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Abstract

The solid solution between the lead-free ceramic materials Ba4Na2Nb10O30

(BNN) and K4Bi2Nb10O30 (KBiN), with the tetragonal tungsten bronze
structure, has been studied. The aim of the research was to look for a
morphotropic phase boundary (MPB). The end members and four differ-
ent ceramic solid solutions with a relative density above 90 % were made
through a conventional solid-state synthesis method. The microstructure
of the samples was imaged with a scanning electron microscope. X-ray
diffraction was used to study the crystal structure and Pawley refinement
was applied to find the evolution of the lattice parameters. Dielectric spec-
troscopy was used to measure the dielectric permittivity as a function of
temperature and frequency. The dielectric data showed that the critical
temperature decreases with increased mixing of the end members. In ad-
dition, the KBiN rich samples of the solid solution have broad dielectric
peaks typical of relaxor behaviour and Uchino analysis supports this obser-
vation. Based on enhanced dielectric permittivity and a significant change
in both the a and c lattice parameters, a MPB is proposed to exist in the
solid solution at a composition of 0.6BNN-0.4KBiN.
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Sammendrag

Faststoffløsningen mellom de to blyfrie keramiske materialene med tetrag-
onal wolframbronse-struktur, Ba4Na2Nb10O30 (BNN) og K4Bi2Nb10O30

(KBiN), ble studert. Studiens m̊al var å lete etter en morfotropisk faseover-
gang. Sluttmedlemmene og fire forskjellige faststoffløsninger ble syntetis-
ert via en standard sintringsmetode og oppn̊adde en relativ tetthet over
90 %. Mikrostrukturen ble undersøkt ved hjelp av et elektronmikroskop.
Røntgendiffraksjon ble brukt for å undersøke krystallstruktur og utviklin-
gen til gitterkonstantene ble funnet ved hjelp av Pawley-raffinering. Dielek-
trisk spektroskopi ble brukt for å m̊ale dielektrisk permittivitet som en
funksjon av temperatur og frekvens. De dielektriske dataene viste at den
kritiske temperaturen synker med økt blandingsforhold av endefasene. I
tillegg har faststoffløsningene som er rike p̊a KBiN brede dielektriske topper
som er typisk for relaxor-oppførsel, og Uchino-analyse støtter denne obser-
vasjonen. Basert p̊a økt dielektrisk permittivitet og en betydelig endring i
b̊ade a- og c-gitterkonstantene, foresl̊as en morfotropisk faseovergang ved
en sammensetning p̊a 0.6BNN-0.4KBiN.
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1 Introduction

1.1 Background

Tetragonal tungsten bronzes (TTB) is an important category of oxide ma-
terials with a similar crystal structure, first described by Magnéli in 1949. [2]

The structure is intricate and is known to exhibit certain functional prop-
erties, like ferroelectricity. This can occur because the structure is able
to undergo complex distortions like rotation of oxygen octahedra, causing
modulated superstructures. [3] As the structure can accommodate many dif-
ferent species, it gives a wide variety of material compositions and doping
possibilities, many of which have not been thoroughly researched before.
The ferroelectric properties make the TTBs very interesting with regards
to technological applications, like that based on ultrasound generation and
detection. The field of ferroelectric materials research is currently search-
ing for new lead-free candidate materials with properties warranting the
replacement of existing hazardous lead-containing materials. [4]

The possible complex composition and chemical crystal structure is both
an advantage and disadvantage for the TTB system. It means that the
system is difficult to both control and investigate, but there are also many
possible mechanisms for functional properties to arise. At the Norwegian
University of Science and Technology (NTNU), there has been a research
incentive based around the TTB structure, both in simulation and exper-
imental research. This master project is a contribution to this research.
Examples of prior work on this subject include doctoral candidate Aam-
lid’s investigation on strontium barium niobate [5] and barium sodium nio-
bate. [6] Olsen also wrote his doctoral thesis on the TTB system in 2016 at
NTNU. [7]

Additionally, a preliminary study was performed by the author in 2019,
in which dense and phase pure potassium bismuth niobate (KBiN) and
barium sodium niobate (BNN) samples with the TTB crystal structure
were synthesized. [1] A high temperature x-ray diffraction (HTXRD) scan
from room temperature up to 700 ◦C indicated that KBiN loses a few low
intensity x-ray diffraction (XRD) lines upon heating, pointing towards a
prior undetermined phase transition to a different space group. It also
showed that KBiN experiences a discontinuity in the thermal expansion of
the a lattice parameter, but not in the c direction. This can be interpreted
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as if KBiN has a polarization in the ab plane. As it is known that BNN
has out-of-plane polarization, this reinforced the hypothesis that a mor-
photropic phase boundary (MPB) exists in a solid solution between KBiN
and BNN.

1.2 Aim of the work

The aim of this master thesis was to make and investigate the solid solution
between KBiN and BNN. The primary focus was to find a MPB, as well as
measuring the dielectric properties of the solid solution system. The first
part of the work consisted of making dense and phase pure samples. After-
wards, structural investigations were conducted with XRD and dielectric
properties were measured by dielectric spectroscopy. The data was used
to draw conclusions about the critical temperature and phase transitions
in the system.
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2 Literature Review

A basic understanding of ferroelectricity can be attained from reading gen-
eral textbooks on the subject. If not otherwise stated, facts from the litera-
ture review can be found in one of the following textbooks: Understanding
Solids [8] by Tilley et al., Solid State Chemistry [9] by West or Modern Ce-
ramic Engineering by Richerson and Lee. [10]

2.1 Ferroelectrics

Ferroelectric materials are a subgroup of electrically insulating materials
known as dielectrics. An ideal dielectric material should have zero electrical
conductivity. When a dielectric is exposed to the charge of an electric
field, a charge separation termed polarization occurs in the material. This
happens because the material is unable to remove the charge by conduction
and therefore forms an opposing electrical dipole to reduce the magnitude
of the forces it is subjected to. Polarization can arise in the material
through multiple different mechanisms, depending mostly on the material,
temperature and the frequency of the applied electric field.

