 sample,

however, exhibits conductive behaviour when measured.
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Fig. 4.11: Polarization-Electric Field (P-E) hysteresis loops of the (1-x)KNN-xBA
solid solution ceramics (x=0, 0.005, 0.01 and 0.02), displayed at room
temperature.

The KNN ceramic shows an apparent coercive field (£’¢) of 7 kV/ecm and an
apparent remnant polarization (P’) of 2.6 pC/cm?, as the loop is not fully saturated with
an applied field of 20 kV/cm. The ferroelectric loops for samples containing BA were not
saturated with an applied field of up to 50 kV/cm for x = 0.005, and 100 kV/cm for x =

0.01 and 0.02. This arises from an increase of the coercive field (E¢) with the substitution
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of BA which itself exhibits a high coercive field with non-saturated P(E) hysteresis loops
at room temperature [14]. Attempts were made to measure the P(E) loops and the
ferroelectric properties at high temperatures with a view to saturating the loops (because
Ec is expected to decrease as temperature increases), but the samples either became

conducting or broke down.

Table 4.2: Apparent remnant polarization (P’,) arising from applied electric field
(Emax) for the (1-x)KNN-xBA ceramics of various BA content (x).

x P’. (mClcm?) Eax (KVICM)
0 2.58 17
0.005 2.33 50
0.01 3.39 100
0.02 5.33 100

As a result of high coercivity, only the apparent remnant polarization (P’,) and the
apparent coercive field (£’¢), displayed on the P(E) loops, are studied as a function of
composition. The P, is tabulated as a function of BA content (x) and shown in Table 4.2.
An increase in polarization is found with x = 0.01 and 0.02, reaching a maximum of 5.3
uC/em? for the x = 0.02 sample. The P’, for x = 0.005 is included in Table 4.2, but it
should be noted that it cannot be easily compared to the x = 0.01 and 0.02 samples
because the maximum field applied was only 50 kV/cm, instead of 100 kV/cm. The
increase of the remnant polarization of the KNN-BA solid solution over that of pure
KNN can be attributed to the introduction of the Bi** ions, which have a lone pair of 6s
electrons. This stereochemically active lone pair of Bi’" seems to enhance the

spontaneous polarization of the material greatly. It is reasonable to anticipate that, if a
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large enough field could be applied, a much higher P, would be achieved, as was

observed for the NBT-BA ceramics (P, = 52 uC/cmz) [16].
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Figure 4.12: Apparent coercive field (E’¢) as a function of BA content (x).

The apparent coercive field (E'¢) is plotted as a function of BA content (x), as
shown in Fig. 4.12. It is obvious that the coercive field is increased significantly with the
addition of BA over that of pure KNN. As the coercive field of pure BA was found to be
quite high (> 50 kV/cm at room temperature) [14], it is natural that introducing BA
should increase the coercive field of pure KNN since it has a much lower E¢ than BA to

begin with. This observation is consistent with the chemical feature of the Bi** ion lone
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electron pair, which enhances the polar bonds, stabilizes the polarization and prevents it
from being easily switched (reoriented).

Although a higher £ means a more stable polar state, it also makes it more
difficult to pole the samples. In an attempt to overcome this problem, the x = 0.005
sample was heated above the 7 phase transition, and a field of 30 kV/cm was applied for
10 minutes, after which the sample was cooled down to room temperature with the field
kept on. This high temperature poling did not seem to be effective, as the measured
piezoelectric coefficient remains the same as the room temperature poled sample (ds; =
20 pC/N), meaning that no further alignment of polarization was achieved.

The large E¢ also prevents the potentially enhanced piezoelectric properties from
being realized even though the existence of an MPB suggests that high piezoelectric
properties could be expected. Further work in chemical modifications (e.g. by doping
with “softening” ions of La’", Sb**", Ta>*, or W** [24-26]) of this solid solution system
is necessary in order to decrease the coercive field (here “softening” means reducing the
energy barrier between the potential wells so that polarization can be switched from one
state to the other). On the other hand, the large E¢ may be useful in specific applications
since materials with large coercive fields are utilized in high-power piezoelectric

transducers as it allows for a larger field to be applied without switching polarization.

