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Abstract
Three different B-site additives, Mg1/3 Nb2/3 , Zr4+ , and Cu1/2 W1/2 , were added to
BNT ceramics in varying concentrations. These were abbreviated as BNMN, BNZ,
and BNCW, respectively. The compositions were calcined to form a perovskite structure, ground to a fine powder, pressed into tablets and sintered to form dense ceramics. XRD analysis confirmed the formation of the perovskite phase. The electromechanical properties of the ceramics were evaluated.
There were improvements in the low-field room temperature dielectric constant
of 30% with 25% BNMN, 13% with 10% BNZ, and 16% with 2% BNCW. Higher
concentrations of the additives degraded the dielectric performance.
The conductivity of the BNT ceramics was reduced with very small concentrations (0.25 to 0.5%) of each of the additives. This reduction was maintained at the
higher concentrations of the additives, which allowed for higher electric fields to be
applied during both the poling process and the strain measurements. Improvements
of approximately 30% in the d33 values were found at concentrations of 0.5% of each
of the additives, but higher concentrations of the additives degraded the d33 values.
The coercive field was affected by the additions to BNT. Increasing concentrations of BNMN reduced the coercive field in bipolar strain measurements. This was
accompanied by a reduction in the remanent strain. Small additions (0.5 to 1.5%) of
BNZ resulted in an increase in the coercive field by about 12%, followed by a 25%
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decrease at 5% BNZ. The remanent strain followed the same pattern. All concentrations of BNCW studied reduced the coercive field by about 12%. The remanent
strain increased by 25% at 0.5% BNCW, and decreased by 42% at 2.5% BNCW.
The electro-mechanical results for the BNMN and BNZ additives were compared
to the behaviours of their lead-based counterparts, PMN and PZ. There was no
consistent trend in the response of the electromechanical properties to the additions
between the current lead-free and the lead-based systems.
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Chapter 1
Introduction
In the world of electronics, there is a need for precise small scale mechanical movement
with a high degree of accuracy, such as micropositioners, deformable mirrors in optical
switching, etc. Traditionally such functions were accomplished with electric solenoids
or motors, which lack precision at the scale required. Additionally, there is a limit on
how small they can be made.
Piezoelectric materials can form the interface between electronic controls and the
mechanical movement. The advantage of piezoelectrics is that they are scalable to the
micro-scale required, and are not burdened with hysteresis and overshooting problems
characteristic of electro-mechanical systems.
Natural piezoelectric materials, such as quartz, are used in applications such as
accelerometers and oscillators for timing devices. The limitations of these materials
are the low piezoelectric coefficients, on the order of 3 pC/N (Kasap, 1997). The
modern manufactured piezoelectric materials including ceramics, polymers, and composites, have huge advantages over the natural materials. They have a higher strain
response, and higher dielectric properties. Additionally, their properties can be tailored for specific applications by altering the composition and processing parameters
during the manufacturing process.
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The piezoelectric phenomenon was first discovered in natural crystals by the Curie
Brothers around 1880. In the 1920’s, the first practical application of piezoelectric
materials was in ultrasonic submarine detectors. In the mid 1940’s, there were huge
advancements in the development of piezoelectric ceramics. Between about 1940 and
1955, many of the well known compositions, such as BaTiO3 and Pb(Zr1−x Tix )O3 ,
were developed and are still widely used today.
The most common piezoelectric ceramics are lead oxide based, and have some of
the best piezoelectric properties known. However, lead is a known environmental and
health hazard, and there has been a push over the past few decades to remove it from
all electronics and other consumer products.
In the later part of the 1950’s, a lead-free perovskite compound, Bi1/2 Na1/2 TiO3
(BNT), was first reported as having piezoelectric properties. Given the era, environmental concerns were likely not the initial motivation behind its discovery. However,
in the last two or three decades BNT has gained popularity and become widely
accepted as an environmentally friendly alternative to the “classical” lead-based perovskites. Although BNT is one of the most promising alternatives, its piezoelectric
properties are inferior to the lead-based ceramics.
Many additives to BNT have been studied in the on-going effort to improve the
piezoelectric properties of this ceramic. Typically, small amounts of additives that
replace either or both of the A-site ions (Bi3+ and Na+ ), or the B-site ions (Ti4+ )
are added to achieve this. These have had varying degrees of success. This field is
still relatively young, and there is no widely accepted theory which would allow one
to predict final properties of BNT doped with a specific set of additives. As a result
much of the work to date has been largely experimental in nature.
The improvements in the piezoelectric properties of these new materials have not
yet fully met today’s requirements for industrial use (Sasaki et al., 1999). These
requirements are evolving and becoming more demanding as new applications for the
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materials develop.
Much has been published on lead-based piezoelectric ceramics. Two of the most
commonly used systems are Pb(Zr1−x Tix )O3 and (1 − x)Pb(Mg1/3 Nb2/3 )O3 − xPbTiO3 ,
abbreviated as PZT and PMN-PT respectively. These are PbTiO3 ceramics with Zr4+
and Mg1/3 Nb2/3 replacing some of the Ti4+ in the B-site of the perovskite structure.
This research was focused on determining if the additives in PZT and PMN-PT would
alter the properties of BNT in a similar fashion.
The general objective of the current research was to investigate three different sets
of additives (Mg2+ + Nb5+ , Zr4+ , and Cu2+ + W6+ ) which replace the Ti4+ atoms
in the BNT structure, and which form compositions that are not currently reported
in the open literature. The systems were abbreviated as BNMN, BNZ, and BNCW
respectively. The first two are common additives to PbTiO3 , while the third is a
variation of Ba(Cu1/2 W1/2 )O3 which among other things, has been used to depress
the sintering temperature in lead based perovskites. Specific objectives were to:
1. Optimize processing parameters including calcination, grinding, and sintering
parameters for each of the systems.
2. Assess the performance of the additives through measurement of the low-field
dielectric constant and loss, field induced strain, and poling properties.
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Chapter 2
Literature Review
This literature review covers three main topics. The first is an overview of the electromechanical properties of ferroelectric ceramics. The second covers the historical developments in the early piezoelectric ceramics including the popular (and hazardous)
lead-based ceramics. The final topic is a review and discussion of the relevant literature on BNT-based ceramics, which is considered to be a promising candidate for a
lead-free alternative.

2.1
2.1.1

Basic definitions
Piezoelectricity

It is generally believed that the piezoelectric effect was first suggested by Charles
Coulomb circa 1785 (Jones et al., 1996), but this phenomenon was not actually confirmed until about 1880 by Jacques and Pierre Curie. They found that when external
stresses were applied by placing small weights on the surfaces of crystals such as
quartz and Rochelle salt, electric charges developed on the surfaces proportional to
the weights (Jones et al., 1996; Safari et al., 1996). The phenomenon was later named
“piezoelectricity” where “piezo” is a Greek derivative meaning “to press” (Jones et al.,
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1996).
Many crystal classes exhibit electromechanical properties. Of these, piezoelectricity is probably the best known. In ordinary solids, a stress causes a strain proportional
to an elastic modulus. Piezoelectricity is creation of an electric charge in addition
to a strain, both of which are proportional to the applied stress (Jaffe et al., 1971).
This phenomenon is known as the direct piezoelectric effect, and can be described in
tensor notation by:
Pi = dijk Tjk

(2.1)

where Pi is the polarization (charge per unit area), generated along the i-axis in response to the applied stress Tjk , and dijk is the piezoelectric coefficient. It is clear from
Equation 2.1 that there is a linear relationship between the electrical and mechanical
properties (Ikeda, 1990). The converse piezoelectric effect describes an induced strain
(Sij ) which is proportional (dkij ) to an applied electric field Ek . This relationship is
described in tensor notation as:
Sij = dkij Ek

(2.2)

The proportionality constant is numerically identical for both the direct and converse effects, and is called the piezoelectric coefficient (Jaffe et al., 1971):

d=

S
P
=
T
E

(2.3)

A simplified notation is often used where one of the subscripts is dropped, and
the piezoelectric coefficient becomes dij . Equations 2.1 and 2.2 then become:

Pi = dij Tj

(2.4)

Sj = dij Ei

(2.5)
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Convention states that the subscript i in Equations 2.4 and 2.5 indicates the 3
or z axis which is perpendicular to the plane of the electrodes, and the subscript j
indicates the direction of the applied stress, or piezoelectrically induced strain. The
most commonly measured and cited values are d33 , where the field and strain (or stress
and polarization) are applied and measured in the same plane, and d31 , where the
application and measurement planes are perpendicular. Both of these piezoelectric
coefficients can be measured using a commercial d33 meter, which measures the charge
developed on a sample for a given applied force.
The d constants can also be calculated from:
√
d = k εT s E

(2.6)

where k is the electromechanical coupling coefficient, εT is the relative dielectric
constant (at constant stress), and sE is the compliance (at constant field) (Jones
et al., 1996). The piezoelectric effect is present in varying degrees in nearly all of
the non-centrosymmetric crystal classes. Figure 2.1 illustrates the hierarchy of the
classification of the materials exhibiting the piezoelectric effect.
Half of the crystal classes which exhibit the piezoelectric effect undergo spontaneous electrical polarization in the absence of an applied stress or electrical field. The
spontaneous polarization involves a small shift of the positive ions in one direction,
accompanied by a small shift of the negative ions in the opposite direction, thus
creating an electric dipole in the unit cell (Li and Weng, 2001). This spontaneous
polarization is due to a phase change such as cubic to tetragonal, which occurs during
cooling (Swartz, 1990). The existence of the spontaneous polarization can be detected
by observing the flow of charge to and from the surfaces of the material during temperature changes (Lines and Glass, 1977). Since the phenomenon is induced by a
change in temperature, it is known as the pyroelectric effect.
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Figure 2.1: Hierarchy of classification of materials exhibiting the piezoelectric effect.
As a pyroelectric material is cooled from above its transition (Curie) temperature,
small micro-regions known as “domains” form where the unit cells all have the same
direction of the polarization (Swartz, 1990; Li and Weng, 2001). These will be discussed in more detail in Section 2.1.1.1. In ceramics, each randomly oriented grain
contains multiple domains which form with their own random orientation, so that no
net polarization or piezoelectric effects are observed in the material (Swartz, 1990).

2.1.1.1

Domains

The phenomenon of spontaneous polarization involves a small displacement of the
positive ions in one direction and a small displacement of the negative ions in the
opposite direction, which creates a net dipole effect in the unit cell (Li and Weng,
2001). It is energetically favourable for the neighbouring ions to shift in the same
relative directions (Safari et al., 1996). A small region in which the adjacent unit
cells have an identical polarization axis (the ions are displaced in the same direction)
is called a domain, and it is a region of homogeneous and spontaneous polarization
formed during cooling through the Curie temperature (ANSI/IEEE Std 180-1986,
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1986; Li and Weng, 2001).
In ceramics with relatively small grain sizes, under 1µm, only a single domain is
present. In ceramics with larger grain sizes, over 2µm, several domains can form in
a single grain (Swartz, 1990). A crystal is typically made up of many small domains
which are oriented either perpendicular (90°) or anti-parallel (180°) to each other
(Figure 2.2). Only the anti-parallel domains exist if there is a single ferroelectric
axis (direction of spontaneous polarization) in the material. The presence of more
ferroelectric axes leads to a more complex configuration of domains (Grindlay, 1970).

Figure 2.2: Orientations of 180° and 90° domains.
Both types of these domains can be observed on polished and chemically etched
surfaces of the ceramics. Jaffe et al. (1971) provide some micrographs illustrating
the domain structure in ferroelectric BaTiO3 ceramics, which show a herringbone
pattern. Hooton and Merz (1955) provided a good illustration of the relative domain
orientations within these herringbone patterns, reproduced in Figure 2.3.
The 180° domain structure forms to minimize the apparent surface charge density
and the free energy of the system when the material becomes polarized as a result
of the phase transformation (ANSI/IEEE Std 180-1986, 1986; Moulson and Herbert,
1990). This domain structure results in close to zero net polarisation of the grain or
crystal, and it exhibits very small, if any, pyroelectric or piezoelectric effects. The
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Figure 2.3: 180° and 90° domains forming herringbone pattern, image reproduced
from Hooton and Merz (1955).
90° domain structure forms to minimize the stresses within the grains during the
phase transformation, and is important for piezoelectric strain.

2.1.2

Ferroelectric Effect

The piezoelectric coefficient (dij ) of a pyroelectric material with randomly oriented
domains is typically less than 10 pC/N (Swartz, 1990), which renders it not particularly useful as a piezoelectric material. However, in a limited number of pyroelectric
materials known as “ferroelectrics”, the direction of spontaneous polarization can be
reversed or reoriented with the application of an electric field in a process known as
“poling” (Safari et al., 1996; ANSI/IEEE Std 180-1986, 1986; Moulson and Herbert,
1990). The macroscopic piezoelectric behaviour can only be observed in ferroelectrics
which have been poled (Heywang and Thomann, 1984).

2.1.2.1

Poling

During the poling process, a relatively large dc electric field that is larger than the
coercive field (described in Section 2.1.2.3) is applied to the ferroelectric ceramic. The
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field is commonly applied at elevated temperatures to facilitate the domain switching.
Some researchers including Swartz (1990), suggest poling just below the Curie temperature where the ferroelectricity disappears, while others including Mason (1981)
and Hagiyev et al. (1984), discuss the merits of applying the field above the Curie
temperature and maintaining the field while the ceramic cools through the Curie temperature to improve the poling. Both of these methods have their merit. It is even
possible to pole at room temperature, but usually this requires much higher fields.
The underlying principle for all three methods is to align the domains in the direction
of the applied field.
Complete alignment of all of the domains in a ceramic during poling is impossible
due to the large number of orientations of the individual grains. In addition, the
number of possible directions of the polarization within each grain is restricted by
symmetry in the unit cells (Swartz, 1990).

2.1.2.2

Aging

The poled state is not energetically favourable, and given sufficient time, the poled
ferroelectrics will age, that is to say they will return to their stable multi-domain
state (Figure 2.4), be it 180° domains or a mix of 180° and 90° domains. Part of
the reason for relaxation of the 90° domains is the mechanical stresses induced by
the surrounding grains in a polycrystalline system.
The aged materials have inferior electrical and electromechanical properties compared to those that are freshly poled. However, aging occurs on a log time basis,
so the properties of a poled ceramic are relatively stable after a certain time period
(Swartz, 1990). Common aging periods range from 24 hours to one week at room
temperature.
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Figure 2.4: Formation of 180° domains (reproduced from Moulson and Herbert
(1990)).

2.1.2.3

The Ferroelectric Hysteresis Loop

When an alternating field is applied to a ferroelectric material, there will be a net
polarization in one direction, and as the field is reversed, the material will depole
and repole in the opposite direction. A plot of the polarization versus field yields
a classical hysteresis loop (Figure 2.5). As the field is applied to a ceramic with
randomly oriented domains, the domains start to align with the field. The alignment
increases with increasing field, and at some field, the domain alignment reaches its
maximum, and saturation polarization (Ps ) is reached. When the field is reduced
to zero, some of the domains revert back to their original orientations, but there is
still residual alignment resulting in the remanent polarization (Pr ). If the field was
removed, this polarization would remain. Many materials exhibit some degree of
aging, with a gradual loss in Pr over time. When the field is reversed, the domains
start to reverse, and at some field the net polarization is zero. This field is called the
coercive field (Ec ). Further field reversal results in a saturation polarization in the
opposite direction. Increasing the field from the negative maximum to the positive
maximum produces the same polarization effects but in the opposite direction. The
area inside the hysteresis loop is a function of the energy required to switch the
direction of the polarization 180°.
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Figure 2.5: The ferroelectric hysteresis loop (reproduced from Askeland (1996)).

2.1.2.4

Piezoelectric Strain

The same alternating field applied to produce a polarization in a ferroelectric material
will also produce piezoelectric strain. As with the polarization, the strain is a product
of domain switching. The strain versus bipolar field curve takes the shape of a classical
“butterfly” curve (Figure 2.6).

Figure 2.6: Typical bipolar butterfly strain curve.
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Both Li and Weng (2001) and Srivastava and Weng (2006) offer good descriptions
of the domain behaviour during the strain cycle of a tetragonal system, such as
BaTiO3 . Their descriptions are paraphrased here. It is not possible to have strain with
a purely 180° switch, therefore two types of domain switches, 180° and 90° (Figure
2.7), must occur to produce the butterfly curve.

Figure 2.7: Possible directions of 90° domain switches in BaTiO3 to form 180° domain
reversal during bipolar field application. Image reproduced from Srivastava and Weng
(2006).
The path traced by the butterfly curve has many similarities to that by the polarization curve. In fact, the butterfly curve could almost be “unfolded” to produce a
similar shaped curve. What follows is a description of the strain and domain switching during the strain process, as it relates to the shape of the butterfly curve. At the
tips of the wings of the butterfly curve (Point 1 on Figure 2.6), the domains are all
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aligned in the direction of the field. This is the same as Point 3 in Figure 2.5. As the
field is decreased, the domains relax and the strain decreases. When the field is zero,
the domains have not returned to their original random state, and there is remanent
strain, similar to the remanent polarization in Figure 2.5. As the field is further decreased to below zero (Point 2 in Figure 2.6), the 90° domain reorientations start to
take place (Figure 2.7), and the strain decreases rapidly (Srivastava and Weng, 2006).
As the field is further decreased, the strain eventually reaches a minimum (point 3 in
Figure 2.6), in what is often referred to as the “tails” of the butterfly. The field at
which this occurs is the coercive field, and all of the domains are oriented 90° to the
field (Srivastava and Weng, 2006). As the field is further decreased, the domains start
to switch to the 180° position (relative to the original orientation, and parallel to the
field), which results in a rapid increase in the strain (Point 4 in Figure 2.6). Finally,
at the peak field reversal (Point 5 in Figure 2.6), the maximum strain is reached.
An increase in the field traces the same sequence of events occuring in the opposite
direction as the field is increased.

2.1.2.5

Ferroelectric Classifications

Ferroelectrics can be grouped according to their dielectric, polarization, and phase
transition behaviour. Normal ferroelectrics exhibit a sharp phase transition at a
critical temperature. Some ferroelectrics exhibit a diffuse phase transition over a
temperature range. Relaxor ferroelectrics exhibit both a diffuse phase transition and
their dielectric behaviours are strongly frequency dependent (Ye, 1998). Relaxors
typically have at least one crystallographic site that can be occupied by one of two
or more different ions (Ravez and Simon, 2001).
Safari et al. (1996) provided an alternate grouping of ferroelectrics based on their
structure. They can be grouped as: 1) corner sharing oxygen octahedra, 2) compounds containing hydrogen bonded radicals, 3) organic polymers, and 4) ceramic
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polymer composites. The corner sharing oxygen octahedron category can be further subdivided into perovskite type compounds, tungsten bronze type compounds,
bismuth oxide layer structured compounds, and lithium niobate and tantalate compounds.
The present research is concerned with Bi1/2 Na1/2 TiO3 -based ceramics which are
perovskites. Only the perovskite structure will be discussed in detail.

2.1.2.6

Perovskite Structure

The general formula of the perovskite is ABO3 (Figure 2.8). It is one of the more
common classes of ferroelectric materials, and Damjanovic (2001) suggests that it
is also the most important class. There are currently hundreds of compositional
modifications to the ABO3 formula, in the form of solid solution substitutions and/or
dopants (Shrout and Swartz, 1992).