45  Conclusions
A pure perovskite phase was synthesized in the (1-x)KNN-xBA solid solution for
x <0.05. Dense ceramics were produced, reaching a maximum relative density of 96.7%.

Such a significantly improved densification entitles the KNN-BA ceramics as promising

85



lead-free materials for piezoelectric and ferroelectric applications. The coupled
substitutions of Bi*" for K" and Na" on the 4 site and AI*" for Nb”>" on the B site lead to
the transformation of the orthorhombic symmetry of KNN into a rhombohedral (pseudo-
cubic) phase at room temperature. A morphotropic phase boundary (MPB) is found to be
present in the composition range of 0.002 < x < 0.005, which bridges the orthorhombic
and rhombohedral phases. With increasing x, the peaks in £’(7T) become more broadened
as a result of increased diffuseness of the transition. Significant frequency dispersion is
also found in the ceramics with x > 0.002, which has been discussed based on the
chemical and polar disorder structural models, as well as the contribution from mobile
charges. Significant increase in the room temperature permittivity (&’zr) was achieved
due to improved density and quality of the ceramics, as well as enhanced polarizability in
the materials as a result of the cationic substitutions. The increased &’zr makes the KNN-
BA ceramics useful for high-energy density capacitor applications to replace currently
used PZT- and PMN-based materials.

With respect to ferroelectric properties, the remnant polarization is found to
increase with increasing x and the coercive field is also increased over that of KNN,
which makes it difficult to fully saturate the ferroelectric hysteresis loops as quite often
the Ec > Epreakdown- This increase in E¢ makes the ceramics more difficult to pole, and
therefore, the piezoelectric coefficient measured for the x = 0.005 sample is relatively low
(d33=20 pC/N). On the other hand, the enhanced £ makes the materials useful for high-

power electromechanical transducer applications.
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CHAPTER 5:
General Conclusions and Future Directions

5.1 General Conclusions

As discussed in Chapter 1, the majority of the high-performance piezoelectric and
ferroelectric materials currently used contain lead. However, biological and
environmental concerns require the scientific community to develop alternative lead-free
materials with high performance and large temperature operating ranges for
electromechanical transducer applications. The work presented in this thesis is centred
around the challenging task of developing new lead-free materials for the replacement of
lead-containing piezo-/ferroelectric ceramics. New chemical processes have been used in
the synthesis of these materials, and various analytical and measurement techniques have
been employed to characterize the structures and the dielectric, piezoelectric and
ferroelectric properties of the materials synthesized, in order to deduce the reaction
mechanism and to understand the synthesis - (micro)structure - property relations.

Improving the sinterability of KNN and thereby preparing its ceramics of
enhanced properties by a new synthetic process, have been the focus of the first part of
this thesis work. Potassium fluoride (KF) has been successfully used as a sintering agent
to produce dense ceramics of KNN, with an increased relative density reaching 92%.
Piezoelectric properties were improved over those of conventionally sintered KNN
ceramics. The SEM imaging revealed that the ceramics sintered with KF were less
porous than the KNN ceramics. This enhanced densification correlates well with the
improved electrical properties. The Curie temperature is unaffected by the addition of KF

and remains high and unchanged at 420 °C, which indicates that KF was not incorporated
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into the perovskite structure of KNN. Structural and chemical analyses were performed
by means of XRD, EDS, and XPS to deduce the sintering mechanism, and the results
confirm that the fluoride does not enter the lattice of KNN. In fact, KF forms a transient
liquid phase at the grain boundaries of KNN, which promotes grain growth and, thereby,
the densification of the ceramics. It then evaporates in the final stages of the sintering
process. The KF-aided sintering is shown to be a simple, inexpensive and effective
technique, which can be used to produce dense KNN-based ceramics with improved
dielectric and piezoelectric properties potentially useful in electromechanical transducer
applications over a wide temperature operation range.

The (1-x)K(sNagsNbO;-xBiAlO; (KNN-BA) solid solution has successfully been
prepared, demonstrating that BA can be partially stabilized in the crystal lattice of KNN.
The relative densities of the solid solution ceramics were found to increase with
increasing x, reaching as high as 96.7%. A partial temperature-composition (7-x) phase
diagram has been established based on dielectric and XRD studies, which includes a
morphotropic phase boundary (MPB) in the composition range of 0.002 < x < 0.005.
With increasing x, the peaks in ¢£’(T) become more broad indicating that the structural
phase transitions in KNN become more and more diffuse, while significant frequency
dispersion is also exhibited by ceramics with x > 0. This dispersion arises from the
introduction of Bi*" and AI’" ions on the 4 and B sites, respectively, which leads to
structural and polar disorders in the material. Significant increase in the room
temperature permittivity (&’zr) was observed due to increased density and quality of the

ceramics, as well as enhanced polarization in the materials as a result of the cationic
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substitutions. The increased &’zr makes the KNN-BA ceramics useful for high-energy
density-capacitor applications to replace currently used PZT- and PMN-based materials.
The remnant polarization is also found to increase with the addition of BA, so it is
clear that the stereochemically active lone pair of electrons of Bi’" enhance the
polarization of the material as expected. The coercive field is also increased over that of
KNN, which makes it more difficult to pole the ceramics completely, resulting in
relatively low measured piezoelectric properties. On the other hand, the increased
coercive fields make the KNN-BA ceramics useful in high-power electromechanical

transducer applications.

5.2  Future Directions

The sintering problem of KNN ceramics is very important in the development of
lead-free materials as high quality materials are essential for various applications. KNN is
one of the most promising environmentally friendly piezoelectric systems, so the ability
to overcome its sintering issues has opened up new opportunities for this family of
materials in devices applications. Compared with the currently used sintering methods,
such as hot-pressing and texturing, which are complicated and expensive, the KF-aided
sintering is shown to be a simple and cost-effective technique, which leads to improved
properties. It would be interesting to employ this technique in the synthesis of other lead-
free systems and to study its effect. It is expected, upon optimization of the process, that
the KF-aided sintering could enhance the properties of appropriate lead-free materials
systems such that they are closely compared to the properties of current lead-containing

materials. It may also be interesting to develop thin films of these materials for
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applications in microelectromechanical systems (MEMS) and other electromechancial
transducer applications.

The synthesis of the KNN-BA solid solution has contributed to the investigation
and improvement of lead-free materials. The formation of the solid solution has
addressed both the sintering problem of KNN, as the density of ceramics has been
increased, and the need for high pressure sintering of BA, as it can be partially stabilized
within the KNN crystal lattice. However, the large coercive fields exhibited by these
solid solution ceramics make the potentially enhanced piezoelectric properties hard to be
realized. Further investigation of this system in terms of chemical modifications, for
example with softening ions like La’", Sb***, Ta™*, or W, appears to be rewarding. The
introduction of donor-type cations have proven to decrease the coercive field in PZT and
related materials (e.g. with the introduction of La>"). The same approach is expected to be
effective in lowering the coercive field of the KNN-BA ceramics. This would enable the
ceramics to be fully poled, and their potentially enhanced piezoelectric properties to be
realized. From a crystal chemistry point of view, the KNN-BA system is similar to lead-
containing systems, such as PZT, due to the observed MPB and the presence of the
stereochemically active lone pair of Bi*", so it may show very good piezo-/ ferroelectric
properties if investigated further. From a crystal physics point of view, the origin of
diffuse phase transitions, dielectric dispersion and relaxation, which is associated with the
chemical and polar order/disorder induced by the coupled substitution of Bi*" + A" >
(K0_5Na0_5)+ + Nb5+, needs to be studied more in-depth by broad-band dielectric

spectroscopy and electronic characterization as well as appropriate modeling, in order to
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better understand the structure — property relation in this interesting solid-solution

system.
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