Figure 2.8: The perovskite unit cell.
The perovskite unit cell is made up of eight large Aa+ ions, one small Bb+ ion, and
six O2− ions. The valences “a” and “b” range from 1 to 3, and 3 to 6, respectively
(Kingery et al., 1976; Safari et al., 1996; Damjanovic, 2005). The perovskite unit
cell can be pictured as a face centred cubic structure, where the Aa+ ions sit on the
corners of the unit cell, and the O2− ions sit on the faces of the unit cell. The Bb+ ion
occupies the octahedral interstitial site. The A-site ions are coordinated by 12 O2−
ions, while the B-site ion is coordinated by six O2− ions (Park et al., 1994). At elevated
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temperatures, the perovskite structure is cubic. In this form, the geometric centre of
the Bb+ ion is aligned with the O2− ions, the Aa+ ions are aligned with each other,
and the lattice is not polar and does not exhibit any piezoelectric properties (Safari
et al., 1996). Upon cooling through the Curie temperature, the structure distorts
into an elongated structure, such as tetragonal, rhombohedral, orthorhombic, etc.
The minimum energy positions for the O2− and Bb+ ions are off-centre, giving rise to
a polar structure (Damjanovic, 2001). Figure 2.9 is a commonly cited illustration of
this effect for BaTiO3 ceramics.

Figure 2.9: Relative displacement of atoms in ferroelectric BaTiO3 (reproduced from
Moulson and Herbert (1990)).
When the material is cooled through its Curie temperature, there is a phase change
from cubic to tetragonal, rhombohedral, orthorhombic, etc. The c-axis becomes elongated, and the minimum energy position for the Bb+ ion is off-center, which gives
rise to an electric dipole (polar structure) in the unit cell (Kingery et al., 1976; Lines
and Glass, 1977; Damjanovic, 2001). In the perovskite structure, the domains form
such that neighbouring Bb+ ions are shifted in the same direction. The 180° domains
form with the Bb+ ions shifted in opposite directions in neighbouring domains, while
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in the 90° domains, the Bb+ ions are shifted along one of the other ferroelectric axes.

2.1.3

Dielectrics

Many ferroelectric materials can function and find applications as dielectrics for capacitors. Capacitors are used in ac circuits to store a charge. In their simplest form
capacitors are two parallel plates separated by a distance, with a vacuum or air between the plates. A dielectric material placed between the plates increases the charge
that can be stored at a given voltage. The dielectric constant or relative permittivity, εr is the ratio of the charge stored on an electroded slab of material at a given
voltage to the charge stored on an set of identical electrodes separated by a vacuum.
For common substances, this value is low, usually under 5 for organic materials, and
under 20 for most inorganic solids. Piezoelectric ceramics generally have much higher
dielectric constants, typically ranging from several hundred to several thousand (Jaffe
et al., 1971).
Macroscopically, the permittivity of a material is found by measuring the capacitance. In a ferroelectric, the measuring field or voltage must be sufficiently small
to prevent non-180° domain reorientations from contributing to the permittivity
(ANSI/IEEE Std 180-1986, 1986), which is to say that it should be below the coercive field, Ec . Typically, the measurement voltage is on the order of 1 volt RMS.

2.1.3.1

Dielectric Losses

In an ideal capacitor in an ac circuit, the current leads the voltage by 90°. In a real
capacitor, there are always some losses, resulting in a phase shift of δ, where the
current leads the voltage by a smaller angle of 90-δ degrees. The phase shift, δ, is
commonly called the loss angle, and the dielectric loss is defined as the tangent of the
loss angle (tan δ). It represents the ratio of resistance to reactance of an equivalent
circuit consisting of an ideal capacitor and a resistor in parallel (Jones et al., 1996).
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The dielectric loss factor is a measure of the proportion of the charge transferred
in conduction to that stored in polarisation (Kaya, 2002). The losses degrade the
performance of the dielectric in capacitor applications.

2.1.3.2

Dielectric vs. Temperature Behaviour

Small signal or low-field dielectric measurements are commonly used for the identification of phase transitions and transition temperatures (Lines and Glass, 1977).
Normal ferroelectrics exhibit a sharp increase in the dielectric constant as they undergo a phase change when heated through their transition temperatures. Relaxor
ferroelectrics are characterized by a broader phase change which occurs over a larger
temperature range. This is manifested as a broad curve for plots of relative permittivity versus temperature.
Relaxor

ferroelectrics

are

generally

complex

perovskites

of

the

form

A'A''. . . An 'B'B''. . . Bn 'O3 where the primes indicate the presence of different ions
in a particular site. In complex perovskites, one or both of the A- and B- crystallographic sites are occupied by one of two or more different ions (Ravez and Simon,
2001). There is a random distribution of specific ions (i.e., A', A'', etc., and B', B',
etc.) in their respective positions throughout the volume of the ceramic. This results
in many localised micro-regions with different compositions, and transition temperatures (Smolenskii (1959), cited by Rosenfeld and Egami (1994)). The bulk phase
transition is the combined effect of all of these individual micro regions and their
respective phase transitions. An increase in the complexity of the system i.e., more
A- and B-site ion possibilities results in an increased broadening of the transition
temperature range.
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2.2
2.2.1

Classical Piezoelectric Ceramic Compositions
Barium Titanate

Barium titanate (BaTiO3 ) ceramics were the first piezoelectric ceramics discovered,
and they were studied by three independent American, Japanese, and Russian teams
in 1943 (Xu, 1991). Ikeda (1990) calls this discovery the “beginning of the modern
history of piezoelectricity”. In the years following their discovery, the ferroelectric
and piezoelectric effects were reported, and they were widely used after about 1947
(Berlincourt, 1981). Soon afterwards, many solid solutions based on BaTiO3 piezoelectric ceramics were studied and put into practical applications (Xu, 1991).
The usefulness of pure BaTiO3 is somewhat limited due to its inherently low Curie
temperature, Tc , (about 120°C) and numerous phase transitions (Shrout and Zhang,
2007; Mader et al., 2004). The low Tc limits the temperature range in which the
material can be used since as a rule of thumb, piezoelectric ceramics can be used up
to temperatures approximately one half of the Tc without a significant reduction in
their piezoelectric properties (Zhang et al., 2007). In spite of these limitations, to
this day, many textbooks still use BaTiO3 as an example to explain the properties
and structures of ferroelectric ceramics.

2.2.2

Lead Zirconate and Lead Titanate

The discovery of lead-based piezoelectric ceramics was not far behind that of BaTiO3 .
Xu (1991) provided an interesting historical account of the discovery of Pb(Zrx Ti1−x )O3
or PZT ceramics. According to Xu, the dielectric properties of PbZrO3 were reported
in 1950, and Jaffe is credited with the discovery of the piezoelectric ceramic PZT in
1954. However, Xu stated that Sawaguchi published the phase diagram of PbTiO3
and PbZrO3 in 1953, a year earlier than Jaffe’s report of the same material. It is
unclear from Xu’s account whether Sawaguchi was looking at any properties other
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than the phase diagrams of the PZT ceramics.
At the same time, many complex perovskite ferroelectrics were being studied,
which resulted in the discovery of Pb(Mg1/3 Nb2/3 )TiO3 . This led to combining known
ceramics,

resulting

in

the

development

of

ternary

systems

such

as

PbZrO3 -PbTiO3 -Pb(Mg1/3 Nb2/3 )TiO3 by the Matsusita Electrical Co. of Japan in
1965 (Xu, 1991). Since then, hundreds of complex perovskites and multi-component
piezoelectric ceramics have been developed and studied, and the numbers continue to
grow to the present day.
The dielectric and piezoelectric properties of PZT ceramics were superior to those
of BaTiO3 ceramics, and PZT quickly found wide use in piezoelectric applications
(Xu, 1991). Since about 1957, PZT has replaced BaTiO3 in most applications. PZT
ceramics offer much higher operating temperatures (Tc > 200°C), have stronger piezoelectric effects, and have a “much larger variety of characteristics” (Berlincourt, 1981).
The origin of the excellent properties of PZT ceramics is the presence of a morphotropic phase boundary, or MPB. This is the boundary between the rhombohedral
PbZrO3 and tetragonal PbTiO3 phases. The MPB occurs at about 53.5% PbZrO3 ,
and the composition of this phase boundary is relatively independent of temperature
(Swartz, 1990).
Swartz (1990) points out that it is possible to have extremely efficient poling in
PZT compositions near the MPB. The direction of polarization within each domain
can be switched to one of 14 possible orientations, thereby increasing the total average alignment of the domains in the material. This is one of the reasons that the
piezoelectric properties of PZT are extremely high near the MPB.
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2.3

The Problem with Lead and the Quest for
Lead-Free Piezoelectrics

As discussed in the previous section, lead-based ferroelectric ceramics are widely used,
since they have some of the best piezoelectric properties of known materials. However,
lead is now known to be a toxic material, and there is a push to eliminate the use
of lead from all electronic applications. Various substitutions have been explored by
others, but one of the most promising appears to be Bi1/2 Na1/2 TiO3 (BNT) based
ceramics.

2.3.1

BNT Ceramics

In 1956, a Soviet team replaced Pb2+ ions with Bi3+ and Na+ ions in the perovskite
structure, to form Bi1/2 Na1/2 TiO3 , or BNT (Isupov, 2005). In 1961, it was reported
that the BNT ceramics showed ferroelectric properties (Hosono et al., 2001). Smolenskii et al. are commonly credited for the discovery of BNT ceramics (Hosono et al.,
2001).
It is unclear if the motivation was to create a lead-free ceramic, or if it was simply
to explore other possibilities for the A-site ions. Given the era of the discovery, it is
likely that it was the latter. Between about 1962 and 1970, there appeared to be very
little activity in the area of BNT ceramics. A review of titles in the ORNL Literature
guide for Ferroelectric Materials and Ferroelectricity (Connolly and Turner, 1970),
revealed nothing on “Lead-free” ferroelectric ceramics, and only five papers on BNT
ceramics. This literature guide is a comprehensive listing of several thousand papers,
patents, and theses on ferroelectric materials and ferroelectricity published up to
1970. With the push to eliminate lead in the past two or three decades, there has
been renewed interest in BNT as a lead-free ferroelectric ceramic.
BNT ceramics are A-site complex perovskites of the form A'A''BO3 , where the
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Bi3+ and Na+ ions sit on the A-site, while Ti4+ ion occupies the B-site of the perovskite
unit cell (Figure 2.8). At room temperature, BNT ceramics have a rhombohedral
crystal structure (Park and Chung, 1994; Chu et al., 2002b; Jones and Thomas,
2002), and undergo a diffuse phase change to tetragonal at a Curie temperature of
320°C (Pronin et al., 1980). BNT ceramics are also considered to be relaxors (Walsh
and Schulze, 2004), and thus the dielectric constant versus temperature relationship
is strongly frequency dependent.
BNT ceramics are also strongly ferroelectric, with a large remanent polarization
of Pr = 38 µC/cm2 , and a coercive field on the order of Ec = 73 kV/cm (Wang
et al., 2003; Nagata et al., 1999; Lin et al., 2004). A property that is not often
reported is a high mechanical bending strength (Kitagawa et al., 2003). However,
pure BNT ceramics are notoriously difficult to pole, due a combination of factors
including the high coercive field, high conductivity and high leakage current (Park
et al., 1994; Wang et al., 2003, 2005b; Yan et al., 2005). Data on the piezoelectric
and the pyroelectric properties of pure BNT ceramics are scarce due to the difficulties
encountered with the poling process (Takenaka et al., 1991).
The piezoelectric properties of pure BNT and other lead-free ferroelectric ceramics are significantly lower than those of the classical lead-based ferroelectrics, such
as PZT (Figure 2.10). Most of the recent research on BNT ceramics has focused on
improving the properties of BNT through the addition of additives to replace either
or both the A- or B-site ions. These have been met with varying degrees of success.
The literature is largely absent on the merits of modifying the composition with Aversus B-site additives. In the absence of theory, opinions are sometimes expressed.
For example, Xiao et al. (2006) stated that “modification of BNT in B-site cannot effectively improve the piezoelectric properties”, but they did not provide any rationale
or detailed explanations to back up this claim. They also speculated that the rules
for the modification of PbTiO3 might not apply to BNT, and vice versa. However,
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Yamada et al. (1995) had a different opinion, and stated that:
“. . . the improvement in piezoelectric ceramic materials was brought
by substituting complex ions for the Ti-Zr site. If we assume a similar
effect in the lead-free case, it would be interesting to investigate complex
ion substitution for Ti in the [(KB) − (NB)]TiO3 binary system.”
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Figure 2.10: Comparison of properties of Lead-free and PZT ceramics, adapted from
Saito et al. (2004).
It is well known that perovskites readily make solid solutions with other perovskites (Damjanovic, 2001), and the possibilities of new compounds are almost endless. The mechanisms by which the additives alter the desired properties are not
yet fully understood. It is for this reason that much of the work has been largely
empirically based.
Table 2.1 shows a small sample of the range of additives and their respective effects
that have been reported in the literature. Most of the work has been directed towards
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Additions

A or B site Results
d33 = 63 pC/N
εr = 580
Pure BNT ceramic (baseline) nil
−
Pr = 38 µC/cm2
Ec = 73 kV/cm
Tc = 320°C
BNT Single Crystal
nil
−
d33 = 100-120 pC/N
d33 = 112 pC/N
εr = 840
BaTiO3
8 mol%
A
Pr = 36 µC/cm2
Ec = 32 kV/cm
d33 = 125 pC/N
BaTiO3
6 mol%
A
εr = 580
Tc = 288°C
6 mol% BT
d33 = 125 pC/N
BaTiO3 + La
A
1 at% La
εr = 1576
6 mol% BT
d33 = 118 pC/N
BaTiO3 + Nb
A&B
1 at% Nb
εr = 1614
6 mol% BT
d33 = 139 pC/N
BaTiO3 + Co
A&B
1 at% Co
εr = 1200
d33 = 168 pC/N
Ba(Ti0.96 Zr0.04 )O3
6 mol%
A&B
εr = 950
d33 = 95 pC/N
BaTiO3
2 mol%
A
εr = 550

System

Chiang et al. (1998)

+ 58-90%
+ 78%
+ 45%
- 5%
- 56%
+ 98%
no change
- 10%
+ 98%
+ 170%
+ 87%
+ 178%
+ 116%
+ 107%
+ 167%
+ 64%
+ 50%
- 5%

Wang et al. (2004)

Chen et al. (2006)

Li et al. (2004)

Li et al. (2004)

Li et al. (2004)

Takenaka et al. (1991)

Chu et al. (2002b)

Commonly cited values for BNT

−

% Change Reference

Table 2.1: Dopants for BNT ceramics and the resulting electromechanical properties reported in the literature.
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10 mol%
10 mol%

16 mol%

PbTiO3

K0.5 Bi0.5 TiO3

K0.5 Bi0.5 TiO3

Ba(Cu1/2 W1/2 )O3

Bi1/2 Na1/2 (Mg1/3 Nb2/3 )O3

Bi1/2 Na1/2 ZrO3

K1/2 Bi1/2 + Zr

0.5 mol%

100 mol% KB,
10 mol% Zr
40 mol% (each)
20 mol%

6 mol%

1 mol%

1.72 at%

LaTiO3

Bi2 O3

Additions

System

εr = 430
εr = 450
No properties given,
only phase examined
d33 = 80 pC/N
εr = 330
Tc = 308 °C

A&B
B

A&B

B

εr = 320

A&B

A or B site Results
d33 = 91 pC/N
A
εr = 550
A
εr ∼ 550
d33 = 94 pC/N
εr = 430
A
Pr = 44 µC/cm2
Ec = 33 kV/cm
d33 = 122 pC/N
εr = 630
A
Pr = 41 µC/cm2
Ec = 28 kV/cm
d33 = 81 pC/N
A
εr = 380
d33 = 79 pC/N
A
εr = 550

+ 27%
- 43%
- 4%

- 26%
- 22%

- 45%

% Change
+ 44%
- 5%
+ 72%
+ 49%
- 26%
+ 16%
- 55%
+ 94%
+ 9%
+ 8%
- 62%
+ 28%
- 34%
+ 25%
- 5%

Wang et al. (2003)

Yamada et al. (1995)

Yamada et al. (1995)

Yamada et al. (1995)

Wang et al. (2005c)

Zhao et al. (2005)

Zhao et al. (2005)

Kuharuangrong and Schulze (1996)

Herabut and Safari (1997)

Reference

Table 2.1: continued... Dopants for BNT ceramics and the resulting electromechanical properties reported in the literature.

replacing the A-site ion with various alternatives, such as Ba2+ , K+ , Pb2+ . . . etc.
While lead has been successfully used as an A-site additive by both Kuharuangrong
and Schulze (1996) and Suchanicz et al. (2002), it defeats the purpose of lead-free
ceramics. Limited effort has been devoted to B-site additives, but ions such as Co2+ ,
Nb5+ , Zr4+ , and combinations of Cu + W, Fe + Nb, etc., have been investigated,
usually in conjunction with an A-site additive.
The second- and third-last entries in Table 2.1 are of particular interest to the
present research, since they are both B-site additives, and are common additives to
lead-based ceramics. Smolenskii et al. (1961) speculated that Mg1/3 Nb2/3 and Zr4+
might be suitable B-site dopants to improve the properties of BNT, but to this date,
very little has been published regarding these additives in the open literature.
Yamada et al. (1995) studied [(K1/2 Bi1/2 )1−y (Na1/2 Bi1/2 )y ](Ti1−x Bx )O3 (BNKT)
ceramics, B = Mg1/3 Nb2/3 (MN) or Zr4+ , with x ranging from 0.05 to 1.0. They
presented dielectric measurements for the Zr4+ doped BNKT with varying amounts
of Zr4+ and K+ (x = 0.05 to 1.0, y = 0 to 1.0) added to the BNT structure, and
lattice parameters for the MN and Zr4+ doped BNT. Data were not presented on the
electrical properties of the MN doped BNT.
Of interest in the Yamada et al. (1995) studies are the dielectric constant results
for 0% potassium (y = 1.0 or 100% sodium). In this material, the highest dielectric
constants occurred with the lowest (x = 0.2) amount of Zr4+ used in the study.
An increase in the amount of Zr4+ added to the BNT resulted in a decrease in the
dielectric constants measured. In other ratios of Na+ and K+ , there appears to be
a peak at around 10% Zr4+ . This suggests that the greatest effect of Zr4+ as a
dopant on the dielectric constant is at smaller concentrations and that the lower end
of the Zr4+ concentration scale needs to be investigated further. Data on the other
electrical and electromechanical properties of this material were not presented by
Yamada et al. (1995). An unknown phase at relatively high levels of Zr4+ additions
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(60% and upwards) was found, but it was not identified by Yamada et al. (1995). The
dielectric results for additions around 60% Zr4+ did not show any evidence of MPB.
Watcharapasorn et al. (2006) also investigated Zr4+ as a possible B-site additive to
BNT, but from the perspective as an improvement to the mechanical properties of the
BNT ceramics. They found that additions up to 20% doubled the Young’s modulus
of the ceramics, but it is clear that the improvements of the electrical properties
with the Zr4+ additions were not investigated. The lowest concentration of the Zr4+
additions reported was 5 mol%.
The last entry in Table 2.1 is in reference to work by Wang et al. (2003). They
reported on the effects of small additions of Ba(Cu1/2 W1/2 )O3 to BNT ceramics.
These additions replace both A and B-site ions. The Ba2+ replaces Na+ and Bi3+ on
the A-site, and both Cu2+ andW6+ replace Ti4+ on the B-site. They hypothesized
that since Ba(Cu1/2 W1/2 )O3 improved both the dielectric and piezoelectric properties
of PZT ceramics, that there might be a corresponding improvement in the BNT
ceramics. Their experimental work was centered on additions of up to 6 mol% of
Ba(Cu1/2 W1/2 )O3 to BNT. They found that these additions made the poling process
easier due to a reduction in the leakage current. The d33 was found to reach its peak
at additions of only 0.5 mol%, and then drop off at 3 mol% and above. The dielectric
constant continued to increase with additions of up to 6 mol%. The slope of their
graph of dielectric constant versus additions of Ba(Cu1/2 W1/2 )O3 suggests that there
might be a further increase beyond this point.
Because their work was both A and B-site additions, it is unclear which addition
is really dominating the improvements in the BNT ceramics: the Ba2+ additions, or
the Cu+W additions.
The present research is focused on additions of Mg+Nb, Zr4+ , and Cu+W to the
B-site, which will replace the titanium ions. As indicated above, the barium used in
Ba(Cu1/2 W1/2 )O3 by Wang et al. (2003) is an A-site addition. No references were
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found in the open literature on the addition of copper and tungsten to the B-site of
BNT ceramics without the presence of the A-site barium.

2.4

Rules for Selection of Additives

In the early days of the discovery and development of the various ferroelectric ceramics, the state of the knowledge was not well developed. Matthias (1967) stated that
“as a result of a not very systematic search for new ferroelectrics, guanidine aluminum
sulphate hexahydrate was discovered”. Later, Matthias referring to work by Pepinsky
et al. (1956), goes on to say “Fortunately R. Pepinsky ignored all existing data and
thus discovered the ferroelectricity of the alums”. It is clear from Matthias’s statements and comments by Dantziger et al. (2006) that although some theories may have
existed, much of the early work and success in the development of new ferroelectric
materials appears to have been largely based on an empirical approach.
Some empirical rules of thumb have been proposed with very little understanding
of why they worked. This is to be expected in a growing field. Many of these
rules eventually fall out of favour when they are successfully broken. Some of the
current theories on the selection of additives are relatively simple such as balancing
the ionic charge of each additive element to obtain electroneutrality (Herabut and
Safari, 1996). Other more complex theories are based on calculated tolerance factors
using parameters such as the relative ionic radii, valence, mass, etc. of the additives.
Many of these theories appear to have borrowed at least in part from the well-known
Hume-Rothery rules for alloying metals. These rules are based on differences in atomic
sizes, electronegativities, and valences of the alloying elements.
An overview of three tolerance factor based theories is provided here. A fourth
theory which is a set of rules for additives to PZT is also discussed. These theories
will be discussed in more detail along with an evaluation of them using data from the
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present research in Chapter 5.

2.4.1

Goldschmidt Tolerance Factor

The Goldschmidt tolerance factor proposed in 1926 by V.M. Goldschmidt is a well
known size-based factor. This tolerance factor is a widely accepted criterion for
the stability of the perovskite structure, and is based on rules which were derived
empirically for predominantly ionic binary compounds (Megaw, 1957). In spite of its
empirical nature, it is often cited as a justification for the selection of additives.
The tolerance factor is calculated from:

t= √

rA + rO
2 (rB + rO )

(2.7)

where rA , rB , and rO are the ionic radii of A, B, and O ions, respectively. If the t
value is nearly unity, there should be formation of the perovskite, and as the value
of t increases, the perovskite is thought to be more stable (Halliyal et al., 1987). If
it is much less than unity, a different phase would form (Megaw, 1957). Almost all
known perovskite compounds have t values in the range of 0.75 - 1.00 (Yamanaka
et al., 2005).

2.4.2

Bond Valence Tolerance Factor

Walsh and Schulze (2004) investigated a method based on a bond length tolerance
factor to select the concentration of a specific set of dopants to optimise the dielectric
properties of the BNT-based ceramics. The tolerance factor is a ratio of two unit
cell edge lengths, as determined from two calculated bond lengths. The method for
calculating the bond lengths in SrTiO3 ceramics was outlined by Abramov et al.
(1995). Walsh and Schulze (2004) surmised that their calculated tolerance factor
would predict the type of distortion that would occur in the structure. A tolerance
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factor above unity would result in B-site distortion, and hence large polarization,
while a tolerance factor below unity would result in A-site distortion, with a smaller
polarization and ferroelastic response. This tolerance factor is relatively new, and has
not gained wide acceptance for use with BNT ceramics.

2.4.3

Weight Factor, F(w)

Yan et al. (2005) developed an empirical formula called the “comprehensive weight
factor, F(w)”, based on the work on lead-based ceramics by Yamashita et al. (2000).
Yamashita et al. (2000) had proposed a hypothesis that the difference between the
mass of the A-site and the B-site ions is important in realizing high ferroelectricity
of the ceramic. The key to the success of this model is low-molecular mass B-site
ions. Yan et al. (2005) extended this model to BNT ceramics, and to include relative
differences in ionic sizes, atomic weights and electronegativities (from the Pauling
Scale) of the A- and B-site ions. They stated that their factor, F(w), is a “comprehensive factor related to the spontaneous polarization of a unit cell in a given ceramic
system”. They also state that “if a BNT-based ceramic material possesses a large
value of F(w), the ceramic may have relatively large piezoelectric properties”. This
could be useful in designing new compositions.

2.4.4

PZT Doping Rules

PZT ceramics have been studied extensively since they were first developed in the
1950’s. During this time, a set of additive rules were proposed and are widely cited by
prominent researchers in the field. The rules categorize the additives based on their
valences, and predict the effect of the additives on the electromechanical properties.
The categories of valence are: isovalent, donor, and acceptor. A fourth category
of “variable valence” exists, but as the only references found to this category use
chromium and uranium, it was considered not applicable for the present research and
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will not be discussed. Generally, the rules apply to PZT near the MPB with small
substitutions of cations, on the order of 1-2 mol% (Shrout and Zhang, 2007). The
following is a brief summary of the rules as reported by Jaffe et al. (1971), Berlincourt
(1981), Swartz (1990), Uchino (2000), and Shrout and Zhang (2007).
The isovalent additives have the effect of lowering the Curie point, which intrinsically enhances the dielectric and piezoelectric properties. Examples of isovalent
additives include Sr2+ or Ba2+ for Pb2+ , and Zn4+ for Zr4+ or Ti4+ .
Donor additives produce “soft” PZT compositions, named for the relative ease by
which are depoled. Donors result in A-site vacancies in the perovskite. With these
additives, there is higher permittivity and losses, and a low coercive field. Soft PZT
ceramics typically have large piezoelectric coefficients. Examples of donor additives
include La3+ for Pb2+ , and Nb5+ for Zr4+ or Ti4+ .
Acceptor additives create “hard” PZT compositions which are not easily poled
or depoled. These additives result in oxygen vacancies in the perovskite, and subsequently have a more stable domain configuration. They have the opposite effects of
the donor additives, with a reduction in the permittivity and losses. They generally
have smaller piezoelectric coefficients and higher coercive fields. Examples of acceptor
type additives include K+ for Pb2+ and Fe3+ for Zr4+ or Ti4+ .
An additional rule given by Jaffe et al. (1971) addresses “compensating valence
substitutions”, such as Mg1/3 Nb2/3 for Zr4+ or Ti4+ . The rule states that if a combination of ions is substituted such that:
X

XA VA +

X

XB VB = 6

(2.8)

where X is concentration and V the valence of the ions entering the A- and B- sites,
and if the material is ferroelectric, then it should behave as if it had been an isovalent
substitution. An example of a ceramic composition which follows this rule is a solid
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solution of PZT and PMN.
While there are not any comprehensive rules for the doping BNT ceramics, some
work has been done in related areas, and Chu et al. (2002b) have found that doping
the B-site in BNT-BaTiO3 ceramics follows similar rules as for PZT ceramics, whereby
doping with donors results in an increase in both the d33 and the dielectric losses.
They have also found that high valence cations can be seen as soft additives, and low
valence as hard additives in the BNT-BaTiO3 system. Undoubtedly it would be a big
step to be able to extend these rules into the pure BNT system, and be able to identify
dopants for the formation of “soft” and “hard” classes of lead-free piezoelectrics.

2.5

Rationale for the Selection of Additives to BNT
Ceramics in the Present Study

The present work focused on B-site additives to BNT ceramics. Three sets of B-site
additives were chosen to replace the Ti4+ ions in BNT. These additives are classified
as either isovalent or compensating valence substitutions, and are Mg1/3 Nb2/3 , Zr4+ ,
and Cu1/2 W1/2 . These satisfy the Goldschmidt tolerance factor which predicts the
formation of a perovskite, and Equation 2.8, which predicts the behaviour as an
isovalent substitution. The Mg1/3 Nb2/3 and Zr4+ additives were chosen to determine
if an analogy could be drawn between BNT and PbTiO3 ceramics, since they are
common B-site additives to PbTiO3 .
Additions of BaTiO3 , which is an A-site additive, to BNT have been well studied
(Table 2.1). Wang et al. (2003) looked at additions of Ba(Cu1/2 W1/2 )O3 which provided both A- and B-site additives. Some improvement was noted, and it was unclear
if this was due to the A- or B-site additive. The goal of the third composition was
to try to separate the A- and B-site effects of their additive by only examining the
B-site additions.
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2.5.1

Novelty of Selection of Additives to BNT
Ceramics in the Present Study

Although the Mg1/3 Nb2/3 additives have been reported earlier by Yamada et al.
(1995), it appears that there was very little work done on the Mg1/3 Nb2/3 B-site
additives, apart from an investigation of the crystal structure and unit cell sizes. No
work on the investigation of the dielectric and ferroelectric properties, particularly at
low concentrations of the Mg1/3 Nb2/3 additives has been reported in the open literature. There has also not been any work reported on the use of small amounts of Zr4+
additions to BNT to improve the electrical properties of the material. Watcharapasorn et al. (2006) examined lower concentrations (5 - 20%), but only as they benefitted
the mechanical properties of the ceramic. Yamada et al. (1995) had looked at the
dielectric behaviour, but with relatively large additions of Zr4+ to BNT (20% and
above). Finally, the Cu1/2 W1/2 additions have not been reported in the open literature without the presence of the A-site Ba2+ .
The effects of each of these three additions, particularly in small quantities, on
the dielectric and ferroelectric properties will be discussed in the following chapters.
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Chapter 3
Experimental Methods
This chapter describes the experiments that were designed to fulfill the objectives set
out in Chapter 1. Briefly, the objectives were:
1. To develop a process for the synthesis of single phase BNT-based powders in a
single calcination step.
2. To investigate the effects of the different additives on the dielectric constant
and strain measurement of the sintered BNT-based ceramics.
This project investigated three different systems:
Bi1/2 Na1/2 (Ti(100−x) (Mg1/3 Nb2/3 )x )O3
Bi1/2 Na1/2 (Ti(100−x) Zrx )O3
Bi1/2 Na1/2 (Ti(100−x) (Cu1/2 W1/2 )x )O3
For the remainder of this thesis, these three systems will be abbreviated as xBNMN,
xBNZ, and xBNCW respectively, where x refers to the mol% of the additive added
to BNT. Section 2.5 provides a rationale for the selection of these three systems of
additives. Pure Bi1/2 Na1/2 TiO3 ceramics (abbreviated as BNT) were also prepared
and characterized as a baseline for comparison of the effectiveness of the additives.
The materials and methods used to synthesize and characterize the ceramics are
given in the following sections.
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3.1

Materials and Powder Synthesis

Commercially available reagent grade bismuth oxide, titanium oxide, and sodium carbonate were used as the starting materials in the fabrication of the BNT (Table 3.1).
To these, commercially available niobium oxide + magnesium carbonate, zirconium
oxide, or copper oxide + tungsten oxide were added in the appropriate molar ratios.
The powders were mixed in batches of approximately 170 g (0.4 moles) by ball-milling
in 500 mL polypropylene Nalgene bottles with magnesium doped zirconia pellets as
the grinding media. Deionized water was added to the powders, and depending on the
composition of the powders being mixed, the ratio of deionized water to dry powder
varied between 1:1 and 1.5:1. A small quantity (1 mL) of the dispersant Darvan C
(RT Vanderbilt Co., Norwalk, CT) was added to prevent the formation of agglomerations during mixing. The bottles were set on horizontal rollers, and rotated at
150 RPM for 6-8 hours to thoroughly mix the powders into slurries. The slurries
were then dried, separated from the grinding media, and calcined in covered alumina
crucibles at 950°C for three hours to obtain a single-phase material.

3.1.1

Calcination Parameters

In the initial stages of the research, small samples, about 10 g each, of the dried
mixed powders were calcined at temperatures ranging from 600 to 1000°C for 1 hour.
The samples were ground up using an alumina mortar and pestle, and prepared for
X-Ray Diffraction (XRD) analysis (Section 3.1.2). The optimum calcination temperature was selected to yield a single phase, as determined from the XRD analysis.
At lower temperatures, there was not complete formation of the perovskite phase,
while at the higher temperatures the powders had started to fuse together, forming a
large conglomerate, which would be difficult to grind down into the sufficiently small
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Table 3.1: Raw materials used in the synthesis of BNT-based compositions.
Chemical
Name

Chemical Formula

Purity

Bismuth (III)
Oxide
Sodium
Carbonate
Titanium (IV)
Oxide
Magnesium
Carbonate
Pentahydrate
Niobium (V)
Oxide
Monoclinic
Zirconium
Dioxide
Copper (II)
Oxide
Tungsten (VI)
Oxide

Bi2 O3

99.9%

Na2 CO3

≥ 99.5% -

TiO2

99.9%

-

SigmaAldrich
SigmaAldrich
Aldrich

Mg(CO3 )4 ·Mg(OH)2 ·5H2 O 99.9%

-

Aldrich

Nb2 O5

99.9%

ZrO2

99.9%

-325
mesh
0.5µm

CuO

99+%

< 5µm

SigmaAldrich
Ashine
Industries
Inc.
Aldrich

WO3

99+%

∼ 20µm

Aldrich
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Particle
(mesh)
size
10µm

Source

particle size required for sintering (Section 3.2.1). The appropriate calcination temperature was determined to be 950°C for all of the compositions. A calcining time of
3 hours was selected to ensure complete transformation to the perovskite phase with
the larger batch sizes required for sintering and testing. These parameters were used
for the remainder of the research.

3.1.2

Phase Analysis

X-Ray Diffraction (XRD) analysis was performed on all of the calcined powders to
determine if there had been complete transformation to the perovskite phase during
the calcination step. The calcined powders were ground using an alumina mortar
and pestle, mixed with alcohol, and smeared onto glass slides. Once dry, the powdercovered slides were placed in a CN2005 X-Ray Diffractometer “MINIFLEX” (Rigaku
Corporation, Japan) with CuKα radiation (λ = 1.542 Å) and a Ni filter. The scan
range for all of the powders was from 20 to 80 degrees, at a step size of 0.05 degrees.
The traces from the XRD analysis for each composition were compared to the
powder diffraction files for BNT from the ICDD (International Center for Diffraction
Data, Newtown Square, PA) database. There were some discrepancies among the
various BNT diffraction files in the database; there were multiple entries for BNT,
each with different peak locations and crystal structures. For phase identification
purposes it was not a large issue because the peaks were in approximately the same
locations. However it created problems for calculating the unit cell parameters. The
values from JCPDS card number 36-0340 are commonly cited in the literature (Kim
et al., 2005). However, this card had been marked as “deleted” in the database, and
was replaced with other cards. The peaks on the replacement cards did not match
the XRD traces obtained. The deleted card provided a much better fit to the data
and was subsequently used.
The compositions of the BNT with the various additives are not present in the
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database. While there were some small shifts in the peak locations with larger percentages of the additives, their XRD traces do not vary greatly from that of BNT.

3.2

Sintering Preparation and Parameters

The parameters for grinding (particle size), tablet pressing (pressures) and sintering
(time and temperature) were optimized through an iterative trial and error process.
The objective was to maximize the sintered density.

3.2.1

Grinding Calcined Powders

In the initial stages of research, the calcined powders were ground using a ball-mill,
as described in Section 3.1. The samples were ground for 6, 12, 18, and 24 hours,
pressed into tablets and sintered. The particle size measurements were made on the
ground powders, as described in Section 3.2.2. Even after 24 hours of ball-milling,
the average particle size was about 2 µm which is generally considered to be too
large for sintering. It was deemed necessary to achieve a smaller particle size. It was
evident that much longer milling times would be required. There were concerns about
possible contamination of the powders from wear of the milling materials during the
very long milling times that would be required to obtain a sufficiently small particle
size.
An attrition mill (Szegvari Attritor System, Union Process, Akron, OH, USA)
with zirconia media and a zirconia container was evaluated, and was found to produce smaller particle sizes at shorter milling times (Figure 3.1). The ball mill was
abandoned in favour of the attrition mill for grinding all of the calcined powders prior
to sintering.
The calcined powders were added to the attrition mill with a mass ratio of 1:1 of
powder to deionised water. The powders were ground for about five hours which was
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Mean Particle Diameter (µm)
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6

Attrition Milled

5
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Milling Time (hours)
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Figure 3.1: Particle size reduction with ball milling and attrition milling vs. time.
sufficient to produce average particle sizes ranging from 0.5 to 0.9 µm. They were then
separated from the grinding media by sieving and washing with additional deionised
water. The slurries were dried in an oven at 80°C. The dried powders were mixed
for 2 hours by ball milling in polypropylene Nalgene bottles with 2 wt% (dry) QPAC
40 binder (Empower Materials, Newark, DE), and sufficient acetone to fully wet the
powders and dissolve the binder. Following mixing, the slurries were separated from
the media, and allowed to dry at room temperature.

3.2.2

Particle Size Measurements

Particle size and size distribution are both important factors in determining the sinterability of a ceramic. The driving force for sintering is the reduction in the high free
energy solid-vapour interfaces, which is accomplished by reduction in surface area.
Smaller particle sizes have a higher total surface area and hence a higher driving force
for sintering.
The particle sizes of the milled calcined powders were measured using a HORIBA
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LA-910 Laser Scattering Particle Size Distribution Analyzer (HORIBA Instruments
Inc., Japan). Small slurry samples were first dispersed in deionised water in the
particle size analyzer’s mixing chamber and ultrasonically agitated for three minutes
to break up any large agglomerates. The sample was then allowed to circulate through
the measuring cell, and the particle sizes were measured.

3.2.3

Tablet Pressing

The tablets were pressed into rectangular bars 10 mm x 25 mm x 4 mm using a
two-stage process. The first stage was to uniaxially press the powder in a tool-steel
die, at a pressure of 50 MPa. The tablets were then vacuum sealed in plastic bags,
and placed in an isostatic press (Fluiton Inc., Ivyland, USA), at a pressure of 200
MPa for 2 minutes at the peak pressure. Both pressing stages were done at room
temperature. These parameters are standard practices for the laboratory.

3.2.4

Sintering Parameters

The appropriate sintering parameters (time and temperature) were determined for
each composition. In the initial stages of this research, these parameters were determined using powders that had been ball-milled for 12 hours. Small tablets (10 mm
diameter) were pressed according to the process outlined in Section 3.2.3. First the
effect of sintering temperature was investigated by sintering tablets for 2 hours at
temperatures ranging from 1000°C to 1300°C. The sintered densities were measured
using the Archimedes’ method as outlined in Section 3.2.5. The temperature ranges
that yielded peak densities were identified for each of the compositions. Then three
different sintering times (1, 2, 6 hours) at the temperature for peak density were
investigated.
After the grinding process was changed to the attrition mill which produced
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smaller particle sizes, the sintering temperature range was re-evaluated. The sintering was carried out in air in an electric furnace (CM Inc. Rapid Temperature
Furnace, Bloomfield, NJ) with a programmable temperature controller. The pressed
tablets were set on powder of similar composition during sintering to control the atmosphere surrounding the tablet. The temperature was gradually increased to 360°C
and held for an hour to burn off the binder without damaging the ceramic. The temperature was then gradually increased to the sintering temperature, which ranged
from 1025°C to 1150°C, depending on the composition, and held for 2 hours. The
detailed sintering schedule is given in Table 3.2.
Table 3.2: Sintering schedule for BNT-based ceramics.
From (°C)
20
110
360
Sintering Temp

3.2.5

To (°C)
110
360
Sintering Temp
20

Rate
3°C/min
5°C/min
3°C/min
10°C/min

Hold Time (min)
60
120
120
End

Sintered Density

The densities of the sintered ceramics were determined using the Archimedes’ immersion method. The samples were weighed both in air and suspended in water. The
density was calculated using the expression:

ρ=

0.997 × Wdry
Wdry − (Wwet − Wwire )

(3.1)

where 0.997 is the density of water at room temperature, Wdry is the dry weight, Wwet
is the weight of the sample and the wire suspended in water, and Wwire is the weight
of the wire suspending the sample in the water.
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3.2.6

Sintered Grain Sizes

The grain sizes were measured on polished and thermally etched sintered ceramic
samples. The samples were mounted in Bakelite, and polished using successively
finer polishing papers and cloths down to 1 µm diamond. The polished specimens
were then removed from the Bakelite, and thermally etched in air for 30 minutes at
50°C below their respective sintering temperatures. The polished and etched samples
were mounted onto holders with carbon tape, and a conductive layer of gold was
sputtered on the surface using a Hummer VI-A Sputtering System (Anatech Ltd.,
Alexandria, VA).
The prepared surfaces were observed and photographed using a Scanning Electron
Microscope (SEM) (JSM-840 Scanning Electron Microscope (JEOL, Tokyo, Japan)).
The average grain sizes of the samples were determined using the line intercept method
on micrographs taken using the SEM.

3.3

Electrical Properties

The electromechanical properties were measured to evaluate the different additives
to the BNT ceramics in terms of how much they improved or changed the properties.
The following parameters were determined:
1. Low field dielectric constant (εr ) and losses (tan δ)
2. Piezoelectric coefficient (d33 ) (poling properties)
3. Strain (S3 ) and polarization (P3 ) characteristics
The sintered ceramics were prepared for electrical characterization by first grinding
them flat on both sides to a thickness in the range of 1.2 to 3 mm, using an IG
180 SD Rotary Grinder (DCM Technologies, Winona, MN, USA). A lead-free sliverbased electrode (Capacitor Metallization AD1688-06, Heraeus Inc. Circuit Materials
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Division, West Conshohocken, PA, USA) was painted on the flat surfaces, and cured
according to the manufacturer’s instructions. The electroded samples were then cut
into smaller pieces, approximately 6 mm square using a diamond blade on a K.O. Lee
SH3818PC Slicer (K.O. Lee Company, Aberdeen, SD, USA).

3.3.1

Low-Field Dielectric Constant and Losses

The room temperature dielectric constants for the sintered samples were determined
using impedance measurements made with a Solartron SI 1260 Impedance/Gain
Phase Analyzer (Solartron Analytical, Farnborough, UK) in conjunction with a Solartron 1296 Dielectric Interface (Solartron Analytical, Farnborough, UK). This instrument measures both the real and the imaginary impedances. The impedances
were measured at frequencies between 1 Hz and 1 MHz, at 1 V RMS, with three
frequency steps per decade spaced approximately equally on a logarithmic scale. The
capacitance (C) and the loss tangent (tanδ) were calculated from the raw data using
Equations 3.2 and 3.3:
C=

1
Z 00 jω

tanδ =

Z0
Z 00

(3.2)
(3.3)

where Z 0 is the real component of the impedance due to the resistance or loss, and Z 00
is the imaginary component of the impedance due to the capacitance, j is the square
root of -1, and ω is the measurement frequency. From the capacitance, the dielectric
constant, εr , can be calculated using Equation 3.4:

εr =

ε
Cd
=
εo
Aεo

(3.4)

where ε is the measured permittivity of the sample, εo is the permittivity of free space
(8.85

10−12 F/m), C is the capacitance, d is the dielectric thickness, and A is the

Ö
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area of the dielectric.
The dielectric constant versus temperature measurements were made using the
same equipment, and conducted while heating the samples from room temperature
to 500°C in a small furnace. Measurements were taken at 15°C increments, with an
effective heating rate of 3°C/minute.

3.3.2

Poling

The poling process is used to align the domains of a piezoelectric material. During
this process, an electric field is applied to the material for a length of time, and then
removed. The time interval between poling and the d33 measurement is usually not
reported in the literature. In the present research, it was noted that there was some
aging that occurred, where the d33 decreased over several days. Consequently, all
d33 measurements were made within three hours of poling. Many researchers report
poling in the range of 3 to 4 kV/mm at temperatures ranging from 40 to 100°C,
and times ranging from 5 to 30 minutes (Takenaka et al., 1991; Chu et al., 2002b;
Li et al., 2004; Wang et al., 2005b; Xiao et al., 2006). These higher temperatures
reportedly facilitate domain movement, but are accompanied by an increase in the
leakage current. Higher temperatures in the neighbourhood of 120°C are known to
depole BNT-based ceramics.
In the present research, the dc poling was conducted for 10 minutes at temperatures of 20, 50, 75, and 100°C. Poling fields of 3.5 and 4.5kV/mm were used at each
of these poling temperatures. The sample was placed between two electrical contacts
supported by a Teflon jig (Figure 3.2) for poling. The Teflon jig was immersed in a
beaker of silicon oil, which was set on a hotplate equipped with a magnetic stir bar.
The oil bath was heated on the hotplate, and the oil temperature was monitored with
a temperature probe. When the desired temperature was reached, the hotplate and
stirrer were shut off, and the poling field was applied for 10 minutes. During this
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time, there was some cooling of the oil, but the temperature stayed within ± 5°C of
the target value.

Positive
Terminal
Sample

Negative
Terminal

Stir Bar
Hot Plate

Figure 3.2: Teflon sample holder for dc poling process. Holder is sitting in jar of
silicon oil, on a hot plate. Leads coming off of the two contacts are connected to
power amplifier.
A Trek 20/20c High Voltage Amplifier (Trek Inc., Medina, NY) was used to supply
the high voltage field up to 20kV across the sample (Figure 3.3). The amplifier
output voltage was controlled by a dc control voltage supplied to the amplifier input
ports. The control voltage was generated by a dc power supply fitted with a 10turn potentiometer, which allowed the control voltage and therefore the high voltage
output to be gradually increased to the desired level. Both the output current (sample
leakage current), and output voltage of the high voltage amplifier were monitored with
multi-meters connected on the monitoring ports on the amplifier. After poling for 10
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minutes, the high voltage was shut off, the sample was removed, and the d33 measured.

Output voltage
monitor

Output current
monitor
Sample being
poled

10-turn
potentiometer
+
Voltage
Supply

+
-

2000x High
voltage
amplifier

-

Silicon Oil
bath
hotplate

Figure 3.3: Block diagram of dc poling setup.
Initially the d33 measurements of the poled samples were performed immediately
(within 10 minutes) following poling, using a SS01 Piezo-d meter (Sensor Technology
Limited, Collingwood, ON, Canada). However, this piece of equipment was not available towards the end of the poling, and replicate measurements were not possible with
the d33 meter. As an alternative, the later d33 measurements were calculated from
unipolar strain measurements (Section 3.3.4) made at fields equal to the poling fields,
using Equation 2.2. The same power amplifier was used for both poling and strain
but in a different configuration. It was not practical to reconfigure for every sample,
and consequently the poling and subsequent strain measurements were conducted in
batches of 8-10. The strain measurements were conducted within 3 hours of poling.
An alternate approach to poling at room temperature capitalized on poling induced during the high field unipolar strain measurements (Section 3.3.4). Here, the
sample was immersed in silicon oil, and subjected to a 0.1 Hz unipolar sinusoidal field
applied for strain measurements. After each field application and strain measurement,
the sample was removed, and the d33 measured using the SS01 Piezo-d meter. In this
approach, the sample was close to the peak field for only a very short period of time
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as compared to the 10 minutes used in the conventional method described above.

3.3.3

Leakage Current

The leakage current was measured during the poling process using a multimeter connected to the output current monitor port on the power amplifier (Figure 3.3). There
was a slight drop in the output current with time, and the leakage current values
reported in Section 4.4.1 were taken near the beginning of the poling process. The
leakage current values were normalized by dividing the leakage current by the area
and the field to account for sample size differences.

3.3.4

Strain Properties

The samples were placed between two electrical contacts, and immersed in silicon oil
to prevent arcing. One of the contacts was connected to a DVRT (Nano-DVRT-0.5,
Microstrain Inc., Williston, VT) to measure the mechanical displacement (Figure
3.4), and the displacement data were collected using a STEP 1.0 (TASI Technical
Software Inc., Kingston, ON) data acquisition system. The data acquisition system
both controlled the power amplifier and logged raw data and calculated the field,
and the strain (S) from the displacement data. The dielectric displacement (D) was
extracted during this measurement using a Sawyer-Tower circuit with a reference
capacitor of 2.2 µF (Figure 3.5). A logging rate of 50 measurements per second was
used.
A unipolar field (0 to peak field, E) was applied using a sinusoidal waveform with
a dc bias of half of the peak-to-peak amplitude at a frequency of 0.1 Hz for 4 to 6
cycles. The unipolar field was applied on initially unpoled samples, and increased incrementally from a peak field of 1 kV/mm to 6 kV/mm. During these measurements,
poling was expected to occur at some threshold field. After each field increment,
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Power
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Figure 3.4: Block diagram of strain measurement setup.

Vx
Cx
V

Vy
Ci

Figure 3.5: Sawyer Tower Circuit, where Ci is the 2.2 µF reference capacitor (reproduced from ANSI/IEEE Std 180-1986 (1986)).
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the sample was removed from the strain measurement apparatus, and the d33 measured using the SS01 Piezo-d meter. After reaching 6 kV/mm, the maximum field
was reduced to 1 kV/mm, and the strain measurement process was repeated with
fields increased incrementally. The d33 was measured at a low field to confirm that
there had not been any depoling of the sample. The second set of measurements on
the poled samples allowed the comparison of strain behaviour of unpoled and poled
samples.
A bipolar field was applied using a sinusoidal waveform with zero dc bias at a
frequency of 0.1 Hz for 4 to 6 cycles. The bipolar fields were applied incrementally
over a range of 1 to 6 kV/mm. The initial bipolar measurements were conducted
on unpoled samples. As with the unipolar strain measurements, the application of
the fields resulted in poling of the sample. After the highest field was applied, the
sample was removed from the set-up, and the d33 was measured. The sample was
then returned to the strain measurement apparatus, and a lower field of 3 kV/mm
was applied to determine if the characteristic “butterfly curve” for the poled samples
was retained at lower fields. The field was again increased incrementally to study the
repoling of the sample, and after the highest field, the d33 was measured. The second
set of measurements on the poled samples provided an opportunity to examine the
depoling behaviour caused by field reversal at lower fields. This was followed by the
eventual repoling at the higher fields.
At the higher voltages required to generate the required fields in thick samples,
the strain data for both the bipolar and unipolar measurements were very noisy, with
some points as very obvious outliers. The strain data were cleaned by comparing
each reading to the average of the two preceding and two following readings. If the
difference was greater than a set value, Delta (∆), the reading was discarded. If the
value of ∆ was too large, too many of the outliers were retained, and if ∆ was too
small, too much data were discarded, resulting in large gaps in the data and limited
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usefulness. An iterative process was used where the value of ∆ was set, the cleaned
data set plotted and examined, and the value of ∆ adjusted up or down to reach a
balance where minimal noise was retained and minimal good data were discarded.
The cleaned strain data in the vicinity of each maximum and minimum were fitted to
fourth order polynomials and the maximum and minimum strains were determined
from the polynomials.
The dielectric displacement data were not noisy, and did not require any cleaning.
The data in the vicinity of each maximum and minimum peak were fitted to second
order polynomials, and the respective maximum and minimum were determined.
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Chapter 4
Results
Three different additives were incorporated in varying concentrations into the BNT
ceramics, in an effort to improve upon the dielectric and piezoelectric properties of
the pure BNT. These were BNMN, BNZ, and BNCW. The methodology for synthesis
and characterization were discussed in Chapter 3. This chapter provides the results
of the characterization of each of the three systems. The results will be presented
and discussed in the same sequence as in Chapter 3.

4.1

Calcined Powder Characterization

Following calcination, the powders were ground to an average size of 0.5 to 0.9 µm
using the attrition mill, as described in Section 3.2.1. The powders were separated
from the media and dried. A small sample of each of the dried powders was set aside
for characterization. The remainder was mixed with binder, and pressed into tablets
for sintering.
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4.1.1

Phase Analysis

In the initial stages of the research, the powders calcined at different temperatures
were analyzed using X-Ray Diffraction (XRD) to determine an appropriate calcination
temperature to yield full conversion to the perovskite phase.
Figure 4.1 is the XRD traces for 5BNZ at calcination temperatures from 700
to 1100°C. It is evident that the perovskite phase (indicated by the peaks at 32.4,
46.7, 52.5, and 57.5°) has already formed after calcination at 700°C, but a second
phase (peak at about 30°) is also present. This second phase was not identified,
but was assumed to be a pyrochlore-type phase similar to that found by Kim et al.
(2005). The peak for this second phase was not present in the 5BNZ powder when it
was calcined at higher temperatures in the range of 900 to 1100°C. The second phase
peak was present following calcination at the higher temperatures in some of the other
powder compositions (Figures 4.2 through 4.4), but it was very small, indicating that
there were only small quantities of this second phase present. The higher calcination
temperatures (1000°C and above) resulted in a noticeable coarsening of the powders,
which is undesirable because of the longer grinding times that would be required
to produce a sufficiently small particle size for sintering. A compromise between
coarsening of the powders at high temperatures and the presence of a second phase at
low temperatures was reached by calcining all of the powder compositions at 950°C.
There was no evidence of an MPB in any of the compositions studied in the present
research. Yamada et al. (1995) did not identify an MPB in the BNMN composition
either. However, they did note a different phase at additions greater than about 55%
BNZ, but they did not identify it.
Increasing additions of BNMN and BNZ to BNT resulted in an obvious shift in
the peak positions (Figures 4.2 and 4.3). This shift is most noticeable between 25 and
50% additions of BNMN. This is indicative of a change in the unit cell size. Slight
peak shifts in BNT powders with Zr4+ additives were also noted by Watcharapasorn
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Figure 4.1: XRD traces for 5BNZ (5% BNZ additions) at five calcination temperatures, ranging from 700 to 1100°C. Calcination times were 30 minutes, due to the
small quantities of powders processed.
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Figure 4.2: XRD traces for all concentrations of BNMN additives. Powders were
calcined at 950°C for 3 hours.
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Figure 4.3: XRD traces for all concentrations of BNZ additives. Powders were calcined at 950°C for 3 hours.

Figure 4.4: XRD traces for all concentrations of BNCW additives. Powders were
calcined at 950°C for 3 hours.
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et al. (2006). In order to further investigate these peak shifts in the present research, a
higher resolution scan was performed using a Philips X’Pert Pro MPD diffractometer
fitted with an X’Celerator high speed strip detector, located in the Geology Department at Queen’s University. These scans permitted more precise identifications of
the peak locations for unit cell calculations.

4.1.2

Unit Cell Calculations

It was assumed that the unit cell was rhombohedral with an R3c space group, as
reported by several sources (Park et al., 1996; Jones et al., 2002; Jones and Thomas,
2002). The unit cell parameters a and α were calculated from the XRD scans using
the Philips XRD and Equation 4.1 from Cullity (1956).
(h2 + k 2 + l2 ) sin2 α + 2 (hk + kl + hl) (cos2 α − cosα)
1
=
d2
a2 (1 − 3cos2 α + 2cos3 α)

(4.1)

where d is the lattice plane spacing, h, k, and l represent the Miller indices of the
plane, a is the edge length of the unit cell, and α is the unit cell angle (Figure 4.5).
The volume of the unit cell was calculated using Equation 4.2 from Cullity (1956):
√
V = a3 1 − 3cos2 α + 2cos3 α

(4.2)

a
α
a
a

Figure 4.5: Rhombohedron showing the unit cell edge length a and the angle α.
Two different unit cell sizes have been reported in the literature for pure BNT.
They are a = 3.886 Å, and α = 89.6° (Park et al., 1994; Park and Chung, 1994),
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and a = 3.891 Å, α = 89°36’ (Ivanova et al., 1962 (as cited by Adachi et al. (2001));
Hagiyev et al. (1984); Kuharuangrong and Schulze (1996)). It was decided to use the
first set of unit cell parameters, MDI JADE software (Materials Data Inc., Livermore
CA) was used to determine the peak locations (2 Theta) and the corresponding planes
(hkl) for a unit cell with these parameters. These values are given in Table 4.1. Using
these Miller indices and corresponding d-spacings, the unit cell size of the pure BNT
used as the baseline was calculated from the Philips XRD data, and Equation 4.1.
The calculated values were a = 3.887Å, α = 89.8°. These values were in relatively
good agreement with the values reported above, which provided a check on both the
phase of the powder and the methodology for calculating the unit cell parameters.
Table 4.1: Cell parameters for rhombohedral structure with R3c space group, and a
= 3.886Å, α = 89.6°, as calculated by MDI JADE software.
d (Å)
2.7573
1.9429
1.7426
1.5956
1.3786
1.2314

(h k l)
(1 1 0)
(2 0 0)
(2 1 0)
(2 1 1)
(2 2 0)
(3 1 0)

2-Theta
32.445
46.714
52.466
57.730
67.936
77.445

The new compositions (xBNMN, xBNZ, and xBNCW) are not indexed in the
ICDD powder diffraction files. The XRD analyses with the Philips machine were
obtained for the pure BNT, the maximum additive, and two or three intermediate
additives for each of the three systems. The absence of new peaks in the XRD traces
indicated that all compositions produced the same R3c rhombohedral structure. The
unit cell parameters, a and α, were calculated for compositions characterized with
the Philips XRD (Table 4.2). The theoretical densities of the compositions were
calculated from the unit cell sizes and the assumption that on average, each unit cell
contained one half of a Bi3+ ion, and one half of a Na+ ion, three full O2− ions, and
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the appropriate ratio of the full B-site ion. The masses of the individual ions were
obtained from Weiser (2006).
Table 4.2: Calculated unit cell parameters for all compositions measured. Theoretical
density was calculated from the unit cell parameters.
Composition

a (Å)

α

Unit Cell
Volume (Å3 )

BNT
25BNMN
50BNMN
75BNMN
100BNMN
1BNZ
5BNZ
10BNZ
20BNZ
0.5BNCW
1.5BNCW
2.5BNCW

3.887
3.904
3.932
3.958
3.980
3.888
3.894
3.899
3.924
3.887
3.882
3.884

89.80°
89.98°
89.96°
90.01°
89.96°
20.02°
90.01°
90.00°
89.95°
90.03°
89.96°
89.99°

58.745
59.503
60.769
62.011
63.025
58.754
59.041
59.271
60.431
58.726
58.517
58.584

Calculated
Theoretical
Density (g/cm2 )
5.988
6.067
6.092
6.118
6.166
6.000
6.019
6.057
6.060
6.001
6.044
6.059

The angle, α, was often close to 90°. Others including Yamada et al. (1995) and
Ishii et al. (1995), have observed this, and opted to regard the crystal as pseudo
cubic rather than rhombohedral for the unit cell size calculations. This assumption
would result in a slightly different calculated cell size. Both the present work and
that of Yamada et al. (1995) examined 20% additions of Zr4+ . Yamada’s results show
that the unit cell edge length for 20BNZ was 3.93Å, while in the present work it was
3.924Å. The present results were also in good agreement with the results of Yamada
et al. (1995) for the entire range of Mg1/3 Nb2/3 additions.
For the BNMN and BNZ systems, an increase in the amount added to BNT lead
to an increase in the unit cell volume, but the opposite relationship was observed
in the BNCW system. This finding is counter-intuitive, since the copper ions are
larger than the titanium ion, and the tungsten is close to the same size as titanium
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(Shannon, 1976). This decrease is well within the bounds of experimental error,
since the calculated edge length (a) values for the BNCW system were only 0.13%
smaller, and the angles (α) 0.26% smaller than those for BNT. Further investigation
is warranted for a more accurate determination of the unit cell sizes for all of the
compositions.

4.2
4.2.1

Sintered Sample Characterization
Density

The theoretical density of each of the compositions was calculated by dividing the
theoretical mass by the unit cell volume calculated using Equation 4.2. The theoretical mass was determined based on the assumption that the pure BNT perovskite unit
cell has a total of five ions: one half Bi3+ (1/8 on each of the four corners it occupies
on average); one half Na+ (1/8 on each of the four corners it occupies on average);
three O2− (1/2 on each of the six faces); and one Ti4+ which sits in the centre of the
cell. In the case of the BNT with additives, the full titanium ion is replaced with a
combination of titanium and the additive, in the corresponding ratio of the additive
to titanium. The masses of the respective ions were obtained from Weiser (2006).
The sintered densities were measured using the Archimedes’ immersion method
(Section 3.2.5). A range of sintering temperatures from 1025 to 1150°C in 25°C steps
was evaluated, and the sintering temperature which produced the maximum density
was considered to be the optimum. For each composition, the density of the sintered
samples increased with increasing temperature up to the optimum temperature, and
then decreased at temperatures above it. At the optimum sintering temperature, the
sintered densities ranged from 94 to 98% of the calculated theoretical density.
For all three systems, increasing the amount of additives reduced the optimum
sintering temperature. The reduction was greatest for the BNMN additives, with a
58

maximum reduction of 125°C. Lower sintering temperatures are generally considered
beneficial because of lower energy requirements, reduced volatility of the materials,
and finer grain sizes.

4.2.2

Sintered Grain Sizes

Sintered samples were prepared for SEM characterization as described in Section
3.2.6. The sintered grain sizes were determined from the SEM micrographs using the
linear intercept method. The effects of the additives on the grain sizes are clearly
evident in both the micrographs and the plots (Figures 4.6 through 4.12). As a
reference, the initial particle size of the attrition milled powders for each composition
is included in each of the plots. In all three systems, a very small amount of the
additives resulted in a three- to four-fold decrease in the sintered grain size compared
to BNT. This is partly due to the lower sintering temperatures required for the best
sintered density. The lower temperature was not entirely responsible, as BNT sintered
at the lower temperatures still had nearly twice the grain size as the BNT with the
smallest amounts of additives. Increasing the additives in both the BNMN and BNZ
systems resulted in an increase in the grain size. This was not observed in the BNCW
system, where only small additions of BNCW were studied.

(a) BNT 1150

(b) BNT 1075

Figure 4.6: SEM micrographs of BNT sintered at 1150°C and 1075°C for two hours.
Samples were polished and thermally etched.
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(a) 1BNMN

(b) 5BNMN

(c) 25BNMN

(d) 50BNMN

Figure 4.7: SEM micrographs of polished and thermally etched x-BNMN ceramics.

Figure 4.8: Sintered grain sizes of xBNMN ceramics, with starting powder size included as a reference. Error bars are one standard deviation.
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(a) 1BNZ

(b) 5BNZ

(c) 10BNZ

(d) 20BNZ

Figure 4.9: SEM micrographs of polished and thermally etched x-BNZ ceramics.

Figure 4.10: Sintered grain sizes of xBNZ ceramics, with starting powder size included
as a reference. Error bars are one standard deviation.
61

(a) 0.25BNCW

(b) 0.5BNCW

(c) 1.5BNCW

(d) 2.5BNCW

Figure 4.11: SEM micrographs of polished and thermally etched x-BNCW ceramics.

Figure 4.12: Sintered grain sizes of xBNCW ceramics, with starting powder size
included as a reference. Error bars are one standard deviation.
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4.3
4.3.1

Dielectric Properties
Room Temperature Low-field Dielectric Constant and
Losses

The 1 kHz room temperature dielectric constant and loss measurements of the ceramics are given in Figures 4.13 through 4.15.
In the BNMN system (Figure 4.13), a wide range of additive concentrations up to
pure BNMN were investigated. There was a general increase in the dielectric constant
with the highest value observed at additions of 25% BNMN, with a 30% improvement.
For 50BNMN and above, the dielectric constants were less than that of pure BNT.
At 100BNMN, the dielectric constant was less than half that for BNT. All of the
concentrations had smaller losses (tan δ) than BNT, and there was a general trend
for decreasing losses with increasing concentrations of BNMN.
It was speculated that the relatively large grain sizes associated with the 100BNMN
composition (Figure 4.8) might have had an effect on the dielectric constant. In order
to address this, two different sets of 100BNMN samples were sintered at lower temperatures and appropriate times, to achieve average grain sizes of 1.7 and 2.4 µm, which
are roughly half the size reported in Figure 4.8. These finer grain-sized samples were
prepared and tested under the same conditions as the rest of the compositions. The
resulting 1 kHz room temperature dielectric constants were εr = 225 for the samples
with an average grain size of 1.7 µm, and εr = 223 for the samples with an average
grain size of 2.4 µm. There is no significant difference between these values and those
measured for the 100BNMN samples with an average grain size of 3.99 µm, which
was εr = 224. It is clear from these results that the larger grain size did not have an
effect on the dielectric constants of the ceramics.
In the BNZ system (Figure 4.14), the range of additives investigated was up to
20%. There was a 10-12% improvement in the dielectric constants with additions of
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Figure 4.13: Room temperature 1 kHz dielectric constant and losses for xBNMN.
Error bars are one standard deviation.

Figure 4.14: Room temperature 1 kHz dielectric constant and losses for xBNZ. Error
bars are one standard deviation.
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Figure 4.15: Room temperature 1 kHz dielectric constant and losses for xBNCW.
Error bars are one standard deviation.
5% BNZ, followed by a decrease in the dielectric constant in the higher concentrations
of BNZ studied. Yamada et al. (1995) reported a degradation in the dielectric constant
at concentrations beyond the 20% studied here. There was a decrease in the losses
up to 5% BNZ. With 10% BNZ and above there was an increase in the losses above
those of BNT.
Small additions of BNCW ranging from 0.25% to 2.5% were added to BNT. There
was an improvement in the dielectric constant which is accompanied by a decrease in
associated losses (tan δ) with small additions of BNCW up to about 0.5% to the BNT
ceramic (Figure 4.15). Additional amounts of BNCW to BNT at about 1% and above
appear to degrade the dielectric constant, and increase the losses. This degradation
in the dielectric properties is unlike the behaviour seen with the BaCu1/2 W1/2 O3
additions to BNT, where there was a steady increase in the dielectric constant with
additions up to 6 mol% (Wang et al., 2003).
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4.3.2

Low-field Dielectric Constant and Losses vs.
Temperature

Small signal, or low-field (1 V RMS) dielectric measurements over a broad temperature range are commonly used for the identification of phase transitions and transition
temperatures Lines and Glass (1977). At the phase transition temperature, the dielectric constant exhibits a local maximum. In normal ferroelectrics, this maximum
is a sharp peak, while in relaxors it is typically broader, or “diffuse”. BNT ceramics
are relaxors, and thus exhibit the diffuse phase transition peak.
The low field dielectric constants were measured for all compositions over a frequency range of 1 Hz to 1 MHz, and a temperature range of 20 to 500°C. Figure 4.16
is representative of the frequency dependence of the dielectric constant and losses in
BNT-based relaxor ceramics. There is a general decrease in the dielectric constant
with increasing frequency. The losses were found to increase dramatically with a decrease in frequency at all temperatures. The other compositions studied all showed
similar behaviour.
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Figure 4.16: Dielectric constant and losses vs. temperature for BNT sample (frequency dependence illustrated).

BNT ceramics are considered to be relaxors (Walsh and Schulze, 2004). They are
A-site complex perovskites, with the composition A'A''BO3 . A complex perovskite
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has a tendency to be disordered, in that there is no regular long range arrangement of
the complex-site ions (in this case, the A-site). This lack of order creates many micro
regions of slightly different compositions and thus phase transition temperatures. The
presence of these many different phases and thus different transition temperatures lead
to a broadening of the overall phase transition temperature of the bulk material. In
each of the systems studied, a second and for some a third ion were added to the B-site,
creating an even more complex perovskite, A'A''B'B''B'''O3 . This complexity leads
to an increased flattening of the curve with increasing additives for all compositions
as seen in Figures 4.17 through 4.19. At very high concentrations of BNMN additives
(25% BNMN and above) the dielectric constants remained relatively constant over
a very large temperature range, with no clear indication of a phase change in the
temperature range tested.

Figure 4.17: Dielectric constant vs. temperature for all BNMN concentrations at 1
kHz.
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Figure 4.18: Dielectric constant vs. temperature for all BNZ concentrations at 1 kHz.

Figure 4.19: Dielectric constant vs. temperature for all BNCW concentrations at 1
kHz.
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4.4

dc Poling

In the as-fabricated condition, the net polarization of a ferroelectric ceramic is zero,
since the domains are randomly oriented. The material must have a net polarization in order to exhibit useful piezoelectric properties. This is achieved through the
poling process, where a large electric field is applied across the ceramic to align the
domains. Once the field is removed, some of the domains relax, but do not revert
completely back to their randomized state, and there is a net remanent polarization.
This remanent polarization can be measured using a d33 meter similar to the Piezo-d
meter described in Section 3.3.2.
As discussed in Section 3.3.2, many researchers report poling using a dc field in the
range of 3 to 4 kV/mm at temperatures ranging from 40 to 100°C, and times ranging
from 5 to 30 minutes. The higher temperatures facilitate the domain movement,
thereby reducing the field required for poling. In the present research, dc poling was
conducted for 10 minutes at fields of 3.5 and 4.5 kV/mm, and temperatures of 20,
50, 75, and 100°C. Fields higher than 4.5 kV/mm were tried, but excessive numbers
of samples were destroyed due to dielectric breakdown (Figure 4.20). The field of
4.5 kV/mm was deemed the highest practical field for poling, and was used for all
subsequent samples. Even at the field of 4.5 kV/mm, dielectric breakdown occurred
in some samples, particularly at higher temperatures. Higher temperatures in the
neighbourhood of 120°C are known to depole BNT-based ceramics.
An alternate approach to poling at room temperature was investigated where the
fields applied for unipolar strain measurements were sufficient to pole the samples.
The results of this approach will be discussed in 4.5.1.1.
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Figure 4.20: Sample destroyed during poling due to dielectric breakdown.

4.4.1

Leakage Current During Poling

The leakage current was measured in conjunction with dc poling using the current
output monitor on the high voltage power amplifier (Figure 3.3). The leakage currents
were measured for every sample during the poling process, at all temperatures and
fields.
The BNT samples showed an increase in leakage current with both poling temperature and poling field. Most of the pure BNT samples suffered breakdown when poled
at 100°C with a field of 4.5 kV/mm. The normalized leakage current for 4.5 kV/mm
increased from 0.01 µA/mm/kV at room temperature to 0.08 µA/mm/kV at 100°C,
which represents an increase of almost an order of magnitude. At the poling field of
3.5 kV/mm, the leakage current increase with temperature was not as dramatic, increasing from 0.015 µA/mm/kV at room temperature to 0.029 µA/mm/kV at 100°C.
These high leakage currents are a result of the high conductivity of BNT, and many
authors point out that pure BNT is difficult to pole due to its high conductivity. It is
said that at higher temperatures, the BNT-based ceramics become more conductive,
exhibiting an increase in the leakage current.
Wang et al. (2005c) noted that the leakage current in BNT ceramics increases with
both the applied electric field and time during the poling process, when poled at 80°C.
In the present research, it was found that the leakage current of BNT increased over
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the poling time, when poled at temperatures of 50°C and above. The increase in the
leakage current with poling time was not observed for any of the other compositions at
elevated temperatures, or for any composition including BNT at room temperature.
Figure 4.21 is a plot of the leakage current versus temperature for pure BNT,
0.5BNMN, 0.5BNZ, and 0.25BNCW, which are the lowest concentrations of additives
for each of the families. This plot shows that all of the additives at very low concentrations have a dramatic reduction in the leakage current, particularly at higher
poling temperatures. There was very little change in the leakage current at higher
concentrations of the additives. The plot also clearly shows the high conductivity of
BNT at higher poling temperatures.

Figure 4.21: Normalized leakage currents for poling at 4.5 kV/mm over a range of
temperatures. Error bars represent one standard deviation.
In the BNT samples, there was a noticeable change in the physical appearance
of the samples after poling at temperatures above room temperature. The colour of
the sides of the samples had changed from beige to grey just below the top surface,
which corresponds to the location of the positive electrode (Figure 4.22). The reason
for this change in colour was not determined, but it was thought that it was due to
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the onset of the sample breakdown.

Figure 4.22: Colour change of surface next to the positive electrode indicating the
onset of breakdown during poling.

4.4.2

d33 Measurements

The d33 measurements were conducted to evaluate the success of each poling procedure. In the initial stages of poling, the Piezo-d d33 meter was used to measure the d33
values following dc poling. Only one measurement was made for each composition,
field, and temperature, and the d33 meter was not available for subsequent replicate
measurements. Subsequent d33 values were calculated from strain measurements and
Equation 2.2. The strain measurements were conducted at a field equal to the dc
poling field (3.5 or 4.5 kV/mm), at a frequency of 0.1 Hz. This low frequency was
used to match with the rest of the strain measurements, and to be compatible with
the speed limitations of the data logger.
Strain measurements revealed some discrepancies between the d33 values calculated from the strain measurements and those obtained directly from the d33 meter,
although the general trends were similar for both methods. A more detailed comparison of the two methods will be discussed in Section 4.4.3. Because of this disagreement, the data from the two methods could not be combined to calculate an average
and standard deviation for a particular set of poling conditions.
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4.4.3

Comparison of d33 Meter and Strain-Based d33
Calculations

The Piezo-d meter is a Berlincourt type d33 meter which measures a polarization very
close to the remanent polarization of the sample. It employs quasistatic techniques to
measure the direct piezoelectric effect (Equation 2.1). The sample is placed between
two contacts, and a dynamic force in the range 0.1 to 0.2 N is applied at a frequency
of 200 Hz . The piezoelectric charge generated is compared to that of an internal standard element that is mechanically in series with the test sample. The meter provides
a direct reading of the test sample d33 . In contrast, strain-based d33 measurements
use the converse piezoelectric effect (Equation 2.2) to determine the d33 coefficient.
Equation 2.2 describes the basic relationship between d33 , field and strain. This equation assumes a linear relationship between the applied field and resulting strain over
the normal range of applied fields. However, when plotted against field, the overall
strain is clearly non-linear with increasing slope at higher fields (Figure 4.23). This is
likely due to field-induced polarization which is in excess of the remanent polarization
measured by the meter. Therefore, calculating the zero-field d33 with Equation 2.2
from the strain measurements at the higher fields is only a first approximation.
Results from the alternate method of poling through strain measurements (Section 3.3.2) along with the Piezo-d meter-based d33 measurements for the same samples
were available. This data set provided the opportunity to do a direct comparison between the d33 measurements made with the Piezo-d meter and the d33 measurements
calculated from strain measurements during the poling process. These data are plotted against field in Figure 4.24 and against each other in Figure 4.25.
In general, piezoelectric properties of ceramics depend on the amplitude and frequency of the driving field, and the static mechanical stress applied (Barzegar et al.,
2004). The conditions for measurement were very different in the two methods, and
therefore the measured and calculated d33 values would not be expected to match
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Figure 4.23: Strain vs. field for 1BNZ, showing nonlinearity of strain over a range of
fields.

Figure 4.24: Comparison of d33 as measured with the Piezo-d meter, and the d33
calculated from strain for a given sample vs. field.
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Figure 4.25: d33 measured with the Piezo-d meter (x axis) vs. d33 calculated from
strain measurements (y-axis) for many samples.
exactly. The higher field strain measurements tend to over-predict the d33 values
compared to those obtained from the meter, as shown in both Figures 4.24 and 4.25.
The d33 values calculated from the strain are within about 25% of those obtained
with the d33 meter. Since in the present research the d33 parameter was only used as
an indicator to identify the best compositions and poling parameters, obtaining the
absolute d33 value was deemed not critical. Even if the strain over-predicts the d33
by 25%, the relative ranking should remain unchanged.

4.4.4

Poling Field Effects

Poling requires the application of a relatively large field to orient the domains with
the field. The applied field needs to be larger than the coercive field in order for the
domains to reorient. The coercive field was measured in conjunction with the bipolar
strain measurements, and will be discussed in detail in 4.5.2.
Two fields, 3.5 and 4.5 kV/mm, were investigated for dc poling using the poling
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apparatus. The alternate method (poling through strain measurements) used higher
fields, up to 7kV/mm. As expected, all of the compositions responded better to the
higher fields (Figure 4.26).

Figure 4.26: Poling field effects. Samples shown are of the xBNMN composition,
with dc poling for 10 minutes at the lower fields of 3.5 and 4.5 kV/mm, and strainbased poling (6 cycles at 0.1 Hz) at the higher field of 6.5 kV/mm. The pure BNT
composition was poled at 5kV/mm due to unpredictable dielectric breakdown at
higher fields.

4.4.5

Poling Time Effects

The poling times cited in the literature vary over a wide range up to two hours, with
shorter times on the order of 10 minutes being relatively common. In the present research, the dc poling with the poling apparatus (Figures 3.2 and 3.3) was conducted
for 10 minutes. With the “alternate method” of poling during unipolar strain measurements, a 0.1 Hz sinusoidal field was applied for six cycles and the total time was
one minute. Only a small percentage of this time was spent near the peak of the
sinusoidal cycle. The effect of poling time was not studied in depth, but it was noted
that increasing the number of strain cycles at a given field resulted in an increase
in the sample’s d33 as measured with the Piezo-d meter. The d33 values eventually
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levelled after about 30 strain cycles with a total time of five minutes, and the time
near the peak field on the order of one to two minutes. This is a clear indication
of the time dependency of the poling procedure. The poling time of 10 minutes was
well beyond the time to saturation observed through the strain measurements, and
should be sufficiently long to allow for peak polarization for a given field. Figure
4.27 is a comparison between the d33 values for dc poling at 10 minutes in the poling
apparatus, and poling at six cycles during unipolar strain, both at 4.5 kV/mm.
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Figure 4.27: Measured d33 values for xBNMN obtained from dc poling (10 minutes
at 4.5 kV/mm), and from strain-based poling (1 minute at 4.5 kV/mm). d33 values
were measured with the Piezo-d meter.

4.4.6

Poling Temperature Effects

Even though there was only one d33 measurement per field and composition using the
Piezo-d meter, the initial results clearly showed that there was an increase in the d33
with temperature at both poling fields, with the peak value corresponding to poling
at 75°C (Figure 4.28). These measurements provided some guidance for selecting the
poling field to be used for the replicate strain-based d33 measurements. The focus of
these measurements was on poling at 4.5 kV/mm. The higher poling fields resulted
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in higher d33 values as measured by both the Piezo-d meter and the strain-based
calculations (Figure 4.29).

Figure 4.28: Poling field and poling temperature effects on d33 (as measured with the
Piezo-d meter). Composition shown is 0.5BNMN.

4.4.7

Composition Effects on d33

Each composition was poled in the dc poling apparatus at 4.5 kV/mm for 10 minutes,
and at 20, 50, 75, and 100°C. Within 2 hours of poling, the samples were put in
the strain measurement apparatus, and a unipolar 0.1 Hz field of 4.5 kV/mm was
applied, and the strain data logged. The d33 values were calculated from these strain
measurements. The d33 data are given in Tables 4.3 through 4.5. The BNT is the
base composition for each of the three families, and the data for BNT are repeated
in the first line of each table. All three families behaved in a similar manner, in that
very low concentrations of the additives improved the peak d33 values.
In the BNMN family, the trend was for a higher d33 at lower concentrations of
BNMN, and higher d33 for concentrations up to 5% at higher temperatures (Table 4.3).
Additions of 0.5% and 1% BNMN improved the peak d33 over that of BNT by about
78

4.5 kV/mm
3.5 kV/mm

120

d33 (pC/N)

100
80
60
40
20
0
0

25
50
75
Poling Temperature (ºC)

100

Figure 4.29: Poling field and poling temperature effects on d33 (as calculated from
strain) at a field equal to the poling field. Composition shown is 0.5BNMN. Error
bars represent one standard deviation.

Table 4.3: Mean calculated d33 for 4.5 kV/mm poling field for BNMN compositions
at four temperatures (standard deviation shown in parentheses).

Composition
BNT
0.5BNMN
1BNMN
2BNMN
5BNMN
25BNMN
50BNMN
75BNMN
100BNMN

20°C
68.1 (8.0)
67.5 (13.3)
33.7 (10.8)
20.5 (3.8)
7.4 (2.9)
4.8 (1.2)
1.4 (1.3)
1.5 (1.5)
1.8 (2.1)

Temperature
50°C
75°C
100°C
48.9 (9.0) 42.2 (4.5)
82.0 (1.6) 96.8 (4.3) 83.3 (13.6)
37.7 (6.9) 81.5 (9.2) 106.0 (2.6)
22.8 (7.2) 22.3 (6.4) 38.8 (11.7)
16.7 (5.9) 19.9 (8.7) 22.6 (3.2)
4.5 (2.5) 2.1 (0.9)
1.2 (1.3) 1.2 (1.0)
1.4 (1.7) 0.9 (0.9)
1.5 (1.4) 0.9 (1.1)
-
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Table 4.4: Mean calculated d33 for 4.5 kV/mm poling field for BNZ compositions at
four temperatures (standard deviation shown in parentheses).

Composition
BNT
0.5BNZ
1BNZ
1.5BNZ
5BNZ
10BNZ
20BNZ

20°C
68.1 (8.0)
74.0 (2.7)
67.6 (7.5)
73.9 (9.6)
14.4 (4.3)
15.9 (2.5)
19.6 (5.4)

Temperature
50°C
75°C
48.9 (9.0) 42.2 (4.5)
96.6 (2.9) 79.9 (12.0)
78.3 (14.5) 70.9 (13.6)
88.5 (13.4) 92.1 (3.8)
16.0 (1.5) 19.7 (6.3)
29.8 (6.4) 29.1 (4.7)
20.2 (3.3) 20.5 (3.0)

100°C
59.0 (3.7)
75.7 (2.3)
82.5 (15.6)
32.5 (2.8)
-

Table 4.5: Mean calculated d33 for 4.5 kV/mm poling field for BNCW compositions
at four temperatures (standard deviation shown in parentheses).

Composition
BNT
0.25BNCW
0.5BNCW
1BNCW
1.5BNCW
2BNCW
2.5BNCW

20°C
68.1 (8.0)
70.5 (1.3)
82.0 (7.4)
29.5 (6.4)
88.7 (3.8)
69.2 (5.0)
73.9 (4.9)

Temperature
50°C
75°C
48.9 (9.0) 42.2 (4.5)
82.4 (9.8) 95.4 (0.7)
88.6 (6.2) 97.8 (6.5)
48.2 (8.0) 71.4 (1.5)
94.9 (11.0) 98.0 (11.0)
74.7 (8.5) 82.1 (5.8)
87.7 (7.4) 89.3 (5.5)
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100°C
89.1 (10.8)
84.8 (3.5)
94.7 (12.9)
93.6 (0.9)
77.0 (12.1)
96.4 (1.4)

50%. These peaks occurred at different poling temperatures. High concentrations
of BNMN, 25% and above, all had d33 values below 10 pC/N for every temperature
tested. According to Swartz (1990), these low d33 values are indicative of randomly
oriented domains, and the material is not very useful as a piezoelectric in this state.
The BNZ family exhibited a similar trend as the BNMN family, with the lower
concentrations improving the d33 . The peak values for concentrations of 0.5 and 1.5%
were an improvement of about 40% and 35% respectively. There was a considerable
degradation relative to pure BNT at concentrations of 5% BNZ and above, and the
peak d33 values ranged from 20 to 32 pC/N. Although these values are above the
critical value of 10 pC/N, they were inferior to the lower concentrations of BNZ.
In the BNCW family, there was an improvement with each of the additions, but
there was no consistent trend with respect to concentration. For example, 1.5, 2, and
2.5 BNCW produced peak d33 values of 98, 82, and 96 pC/N respectively. These
represent improvements of 44, 20, and 41% respectively over the peak value for pure
BNT.

4.5

Strain Properties

Each composition was tested for strain properties using the equipment described in
Section 3.3.4. A data file containing the field, dielectric displacement, and strain
was logged for each test field. The strain data were noisy at higher fields, and the
obvious outliers were removed from the strain data using a digital filter based on a
running average (Section 3.3.4). The cleaned data were plotted against time and the
sections of data around each peak or valley were fitted to fourth order polynomials.
The respective maximum and minimum values of the polynomial regressions were
calculated and saved. The total strain for a sample was calculated as the difference
between a consecutive minimum and maximum.
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4.5.1

Unipolar Strain

The unipolar strain measurements were conducted both on unpoled and poled samples. A consequence of the strain measurements on the unpoled samples was eventual
poling of the samples. Both strain results will be discussed in more detail.

4.5.1.1

Poling During Unipolar Strain Measurements

The unipolar strain measurements were initially made on unpoled samples. A 0.1 Hz
field was applied in an incremental method, from 1 kV/mm up to about 6 kV/mm at
0.5 kV/mm steps. Examination of the strain results indicated that there was poling
of the sample during the measurements with increasing field. Following this discovery,
it was decided to further investigate both the strain and the poling behaviours of the
samples under the unipolar fields used for strain measurements.
The same incremental field application was used as described above, and following
each increment, the sample was removed, and the d33 measured using the Piezo-d
meter. At the low fields, there was a gradual increase in the d33 with increasing applied
field. This continued until a critical field was reached, and there was a dramatic
increase in the d33 value (Figure 4.30). This is the region where the most poling
occurred. Further increases in the field resulted in higher d33 values, but the rate of
change was smaller. Saturation of the d33 with applied field was not always observed.
The maximum applied field was limited both by the equipment (maximum voltage)
and the material itself (dielectric breakdown).
The maximum fields during strain ranged from 5 to 9 kV/mm, depending on
the composition, but during the dc poling with the poling apparatus (Section 4.4),
the field was limited to 4.5 kV/mm. This was due primarily to the unpredictable
disintegration of the samples at higher fields. Dielectric breakdown of the samples
often occurred after the sample was held at the high field for several minutes in the
dc poling apparatus. The cyclic nature of the strain-based poling meant that the
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Figure 4.30: d33 vs. poling field (strain-based poling), illustrating jump in d33 at the
onset of poling, followed by gradual saturation. Composition shown is 1BNZ.
sample was at the high fields for only a few seconds during the six cycles for which
it was applied. It was thought that this short time at the higher fields allowed the
use of much higher fields without destroying the samples. While it was not studied
in detail, this suggests that pulsing the field could allow for faster poling at higher
fields without destroying the samples. This is clearly indicated in Figure 4.26, which
compared the dc poling at 4.5 kV/mm, and held at 10 minutes, to the strain-based
poling, which was at 6.5 kV/mm, for 6 cycles at a frequency of 0.1 Hz.
The maximum d33 achieved using the strain-based poling is plotted against the
composition in Figures 4.31 through 4.33. Different maximum fields were obtainable
for different concentrations of the additives. The maximum field was limited partly
by the equipment and the partly by excessive breakdown in the compositions. Normalized values of d33 divided by the peak field are included in each of the figures
to compensate for the differences in the peak fields used. The general trend was
that small additions of each of the families of additives improved both the maximum
field and the maximum d33 . Nearly constant normalized d33 values indicate that the
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improvement in d33 was mostly due to the larger maximum fields possible. In all
three families, the maximum concentrations studied lead to a considerable decrease
in d33 as compared to that of BNT. This is consistent with the results of the dc
poling presented in Section 4.4.7. An important difference is that higher d33 values
were achieved at room temperature using the strain poling, because higher fields were
possible.

Figure 4.31: Maximum d33 as obtained through strain-based poling and normalized
d33 taking into account the poling field for xBNMN compositions.

4.5.1.2

Unipolar Strain Behaviour (Poled Sample)

The strain versus field plots of both the unpoled and poled samples had a characteristic loop appearance (Figure 4.34). The area contained in this loop is related to the
amount of energy required to align the domains in the material from a semi-relaxed
state (where there is remanent polarization) to the more aligned state at the peak
applied field. The area contained within the loop increases as the peak applied field
increases. This indicates that more energy is required to further align domains at the
higher fields.
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Figure 4.32: Maximum d33 as obtained through strain-based poling and normalized
d33 taking into account the poling field for xBNZ compositions.

Figure 4.33: Maximum d33 as obtained through strain-based poling and normalized
d33 taking into account the poling field for xBNCW compositions.
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Figure 4.34: Strain of a poled and unpoled 0.5BNZ sample at a field of 5 kV/mm.
The slope of the loop was different depending on whether or not the sample was
poled. As discussed in Section 4.4.3, the slope of the strain vs. field curve is the
d33 . In Figure 4.34, the d33 of the unpoled sample was 16 pC/N (as measured with
the Piezo-d meter), while that of the poled sample was 94 pC/N. This illustrates the
benefits of poling to achieve greater strain for a given field.
Also discussed in Section 4.4.3 was the fact that the strains measured over a range
of fields are nonlinear. Figure 4.35 shows both increasing strain and increasing slope
of the loop with increasing applied field. This increase in slope is attributed in part
to the contribution of field induced d33 at the higher fields.
The strain at a given field for each of the compositions followed the same pattern
as the d33 (measured with the Piezo-d meter) discussed in Section 4.5.1.1, and shown
in Figure 4.31 through Figure 4.33. This is expected, since strain is a function of d33
and applied field. When Equation 2.2 is applied to the strain in Figure 4.36 through
Figure 4.38, the d33 calculated includes both the d33 at zero field and the field induced
d33 . Included in these figures is the d33 as measured with the Piezo-d meter.
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Figure 4.35: Unipolar strain loops for seven fields ranging from 2 kV/mm to 5.5
kV/mm for 0.5BNMN. Data have not been filtered.

Figure 4.36: Strain vs. composition of poled xBNMN samples at a field of 5 kV/mm.
Secondary y-axis includes the d33 values, both measured with the meter prior to
strain measurement, and calculated from the strain measurements illustrating the
filed induced d33 .
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Figure 4.37: Strain vs. composition of poled xBNZ samples at a field of 5 kV/mm.
Secondary y-axis includes the d33 values, both measured with the meter prior to
strain measurement, and calculated from the strain measurements illustrating the
filed induced d33 .

Figure 4.38: Strain vs. composition of poled xBNCW samples at a field of 5 kV/mm.
Secondary y-axis includes the d33 values, both measured with the meter prior to
strain measurement, and calculated from the strain measurements illustrating the
filed induced d33 .
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4.5.2

Bipolar Strain

Sinusoidal bipolar fields are fields applied with a zero bias and the same magnitude in
both polarities. There is potential for a larger total strain with bipolar than unipolar
fields. Bipolar strain measurements provide the extra information of the field required
for domain reversal (coercive field) and the remanent strain. The coercive field and
remanent polarization (Pr ) can also be extracted from the dielectric displacement
measurements obtained with the Sawyer-Tower Circuit. This will be discussed in
more detail in the Section 4.5.2.1.

4.5.2.1

Bipolar Polarization

The dielectric displacement data were collected at the same time as the strain measurements using the Sawyer-Tower Circuit described in Section 3.3.4. The polarization
(P) is related to the dielectric displacement (D) by:

P = D − εo E

(4.3)

where εo is the permittivity of free space, and E is the applied field. The polarization
and dielectric displacement are numerically very close, and these terms will be used
interchangeably for the remainder of this thesis. The Sawyer-Tower Circuit is a
common apparatus for collecting the polarization data for obtaining the Pr and Ec
characteristics of the ferroelectric ceramics. The commonly cited values for BNT
are Ec = 7.3 kV/mm, and Pr = 38 µC/cm2 . However, the measurement conditions
(temperature, field, and frequency) for obtaining these values are not reported in the
literature.
The strain measurements were conducted at room temperature by applying a
sinusoidal field at a frequency of 0.1 Hz. Figure 4.39 is the polarization curve for a
BNT ceramic sample at four different fields ranging from 1.5 to 5.6 kV/mm all at a
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frequency of 0.1 Hz. As the field is increased, the size of the polarization vs. field
loop also increased, with increasing intersections of both the field and polarization
axes (x and y axes, respectively). It is clear that the saturation of the polarization
was not achieved at the highest field, as indicated by the absence of the characteristic
flattening of the curves in Figure 4.39 as seen in the classical hysteresis loop (Figure
2.6). The maximum field applied to the BNT samples was limited by catastrophic
failure of the samples due to dielectric breakdown.
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Figure 4.39: Polarization (Dielectric Displacement) at fields of 1.5, 3, 4.5, and 5.6
kV/mm, and a frequency of 0.1 Hz. Composition shown is BNT.
The coercive field is often taken as the intersection of the polarization versus
field hysteresis loop and the electric field axis (Jaffe et al., 1971; Askeland, 1996).
In the literature, the hysteresis loop is presented as being saturated (Jaffe et al.,
1971; Srivastava and Weng, 2006; Damjanovic, 2005), implying that this saturation is
required to determine the coercive field. At the maximum field which could be applied
without failure, the intersection of the hysteresis loop and the field axis occurred at less
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than ±2 kV/mm, and the intersection of the hysteresis loop and the polarization axis
occurred at less than ±10 µC/cm2 . These values are both well below the commonly
cited values of Ec = 7.3 kV/mm, and Pr = 38 µC/cm2 for pure BNT.
The measurement conditions for obtaining the Ec and Pr for other BNT-based
compositions are also rarely reported. However, some researchers, including Hosono
et al. (2001) and Nagata and Takenaka (2000), have specified a frequency of 50 Hz
for their strain and polarization measurements. Figure 4.40 shows the bipolar polarization hysteresis loop at frequencies of 0.1 and 50 Hz at a peak field of 5 kV/mm.
The intersections of the loop with the field and polarization axes for the 0.1 Hz field
frequency were about ± 1.25 kV/mm and ± 5.8 µC/cm2 , respectively, while at the
50 Hz field frequency, they were ± 2.44 kV/mm, and 8.2 µC/cm2 , respectively. In
both cases, the positive and negative values were averaged, to compensate for the
shift in the curves from the origin. Both of these values were below the Ec and Pr
commonly cited in literature. Figure 4.40 clearly shows that the shape of the curve
and these intersections are frequency dependent, but saturation was not achieved at
either frequency.
The strain measurements at low frequencies (0.1 Hz) produced a characteristic
butterfly curve. The tails of the butterfly are often referred to as the coercive field
(Srivastava and Weng, 2006). This will be further discussed in Section 4.5.2.2. Increasing the frequency by one and two orders of magnitude to 1 and 10 Hz changed the
shape of the curve from the butterfly to “fish” and loop shapes, respectively (Figure
4.41). As will be discussed in Section 4.5.2.2, both the fish and the loop shapes are
indicative of partial depoling and incomplete repoling, due to measurements near or
below the coercive field. Higher fields are required to obtain the butterfly curve, which
is characteristic of complete polarization reversal. This evolution of curve shapes with
frequency is further evidence of frequency dependence of both the polarization and
the strain.
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Figure 4.40: Bipolar polarization (or dielectric displacement) vs. field of BNT sample
at frequencies of 0.1 and 50 Hz, and a maximum field of 5 kV/mm. The distortion
in the loop for both frequencies was consistent over the six cycles measured.
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Figure 4.41: Bipolar strains at frequencies of 0.1, 1, and 10 Hz for BNT sample at a
maximum field of 5 kV/mm. Strain data for 10 Hz were noisy and some data were
eliminated by the filtering algorithm.
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The lack of clarity and detail on measurement conditions reported in the literature, the limitation on the maximum field that could be applied, and the frequency
field dependence of the intersections with the field and polarization axes all make
determining the Ec and Pr using the Sawyer-Tower circuit method unreliable in the
present research. The coercive fields for each of the compositions were determined
using the tails of the butterfly strain curves. This will be further discussed in Section
4.5.2.2.

4.5.2.2

Bipolar Strain (Butterfly Curve)

The application of a bipolar field to a ferroelectric ceramic produces the well known
“butterfly” curve, which is a result of the strain associated with domains becoming
aligned with the field, and switching directions as the field is reversed. However, the
downfall to applying a bipolar field is the tendency for the sample to depole when the
field is reversed. At the higher measurement fields above a critical value, the sample
will repole in the opposite direction. This happens twice in each complete cycle.
At lower measurement fields, below a critical value, there is still depoling upon field
reversal, but the repoling in either direction will not be complete, and any benefits of
the initial poling are lost. Strain plotted against the field at the lower measurement
fields produces a lopsided butterfly or “fish” shaped curve, and at very low fields, a
simple hysteresis loop is produced.
In Section 2.1.2.3, the domain switching and polarization behaviour under bipolar
fields were explained. The area in the bipolar polarization hysteresis loop (Figure
2.5) is related to the energy required to switch the domains 180°. A similar behaviour
is observed in the bipolar strain measurements (Figure 4.42). At the maximum field
(point 1), the domains are aligned in the direction of the field, and as the field
decreases from the positive maximum to zero (point 2), the domains relax, and while
they are no longer perfectly aligned, there is still some remanent polarization. This
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is evidenced by the presence of a remanent strain at zero applied field. As the field
is further decreased, the domains start to switch and become aligned in the opposite
direction. At a critical field (point 3), the strain is a minimum, and it is assumed
that the domains are all oriented 90° to the field. This is the coercive field, which
is the field required to initiate the switch in the domain direction. As the field is
further decreased, the domains rapidly align in the opposite direction, producing a
sharp increase in the strain (point 4). When the field is then increased, the same
behaviour is observed with a remanent strain at zero field, a minimum strain at the
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coercive field followed by a sharp increase in the strain at a higher field.
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Figure 4.42: Bipolar strain vs. field butterfly curve. Relative orientations of the
domains are shown as arrows.
The bipolar butterfly curves show high strains accompanied by very large hysteresis. On the other hand, the unipolar loop curves have considerably smaller strains
and hysteresis. The area within the hysteresis loops is related to the energy required
to switch the domains. No domain reversal occurs in the unipolar cycle. Instead,
there is only domain alignment with the increasing field, and domain relaxation with
the decreasing field during each cycle. When the unipolar and bipolar strain curves
are superimposed as in Figure 4.43, the unipolar strain follows the same path as the
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bipolar during the relaxation phase of the strain cycle.

Figure 4.43: Bipolar strain and unipolar strain curves superimposed. The unipolar
strain follows the same path as the bipolar during the relaxation phase of the cycle.
Composition shown is 1.5BNZ.
An approach similar to that used for the unipolar strain and poling measurements
was used for the bipolar strain and poling measurements. An initially unpoled sample
was subjected to increasingly large bipolar fields for the strain measurements. The d33
of the sample was measured using the Piezo-d meter after the maximum field applied
(5-8 kV/mm, depending on composition). The strain of the newly poled sample was
measured again starting at lower field (3 kV/mm) and increasing back up to the
previous peak field. The d33 on the second set of measurements was measured using
the Piezo-d meter following the first low field cycle and again after the peak field
cycle. The first set of measurements provided insight into both the strain and poling
behaviours of an unpoled sample under bipolar field, while the second set provided an
insight into the strain behaviour of a poled sample, as well as the depoling behaviour
at lower fields.
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The unpoled samples showed very little strain at low fields giving a flat strain
versus field curve (Figure 4.44 a). As the field was increased, the strain increased,
and the butterfly curve gradually developed (Figure 4.44 b-c), which is an indication
of the onset of domain alignment and reversal at both high positive and negative fields.
The butterfly curve was fully developed at the maximum field of 7 kV/mm (Figure
4.44 d). In contrast, the poled samples showed strain at the low field (Figure 4.45 a),
but the strain versus field plot took on a loop shape. It was conjectured that this was
because the applied field was below the critical “switching” or coercive field for that
particular material. Some depoling likely occurred at the negative fields, but the field
was insufficient to fully switch the domains. As the applied field was increased, the
shape of the strain versus field curve evolved into a lopsided “fish” curve (Figure 4.45
b). It was speculated that the tail of the fish curve (left side of curve in Figure 4.45
b) resulted from the onset of domain reversal, but the field was insufficient to fully
reverse the domains, and the predominant domain alignment remained in the initial
direction established by poling. Some remanent polarization was still present from
the right side of the curve (the head of the fish). This speculation is supported by
a dramatic decrease in the d33 value after subjecting the sample to six cycles at the
field which produced the fish shaped curve. As the field was further increased, the
head and tail of the fish evolved into the symmetric wings of a butterfly (Figure 4.45
c-d). At higher fields, the butterfly curve of both the initially unpoled and initially
poled sample were identical. There was complete domain reversal each half cycle at
the high fields.
The shape and size of the bipolar strain curves at the higher fields varied among
the compositions (Figure 4.46). In addition to the total strain at a given field, key
differences between the curves were the strain at zero field, and the field at zero
strain, hereafter referred to as the remanent strain and the coercive field, respectively
(Figure 4.47). The total strain, remanent strain, and the coercive field were easily
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Figure 4.44: Bipolar strain vs. field of unpoled sample, showing development of
butterfly curve over a range of fields: 4, 5, 6, 7 kV/mm (Composition shown is
1.5BNZ).
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Figure 4.45: Increasing field of poled bipolar sample, at 4, 4.5, 5, 6 kV/mm, showing
fish to butterfly transition (Composition shown is 1.5BNZ).
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extracted from regression analyses of the cleaned strain data, and were used as the
characteristic parameters to compare the compositions. The total strain for each
half cycle was calculated by subtracting the minimum from the maximum at a given
polarity (positive or negative field), Figure 4.47. The remanent strain was calculated
by subtracting the minimum strain from the strain at zero field (Figure 4.5.2.2). The
coercive fields were the fields at the minimum strain values for each of the half cycles.

Figure 4.46: Bipolar strain curves of 1.5, 10, and 20% BNZ..
Above a critical field (i.e., when the sample is considered to be poled), changes in
the applied field have very little effect on the remanent strain. The remanent strain
values have been pooled for different samples and different applied fields for each of
the families in Figures 4.48 through 4.50. Similarly, the applied field has little effect
on the coercive field. These values have also been pooled in Figures 4.48 through
4.50.
The coercive field measured for the BNT ceramics using the tails of the butterfly
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Figure 4.47: Locations of the remanent strain and coercive field on the bipolar butterfly strain curve.
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Figure 4.48: Bipolar remanent strain and zero strain field for x-BNMN compositions
(25BNMN and above not shown due to very small strain). Error bars represent one
standard deviation.
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Figure 4.49: Bipolar remanent strain and zero strain field for x-BNZ compositions.
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curve was about ± 4 kV/mm. This is more than twice the field where zero polarization occurred using the Sawyer-Tower circuit (Section 4.5.2.1). It is thought that
discrepancy was due to leakage currents confounding the polarization measurements
made with the Sawyer-Tower circuit. The coercive fields calculated from the strain
measurements are still below the commonly cited Ec = 7.3 kV/mm. The source of
the discrepancy was not investigated. The results of the present research show that
the coercive field determined from the strain measurements is frequency dependent,
and suggests that higher measurement frequencies will result in higher coercive fields
(Figure 4.41). The field frequency is rarely provided in the literature. An exception
is Hosono et al. (2001), who used 50 Hz, and obtained an Ec of ± 30 kV/cm (and
Pr = ± 6 µC/cm2 ) for single crystals of BNT. These values are also well below those
commonly cited in the literature, although no comment was made by Hosono et al.
(2001) to that effect.
The BNMN family exhibited very little change in the remanent strain with additions up to 2 mol%. At 5 mol%, there was a definite decrease in the remanent
strain. At larger additions of 25% and above, there was only a very small strain
response. This drop in the remanent strain with increasing concentration did not
follow a similar trend to the d33 response, as described in Section 4.5.1.1. There was
an approximately linear decrease in the coercive field with increasing additions up to
5%. Beyond that, at the 25% addition, there was no measurable coercive field due to
the very small strain response.
There appeared to be a small improvement in the remanent strain at 1% additions
of BNZ. Larger additions, 5% and above degraded the performance resulting in a
considerably lower remanent strain. There appeared to be an increase in the coercive
field with very small additions of BNZ (0.5%) followed by a decrease. At higher
additions (10 and 20%), there was no clear coercive field. This is likely the case due
to the lack of significant poling in the samples at any fields. However, there was still
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strain induced in the samples.
There appeared to be an initial improvement in the remanent strain at 1% additions of BNCW. Larger additions, 2% and above degraded the performance resulting
in a remanent strain lower than for pure BNT. There appeared an approximately
linear decrease in the coercive field for all additions of BNCW.
A visual inspection of the butterfly curves showed that a combination of a smaller
remanent strain and coercive fields lead to a smaller area contained within the curve.
As was discussed earlier, the area of the curve is related to the energy required for
domain switching. As a first approximation, the hysteresis curve was linearized and
the area contained was approximated as the product of twice the coercive field and
the peak strain. The estimates of the hysteresis were plotted against composition in
Figure 4.51. The shape of the graph is remarkably similar to those in Figures 4.48
through 4.50. The compositions with higher concentrations of additives generally had
much lower hysteresis values, but all additives appear to have had a reducing effect on
the hysteresis. Often large hysteresis is considered detrimental (Damjanovic, 2005),
however, it can also be beneficial, depending on the application. Larger coercive
fields (such as those found in hard doped PZT) are generally associated with large
hysteresis. Large coercive fields mean that the material is not readily depoled. Smaller
hysteresis and coercive fields (accompanied with a large strain) are a characteristic
of electrostrictors such as PMN, which are not readily poled, yet still exhibit strain.

4.6

Summary of the Chapter

A number of different parameters have been examined in the electrical characterization of these materials. Many of these parameters are closely related, such as the
strain and the piezoelectric coefficient, d33 . However, similar patterns of the effect of
concentration on the various properties emerged with each characterization method.
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Figure 4.51: Normalized hysteresis for strain measurements at 6 kV/mm, plotted
against the concentration of additives. BNT hysteresis is represented as 1.
It was found that the small concentrations of additives, on the order of 0.5 to 1mol%
of each family had the biggest impact. Higher concentrations, on the order of 5 mol%
and higher actually degraded the properties relative to BNT. This general trend is
consistent among the three families of additives investigated. The emergence of the
same patterns for each of the properties measured helped to establish confidence in
the data.
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Chapter 5
Discussion
5.1

Evaluation of Theories for the Selection of
Additives

The results presented and discussed in Chapter 4 provide an opportunity to evaluate
the four theories discussed in Section 2.4 as they apply to BNT ceramics. If these
theories work, they can provide some insight into the selection of additives for future
research. This section compares the results obtained with those predicted by the
theories.

5.1.1

Goldschmidt Tolerance Factor

The Goldschmidt tolerance factor is an empirical set of rules based on ionic radii
which predicts the stability of the perovskite structure. The tolerance factor is given
by:
t= √

rA + rO
2 (rB + rO )

(5.1)

where rA , rB , and rO are the radii of the A-site, B-site and Oxygen ions, respectively
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According to Shrout and Halliyal (1987), Goldschmidt concluded that the perovskite structure should be expected for a range of tolerance factors from t = 0.77 to
0.99. These tolerance factor values are based on octahedral coordinations of the ions
(coordination number of 6). However, if the ionic radii for the A-site are corrected
for the coordination number of 12, then the tolerance factor range for a stable perovskite is between 0.88 and 1.09 (Shrout and Halliyal, 1987). There is an inherent
problem in using this adjustment for the BNT perovskite, since the ionic radii of Bi3+
ions are only provided for coordination numbers of 5, 6, 8 in Shannon (1976). Some
researchers including Yamashita et al. (2000) and Yan et al. (2005), determined the
ionic radius of Bi3+ with a coordination number of 12 to be 140 pm, but they did not
provide details of how this determination was made. They may have arrived at this
value via an extrapolation of the data, although attempts to replicate this value were
unsuccessful. Because verifiable data on the ionic radius of Bi3+ with a coordination
number of 12 were not available, the tolerance factors were calculated using the ionic
radii with a coordination number of 6.
The Goldschmidt tolerance factor was calculated for each of the compositions
investigated (Tables 5.1 through 5.3). The ionic radii were obtained from Shannon
(1976). Since the compositions are all complex perovskites, the values used for rA
and rB were the averages of the different A and B site ions respectively, weighted
according to their proportion. Shrout and Halliyal (1987) and Halliyal et al. (1987)
also used the weighted average approach. As a comparison, the tolerance factor was
calculated for PbTiO3 as 0.9134, and for Pb(Zr0.52 Ti0.48 )O3 as 0.8870.
The tolerance factors calculated in Tables 5.1 through 5.3 varied over a very small
range and were well within the limits outlined by Shrout and Halliyal (1987) which
would result in a stable perovskite. XRD data (Section 4.1.1) confirmed that each of
the compositions formed perovskites. Ion selections which would violate the tolerance
factor were not studied, and consequently, conclusions can not be made on phases
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Table 5.1: Goldschmidt tolerance factor calculations for the BNMN family, rO = 40,
rNa = 102,rBi = 103, rTi = 60.5, rMg = 72, rNb = 64. All values in pm.
Composition
BNT
0.5BNMN
1BNMN
2BNMN
5BNMN
25BNMN
50BNMN
75BNMN
100BNMN

% Added
0
0.5
1
2
5
25
50
75
100

t
0.8552
0.8551
0.8550
0.8547
0.8539
0.8487
0.8423
0.8359
0.8297

Table 5.2: Goldschmidt tolerance factor calculations for the BNZ family, rO = 40, rNa
= 102,rBi = 103, rTi = 60.5, rZr = 72. All values in pm.
Composition
BNT
0.5BNZ
1BNZ
1.5BNZ
5BNZ
10BNZ
20BNZ

% Added
0
0.5
1
1.5
5
10
20

t
0.8552
0.8550
0.8547
0.8545
0.8528
0.8504
0.8455

Table 5.3: Goldschmidt tolerance factor calculations for the BNCW family, rO = 40,
rNa = 102,rBi = 103, rTi = 60.5, rCu = 73, rW = 60. All values in pm.
Composition
BNT
0.25BNCW
0.5BNCW
1BNCW
1.5BNCW
2BNCW
2.5BNCW

% Added
0
0.25
0.5
1
1.5
2
2.5
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t
0.8552
0.8552
0.8551
0.8550
0.8548
0.8547
0.8546

formed when the Goldschmidt tolerance factor is violated.

5.1.2

Bond-Valence Tolerance Factor

The Bond-Valence theory is a set of empirical rules which predict A-site versus B-site
distortion of the perovskite unit cell. Walsh and Schulze (2004) stated that tolerance
factors greater than 1.0 would result in distortion of the B-site, which results in
ferroelectric response, while values less than 1.0 would result in a distortion on the
A-site, which results in a ferroelastic response. The tolerance factor from Walsh and
Schulze (2004) is calculated from the ratio of the lattice parameter (a) determined
from the ideal A-O and B-O bond lengths, where O is the oxygen ion:

t=

aA−O
aB−O

(5.2)

The bond length between ions i and j, Rij , is determined from Equation 5.3 which
was derived by combining two equations given by Walsh and Schulze (2004),

Rij = −ln

V alence
CN


× B + Ro

(5.3)

where B is a universal constant, equal to 0.37 pm, Ro is the length of a bond of unit
valence, as determined from Brown and Altermatt (1985), V alence is the valence of
the ion, and CN is the coordination number of the ion. The values of aA−O and aB−O
were calculated as:
aA−O =

√
√
2 × Rij = 2 × RAO

aB−O = 2 × Rij = 2 × RBO

(5.4)
(5.5)

The tolerance factors were calculated using the above equations, and were all
found to be below unity. In fact, they all decreased with increasing concentrations
of additives. According to Walsh and Schulze (2004), this means that there should
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only be a ferroelastic response in the material. This particular property was not
investigated in the present research. They suggested that the tolerance factor could
be correlated with ferroelectric properties, but they did not provide any concrete
relationships.
Following the suggestion of Walsh and Schulze (2004) that there is a relationship
between the tolerance factor and the ferroelectric response, the room temperature
dielectric constant and the d33 from poling through strain were plotted against the
calculated tolerance factors (Figures 5.1 and 5.2). Data for all three compositions,
BNZ, BNMN and BNCW are included in Figures 5.1 and 5.2. The room temperature dielectric constant appeared to have a piece-wise linear response with a plateau
occurring at a tolerance factor above about 0.953 (Figure 5.1). The d33 increases
rapidly at tolerance factors above 0.958 (Figure 5.2), and these increased d33 values
are indicative of a ferroelectric response in the ceramic. There is a wide range of d33
values within a very narrow tolerance factor range. It appears that the ferroelectric
response starts at tolerance factors below unity, but as the maximum tolerance factor
in the present data is 0.959, it is not possible to assess the theory beyond the tolerance
factor 1.0 proposed by Walsh and Schulze (2004) for B-site distortion and ferroelectric response. However, an onset of enhanced ferroelectric response was observed at a
tolerance factor of about 0.957 which suggests that the critical value of 1.0 proposed
by Walsh and Schulze (2004) may be slightly high for the present compositions.
The small difference in the tolerance factor from pure BNT (as indicated by the
solid triangle in Figures 5.1 and 5.2) is achieved with very small concentrations of the
additives, up to 2%. It is clear that the small concentrations have the biggest impact.
This is due in part to the lower conductivity of these compositions and the ability
to pole and do strain measurements at higher fields. The tolerance factor does not
provide any indication of these ancillary benefits. In fact, the Bond-Valence tolerance
factor for pure BNT is the highest of all compositions studied, but both the room

110

room temp dielectric constant

900
800
700
600
500
400
300
200
100
0
0.930

0.935

0.940

0.945

0.950

0.955

0.960

0.965

Bond-Valence tolerance factor

d33 from poling through strain (pC/N)

Figure 5.1: Room temperature 1 kHz dielectric constant vs. Bond-Valence tolerance
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temperature dielectric constant and the d33 are higher for some compositions with
slightly lower Bond-Valence tolerance factors.

5.1.3

Weight Factor, F(w)

Yan et al. (2005) proposed a formula based on the differences of the ionic size, atomic
weight and electro-negativity of the A- and B-site ions. An overview of the weight
factor is provided in Section 2.4.3.
The formula used to calculate this weight factor is:

F (w) = |R| + |M | + 100|X|

(5.6)

where R is the ionic size, M is the atomic mass, and X is the electro-negativity
as determined from the Pauling Scale. Each of the variables is calculated as the
difference between the A- and B-site values, for example for 1BNMN:

R = (0.5 × RBi + 0.5 × RN a ) − (0.99 × RT i + 0.01 × [0.33 × RM g + 0.67 × RN b ])
(5.7)
This factor appears to be an extension of both the Goldschmidt tolerance factor
(Section 5.1.1) and the Bond-Valence theory (Section 5.1.2), in that it is largely
based on the ionic size. The difference here is that the mass and electro-negativity
are also included in the formula. The shape of the plots of room temperature dielectric
constant (Figure 5.3) and the d33 values (Figure 5.4) versus the F(w) factor are almost
identical to Figures 5.1 and 5.2, which were created with the Bond-Valence tolerance
factor.
Yan et al. (2005) claim that the best response occurs with the highest difference
in the ionic radii, ionic mass, and electro-negativity between A- and B-sites, which
would result in a large F(w) value. As with the Bond-Valence tolerance factor, room
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Figure 5.3: Room temperature 1 kHz dielectric constant vs. Formula-Weight factor.
The large solid triangle is the BNT value.
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Figure 5.4: d33 from poling through strain vs. Formula-Weight factor. The large solid
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temperature dielectric constant appeared to have a piece-wise linear response with a
plateau occurring at a F(w) values above about 149. The d33 increases rapidly at F(w)
equal to about 155. There is a wide range of d33 values within a very narrow F(w)
range. Unfortunately, there were no F(w) values greater than 157.1, so comments
cannot be made about the higher ranges of F(w). Of the compositions studied, pure
BNT has the largest F(w), but higher responses were obtained for compositions with
slightly lower F(w) values. As with the Bond-Valence tolerance factor, the additional
benefits of reduced conductivity and increased maximum poling and strain fields are
not described by the F(w) theory.

5.1.4

Comparison of the Three Ionic Radii Based Theories

There are a lot of similarities in the grouping of the data in these three theories.
The theories are all based on the ionic radii, which offers a partial explanation. The
difference lies in what they are predicting, as well as the scale of the tolerance factor.
When the Bond-Valence and the F(w) factors are plotted against Goldschmidt, they
both form almost linear relationships (Figure 5.5). This means that the latter two
factors are providing very little new information compared to the Goldschmidt for
the compositions investigated.

5.1.5

PZT Dopant Theory

Much of the work to date on doping PZT has been based on a set of empirical rules.
The rules reported by Berlincourt (1981), Jaffe et al. (1971), and many others, and
summarized in Section 2.4.4, state that the valence of the additive relative to the ion
that it replaces will determine how it affects the properties of the PZT ceramics.
All of the additives used in the present research substituted for the B-site Ti4+
ion. They were chosen such that there was an overall charge balance for the Ti4+
ion that they were replacing. According to Jaffe et al. (1971), the additives should
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Figure 5.5: Linear dependence of the Bond-Valence tolerance factor and Formula
Weight factor vs. the Goldschmidt tolerance factor.
behave as isovalent substitutions in the PZT system, and result in a decrease in the
Curie temperature accompanied by improvements in the dielectric and piezoelectric
properties. However, at the unit cell level, the additives for the present research fall
into all three of the categories of isovalent (Zr4+ ), donor (Nb5+ , W6+ ) and acceptor
(Mg2+ , Cu2+ ). It was not known whether or not they would follow the same rules
put forth by Jaffe et al. (1971) for the PZT materials.
The BNMN family was composed of donor and acceptor additions, with a higher
proportion of donors than acceptors. Table 5.4 is a summary of the properties examined, and categorizes them as donor or acceptor behaviours according to the theory
discussed in Section 2.4.4. Most of the behaviour types were donor which indicates
that although there are two types of additions, the donor dominates in this system.
The BNZ family was composed of isovalent additions. Table 5.5 is a summary
of the properties examined, and categorizes them as isovalent, donor, or acceptor
behaviours. There was a split between the donor and acceptor behaviours, which
indicates that the isovalent additions did not entirely follow the theory outlined in
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Section 2.4.4 for additives to PZT ceramics.
The BNCW family was composed of both donor and acceptor additions, with even
ratios of both. Table 5.6 is a summary of the properties examined, and categorizes
them as isovalent, donor, or acceptor behaviours. Most of the behaviour types were
donor, which indicates that although there were two types of additives, the donor
type dominated.
Table 5.4: Summary of change in properties with small additions of BNMN (under
5%)
Property

Observed Behaviour

Room temperature
dielectric constant
(1kHz)
Room temperature
losses (1 kHz)
d33

Increase

Type of behaviour
according to PZT
theory
Donor

Decrease

Acceptor

Increase up to 1%, no
change at 2%, decrease
at 5%
Little change up to 2%,
decrease at 5%
Decrease

Donor at lower
concentrations

Remanent strain
Coercive field

n/a
Donor

One additional property, the Curie temperature variation, was not presented in
these tables. In all cases, the Curie temperature increased with additives, which is
opposite to the behaviour described by the theory for both the isovalent and the
charge balanced additions (Section 2.4.4). However, the results of Yamada et al.
(1995) show a decrease in the Curie temperature for larger additions of BNZ to BNT.
This is contradictory to the present findings. The other results of BNZ including
improvement in both dielectric and piezoelectric properties suggest that perhaps the
BNZ might in fact behave as an isovalent addition. The rest of the comparisons show
that there is not a clear trend for the BNT ceramics in following the doping rules for
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Table 5.5: Summary of change in properties with small additions of BNZ (under 5%)
Property

Observed Behaviour

Room temperature
dielectric constant
(1kHz)
Room temperature
losses (1 kHz)
d33
Remanent strain
Coercive field

Increase

Type of behaviour
according to PZT
theory
Donor

Decrease

Acceptor

Increase
Increase
Increase

Donor
Donor
Acceptor

Table 5.6: Summary of change in properties with small additions of BNCW (up to
2.5%)
Property

Observed Behaviour

Room temperature
dielectric constant
(1kHz)
Room temperature
losses (1 kHz)

Increase

d33
Remanent strain

Coercive field

Decrease up to 1.5%
BNCW, increase at
higher concentrations
Increase
Increase up to 1%,
decrease at 1.5% and
above
Decrease
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Type of behaviour
according to PZT
theory
Donor

Acceptor at low concentrations, donor at higher
concentrations
Donor
Donor

Donor

PZT. However, Chu et al. (2002a) found that in the neighbourhood of the MPB for
BNT-BaTiO3 ceramics (at about 8% BaTiO3 ), the PZT doping rules were valid in
terms of additions of hard and soft additives (acceptor and donor, respectively) to
the B-site of the perovskite. Yu et al. (2007) also found that with small additions of
B-site donor dopants to BNT-BaTiO3 (at about 0.1% BaTiO3 ), the resulting ceramic
exhibited soft ferroelectric behaviour. Both of these systems used BaTiO3 additives
in addition to the B-site dopants, and since BNT and BaTiO3 form an MPB, it is
speculated that an important factor in applying these rules to BNT is the presence
of an MPB in the system.

5.2

Analogy with Lead

PbTiO3 (PT) and BNT have some similar characteristics. Both compositions have
relatively high conductivities (Tien and Carlson, 1962; Yu et al., 2007), which poses
a problem during poling. In spite of this, d33 values of pure PT have been reported
at about 56 pC/N (Xu, 1991), and it was found in the present research that the
d33 of BNT was about 58 pC/N. Both of these values are relatively low, and it has
been shown that small additions of A-or B-site dopants improve the piezoelectric and
dielectric properties of both PT and BNT.
It was decided to investigate whether or not the BNT ceramics behaved in a similar manner to PT with the same B-site additions. Two of the composition families,
xBNMN and xBNZ, were selected to determine if there was a direct analogy between the lead-based PT and BNT-based ceramics. These two systems were similar
to the very well known lead-based systems, PMN-PT and PZT. The dielectric and
piezoelectric behaviours of the BNT-based systems were compared to the PT-based
systems.
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The additives in the third composition (BNCW) are not commonly used in leadbased perovskites, and will be discussed separately in Section 5.3.

5.2.1

Mg1/3 Nb2/3 Additions

A common addition to PT is Pb(Mg1/3 Nb2/3 )O3 (PMN), where the Ti4+ ions are
replaced with a combination of Mg2+ and Nb5+ . PMN is often added to PT in very
large quantities. A well studied composition is 0.9PMN-0.1PT, which is a relaxor,
with a Curie temperature of around 40°C. This composition is not strongly ferroelectric, and thus cannot be poled, but it does exhibit very large electrostrictive strains.
Other common compositions are concentrations close to the MPB of PMN-PT, which
occurs at about 30-35% PT. At this point, it is a ferroelectric material, and can be
poled.
BNMN is an uncommon addition to BNT and little is known about its properties
and behaviours. The present research showed that there was an improvement in both
the dielectric and ferroelectric properties with very small additions of BNMN to BNT.
Table 5.7 is a summary of key parameters of ferroelectric ceramics, and a comparison
of the lead-based system and the BNT-based system.
From Table 5.7, it is clear that there are very few similarities between behaviours of
the PMN-PT and the BNT-BNMN ceramics with increasing additions of Mg1/3 Nb2/3
on the B-site. In fact, it appears that the behaviours are opposite for many of
the properties. One of the primary reasons for this could be due to the lack of an
MPB between BNMN and BNT. Most of the improvements in properties in PMN-PT
appear to be centered around the presence of the MPB.

5.2.2

Zr4+ Additions

One of the most commonly used lead-based piezoelectrics is PZT. This is a solid
solution of PbZrO3 and PbTiO3 , and there has been a lot of research activity on
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Table 5.7: Comparison of the resulting properties of the Mg1/3 Nb2/3 B-site additive
to lead-based and lead-free systems.

Property
Curie
temperature
Room
temperature
dielectric
constant
Ferroelectric
behaviour

High
temperature
dielectric
Structure

MPB

Poling

Strain

Lead-Based
PMN to PT
Decrease with
increasing PMN
additions
Increases around
MPB

Relaxor up to 30%
PMN additions,
normal at 40% and
above
Increases with
increasing PMN
additions
PT = tetragonal

PMN = pseduocubic
65 - 75% PMN

Present Research
Reference BNMN to BNT Figure /
Reference
Lente et al. Slight increase for Figure 4.18
(2004)
all concentrations
of BNMN
Choi et al. Increases up to
Figure 4.14
(1989)
25% BNMN, then
decreases with
more BNMN
Lente et al. Relaxor
(not shown)
(2004)

Lente et al.
(2004)

Decreases with
increasing BNMN
additions
Tien and
BNT =
Carlson
Rhombohedral,
(1962)
BNMN =
Choi et al. Rhombohedral
(1989)
Choi et al. None found
(1989)

d33 peaks around
MPB

Choi et al. Initial increase
(1989);
followed by
Kelly et al. decrease with
(1997)
higher concentrations
Electrostrictive for Safari et al. None for 100%
100% PMN
(1996)
BNMN
Electrostrictive
Kusumoto
Piezoelectric for
+ piezoelectric for and Sekiya 25% and below
Increases up to
90 - 91% PMN;
(1998)
piezoelectric for
2% and decreases
lower concentrations
above
of PMN
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Figure 4.18

Figure 4.2 &
Yamada et
al. (1995)

Figure 4.2
& Yamada
et al.
(1995)
Figure 4.32

(data not
shown)
Figure 4.46
Figure 4.37

compositions of PZT close to the MPB. PZT ceramics near the MPB have extremely
high piezoelectric coefficients, due to the efficiency of poling. Relatively little has
been reported on compositions of different concentrations of PZ and PT, likely due
to the inferior properties of the ceramics at the concentrations away from the MPB.
BNZ is also an uncommon addition to BNT, and very little has been reported on
its properties. Yamada et al. (1995) reported on the dielectric properties, but only
for additions of 20% BNZ and above. The present research found that there was
an improvement in both the dielectric and ferroelectric properties with very small
additions in the range of 0.5 to 2 mol% of BNZ to BNT. Table 5.8 is a summary of
key parameters of ferroelectric ceramics, and a comparison of the lead-based system
and the BNT-based system.

5.3

Cu1/2W1/2 Additions

BaCu1/2 W1/2 O3 , (BaCW) has been added to a number of lead-based perovskites
such as Pb(Fe1/2 Nb1/2 )O3 , and PZT to reduce the sintering temperatures without
sacrificing the dielectric properties (Kaneko et al., 1998; Wang et al., 2003). Wang
et al. (2003) extended this work to look at the effects of BaCW on BNT ceramics.
Since the present research is focused on B-site additions, it was decided to further
extend the research to examine the effects of BNCW on BNT ceramics. To determine
if the positive effects achieved were due to the Cu2+ and W6+ replacing the Ti4+ ions
or due to the Ba2+ ions replacing Bi3+ and Na+ , results of the present research was
compared to that from Wang et al. (2003), and to previous work with additions of
BaTiO3 to BNT which has been a popular additive since its discovery by Takenaka
et al., in the early 1990’s. Table 5.9 is a summary of the properties and the relative
effects of BaCW, BaTiO3 , and BNCW additives.
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Table 5.8: Comparison of the resulting properties of the Zr4+ B-site additive to leadbased and lead-free systems.

Property
Curie
temperature

Room
temperature
dielectric
constant
High
temperature
dielectric
Structure

MPB

Poling

Strain

Lead-Based
PZ to PT

Reference

Decreases with
increasing
additions of
PZ to PT
Increases with PZ
additions;
Dramatic increase
approaching MPB
-

Sawaguchi
(1953)

PT = tetragonal

Tien and
Carlson
(1962)

Jaffe et al.
(1971)

Increases with
additions up to
20%

Figure 4.15

-

Decrease with
increasing BNZ
additions
BNT =
Rhombohedral,
BNZ =
Rhombohedral

Figure 4.19

None found

Figure 4.3
& Yamada
et al.
(1995)
Figure 4.33

PZ =
rhombohedral
53.5% PZ to PT

Small additions of
PZ = unsuccessful
poling;
High d33 at MPB
Electrostrictive
around MPB

Electrostrictive
+ piezoelectric for
pure PZ

Present Research
BNZ to BNT
Figure /
Reference
Increases with
Figure 4.19
increasing BNZ
to BNT

Jaffe et al.
(1971)

Increase with up
to 2% additions,
followed by
decrease
Unipolar
increases up to
2% followed by
decrease
Dai et al. Pizeoelectric for
(1995)
all ranges tested
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Figure 4.38

Figure 4.47
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Grain size

d33

Room
temperature
losses (tanδ)
Morphotropic
Phase
Boundary

Room
temperature
dielectric (εr )

Curie
Temperature
(Tc )

Property

d33 improved for
concentrations
up to 2% BaCW (80), then
decreases
0.5% BaCW = no significant
change, 2% and above,
significant grain size reduction

d33 = 80 (0.5% BaCW)

None seen in range tested
(from 0-6% BaCW), but 100%
BaCW has different structure

Increases with increasing
BaCW

Increases with increasing
BaCW (up to 1000 at 6%)
∼ 600 at 0.5%

BaCu1/2 W1/2 O3 in BNT
(from Wang et al. (2003))
Decreases with 0.5% BaCW
(Tc = 308 °C)

Table 5.9: Effects of Cu1/2 W1/2 additives.

Increase for all
concentrations;
∼ 350 at 0.5%
BNCW

Takenaka et al. (1991)

Significant
decrease for all
concentrations

Takenaka et al. (1991);
d33 = 125 - 130 at
Increase to 90 at
Wang et al. (2005a)
MPB
0.5% followed by
d33 increases up to Chu et al. (2002a)
decrease
6% BT then
decreases

Initial decrease
followed by
increase at 1.5%
Non found in
concentrations
tested

Increase to ∼ 700
Hosono et al. (2001)
at 0.5% BNCW
Takenaka et al. (1991)

Chu et al. (2002a)

Wang et al. (2005a)

BNCW in BNT

Source

6-7% BaTiO3 addi- Takenaka et al. (1991)
tions

Tc = 288 °C at 6%
BaTiO3
Tc = 250 °C (decrease)
Increases with
increasing BaTiO3
6% BaTiO3 = 580
Increases around
MPB
to 1600 (10 kHz)

BaTiO3 in BNT

Figures 4.6,
4.11, and
4.12

Figure 4.34

Figure 4.4

Figure 4.16

Figure 4.16

Figure
Number
Figure 4.20

The results suggest that some of the effects of the BNCW additives are opposite to
those of the BaTiO3 additives. Comparing these two to the BaCW additives indicates
that some of the property changes are due to the presence of the Ba2+ ions (i.e.,
reduction of the Curie temperature, and improvement in room temperature dielectric
constant at higher concentrations), while others are due to the presence of the Cu2+
and W6+ additives (i.e., reduced grain size, lack of MPB, moderate improvement in
d33 ). The presence of Ba2+ ions with Cu2+ and W6+ additions does not appear to be
crucial for improvements to the system.

5.4

Chapter Summary

Three different tolerance factors were examined as they pertain to the present data.
It was found that they were all very similar, and almost linearly dependent for the
present data set. There are very slight differences in how each one is calculated, but
all seem to be dominated by the ionic radii. This indicates that there is very little
new information in any of the tolerance factors, and the same tolerance factor could
be used to estimate all of the properties that each one claims to predict.
In all three factors examined, much of the data were clustered near a maximum
value of the respective tolerance factor. This maximum was below the values that
Walsh and Schulze (2004), and Yan et al. (2005) identified as being critical for BondValence and Formula Weight factors respectively, and therefore no conclusions can
be drawn about the behaviour of materials with tolerance factors above the critical
values. It is clear that a successful prediction factor needs to be developed and
investigated over a wide range of values, before it can be widely accepted in this field.
The rules for substitutions in the PZT ceramics did not appear to apply entirely
to BNT ceramics for the compositions investigated. However, others have noted that
with the BaTiO3 -BNT system, the doping rules were valid in some cases. Similarly,
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the comparison with lead-based systems using the same B-site additives often showed
opposite responses indicating that there was not a good analogy with lead-based
systems. The data did however show that small additions of each of the additives
resulted in an improvement of nearly all of the properties tested.
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Chapter 6
Conclusions
The main finding of this research was that very small additions under 2% of each
of the three isovalent or charge compensating B-site additions (Mg1/3 Nb2/3 , Zr4+ ,
Cu1/2 W1/2 ) to BNT ceramics decreased the conductivity of the material. This allowed
for higher fields to be applied, thereby improving the poling properties of the material.
The low-field dielectric properties were also improved with small additions of the Bsite additives.
A new composition, xBNCW, where the B-site Ti4+ ion is replaced by the charge
compensating Cu1/2 W1/2 , that had not yet been reported in the open literature was
also developed and characterized. In small quantities, it had properties superior to
BNT.
In addition to these two main conclusions, there are a number of additional findings, which are summarized in the following sections. The three families often had
similar trends of various properties, and in these cases the families will not be discussed separately, instead the general trend will be discussed. Where the trends were
different, responses of the specific families and concentrations will be discussed.

126

6.1

Powder Synthesis

1. All of the compositions investigated formed a predominantly perovskite phase.
There was some evidence of a second pyrochlore-type phase, but it only appeared in very small quantities.
2. Unit cell size calculations based on XRD analysis showed the unit cell size
increased with increasing additions of both BNMN and BNZ, while it decreased
with additions of BNCW.
3. Attrition milling was found to be superior to the conventional ball milling process on all of the calcined powders. It produced smaller particle sizes at a faster
rate, thereby reducing the risk of contamination due to wear of the milling
media and the container.

6.2

Sintering

4. Lower sintering temperatures were required for increasing amounts of the additives.
5. Grain growth during sintering was suppressed with small amounts of additives
for all three families, but larger amounts of additives increased the grain size.

6.3

Dielectric

6. Small amounts of additives increased the room temperature low-field dielectric
constants, and decreased the losses. Larger concentrations of the additives had
an adverse effect on both the dielectric constants and the losses.
7. Increasing the amounts of additives broadened the peak for the elevated temperature dielectric constant.
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6.4

Strain and Poling

8. All concentrations of additives investigated reduced the conductivity of the
BNT ceramics, allowing for higher fields to be applied during poling and strain
measurements without catastrophic failure of the sample due to dielectric breakdown.
9. Very small amounts of additives (0.25 to 1.5%) improved the poling properties
and higher d33 values were obtained. Increasing the concentrations of additives
beyond about 2% adversely affected the d33 . At concentrations of 20% and
above, poling was not possible.
10. Poling during the 0.1 Hz unipolar strain measurements occurred for all additives
at concentrations below 20%, showing that it is possible to pole for shorter times
when using higher fields.
11. Bipolar strain was evident in all of the families at concentrations up to 25%.
In 25BNMN and 20BNZ, where it was not possible to pole the samples, there
was a small strain response. At the higher concentrations of BNMN (50% and
above), a strain response could not be measured.
12. Bipolar fields applied near or below the coercive field during strain measurements resulted in the depoling of the poled samples.

6.5

Evaluation of Tolerance Factors

13. All of the compositions tested fell within the limits of Goldschmidts tolerance
factor that would yield a perovskite structure. XRD analysis confirmed that a
perovskite structure was formed.
14. The ferroelectric response was observed at a Bond-Valence tolerance factor in
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the range of 0.958 to 0.959; the Bond-Valence theory predicts ferroelectric response at a tolerance factor above unity.
15. The compositions tested all had a F(w) factor below pure BNT, but small
concentrations of the additives had ferroelectric properties superior to BNT.
16. There was a nearly linear relationship between each of the different tolerance
factors tested, indicating that they are closely related to each other.
17. Acceptor, donor, and isovalent additions did not behave in a consistently similar
manner as they do when added to PZT.
18. No clear analogy for PT and BNT compositions was observed with respect to
B-site additions of Mg1/3 Nb2/3 and Zr4+ in both systems.
19. The Cu2+ + W6+ additives in the BNCW have in some cases a strong influence
on the properties of the BNT ceramics.
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Chapter 7
Future Work
This research looked at a limited number of concentrations of three different families
of additives to BNT ceramics. The families studied were
Bi1/2 Na1/2 (Ti(100−x) (Mg1/3 Nb2/3 )x )O3
Bi1/2 Na1/2 (Ti(100−x) Zrx )O3
Bi1/2 Na1/2 (Ti(100−x) (Cu1/2 W1/2 )x )O3
abbreviated as xBNMN, xBNZ, and xBNCW, respectively where x refers to the mol%
of the additives. From the results, it has become clear that very small additions
of each of the additives worked to generate some improvement in the properties.
However, it would be worthwhile to investigate slightly larger additions of some of
these compositions. One composition, x-BNCW, was only examined up to 2.5% and
it would be worthwhile investigating it up to much larger concentrations, to determine
if the elusive MPB could be found.
The three ionic radius based tolerance factors for predicting high ferroelectric
properties which were examined had similar trends for the present compositions.
None of the compositions in the present research yielded tolerance factors at or above
a value identified in the literature as critical. Studies on compositions that would
yield a larger range of tolerance factors would allow testing of the validity of the
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tolerance factors.
Also of interest would be to look at other additives, commonly used in lead oxide
based ferroelectrics, to see if the theories outlined for PZT additions could be shown
to apply for BNT. Even though the limited set investigated showed that the analogy
with PT and BNT was not strong, a different set of additives might behave differently
in this regard.
The interest in the development of lead-free piezoelectrics will continue to grow,
as environmental regulations become more stringent. The science in this field is
still relatively young, and it is to be expected that in a young science, the work is
largely empirical. The number of possible combinations for BNT-based compositions
is virtually endless, and the time required to synthesize and characterize them all is
impractical. A comprehensive method is required for predicting new compositions
with the desired properties with minimal iterations and testing. This is not possible
until a better understanding at the fundamental level of the various interactions is
developed. Even with a good theory, experimental work will still be needed to fine
tune and verify the theoretical predictions.
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