As well as being electrically insulating, ferroelectric materials must fulfill
three additional conditions. Firstly, they are piezoelectric, meaning that
the material polarizes when subjected to mechanical stress. Conversely,
when an electric field is applied, the polarization created in the material
causes a change in its physical shape, thereby straining it. Piezoelectric
materials have to lack inversion symmetry, a condition which reduces the
possible crystal systems that can be ferroelectric to 21 point groups.

The second condition is that ferroelectrics are pyroelectric. A pyroelectric
material is defined as having a natural and spontaneous polarization below
a temperature threshold. It means that the polarization is present in the
material even without the application of an electrical field. This causes the
material to generate a voltage upon heating or cooling, as the magnitude
of the spontaneous polarization changes as a function of the temperature.
Only materials with a unique polar axis have this property, further reduc-
ing the possible ferroelectric crystal systems to 10 point groups.

The third and final condition is that the spontaneous polarization in fer-
roelectric materials can be switched by applying an electric field with the
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Figure 2.1: Set diagram showing the relationship between the different
classes of dielectrics and some of their characteristic reactions to the ap-
plication of different forces.

opposite charge direction, making the polarization reversible. That way,
ferroelectric materials support two stable and switchable states. This in
turn cause them to display a hysteresis with respect to the applied electri-
cal field. For a material to be ferroelectric, it requires a structure with a
unique polar axis with two distinct minima. This cannot be discerned by
space groups alone, but require other means of testing to determine. An-
other characteristic property is the strain response to electric field, which
looks like butterfly wings when plotted.

These three conditions separate the dielectric materials into four progres-
sively smaller subgroups or classes. The relationship can be neatly pre-
sented in a set diagram, shown in figure 2.1. All of these properties open
up for different and interesting applications in which ferroelectric materials
can be used.

2.2 Origin of Polarization

As stated in section 2.1, ferroelectric materials polarize under the influence
of an electric field, dependent on the material composition and structure,
as well as the electric field’s frequency. The electric field affects the position
of electrons, atoms, ions and dipolar molecules in the material. It is the
movement of these charged species that contribute to the total macroscopic
polarization.
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The polarization can be measured by conducting a dielectric analysis. This
is done by alternating the frequency and temperature over a parallel plate
capacitor. From the capacitance measured, the property known as dielec-
tric permittivity, ε

′
, is acquired. The formula is given in equation 2.1,

where C1 is the capacitance of the sample and C0 is the capacitance of
vacuum. The capacitance of a sample is given in equation 2.2, where A is
the area of the parallel plates and d is the distance between them. This
can also be described in terms of the charge, Q0, and voltage, V.

ε
′

=
C1

C0
(2.1)

C1 =
ε
′
A

d
=
Q0

V
(2.2)

The dielectric permittivity is often used to describe a dielectric material
and is also related to the terms dielectric susceptibility and polarization.
All the variables share the same origin, but each have slightly different
definitions. Equation 2.3 shows the connection between them. P is the
macroscopic polarization, ε0 is the permittivity of vacuum, χ is material
specific dielectric susceptibility and E0 is the applied electric field.

P = ε0χE0 (2.3)

2.2.1 Frequency Dependency

The dielectric permittivity generally decreases with an increase in fre-
quency. This is attributed to the fact that lower frequencies allow po-
larization of more species in the material. At the fastest frequencies in the
ultraviolet and visible spectrum, only small displacements of the electron
clouds have time to align and oppose the applied electric field. This is
called electronic polarization. At frequencies in the infrared range, ions
in the crystal lattice have time to displace, adding to the permittivity as
ionic polarization. This is the polarization that is most interesting in fer-
roelectrics and will be discussed further in section 2.2.2. Lowering the
frequency even more gives dipolar molecules the time required to reorient
against the applied field. This is called dipolar orientational polarization.
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Figure 2.2: Frequency dependence of the different polarization mecha-
nisms that contribute to the dielectric permittivity, ε

′
.

The slowest polarization mechanism is found at the lowest frequency ranges
in the audio and radio wavelengths. It is called space charge polarization
and consists of any long-range ordering of ionic or electronic species in the
material. An example of this is ionic species in solution migrating through
the material and gathering at the electrodes. All the different polariza-
tion mechanisms can be summarized in a plot of the permittivity against
frequency, as shown in figure 2.2. A jump in the value of the dielectric
permittivity corresponds to the onset or disappearance of a polarization
mechanism. The different contributions from the polarization mechanisms
is apparent as new plateaus in the diagram.

2.2.2 Distortions and Displacement

As previously described, an important property for ferroelectrics is its po-
larization mechanism. To form an opposing charge, charged species must
move or occupy positions away from a symmetrical position. In ferro-
electric materials, this usually happens on the microscopic scale by the
movement of charged species in the crystal lattice. This can happen by
distortions or displacements. One of the better known examples is the per-
ovskite structure barium titanate (BTO). The paraelectric and ferroelectric
crystal structure of BTO is shown in figure 2.3. The crystal structure of
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Figure 2.3: Crystal structures of barium titanate. The left unit cell shows
the paraelectric cubic structure, while the right shows the tetragonal fer-
roelectric phase with the Ti4+ atom displaced along the polar c axis. Note
that the displacement of Ti4+ also affects O2– and causes an elongation of
the c axis, which is exaggerated in the figure. The models were made with
the VESTA software. [12]

BTO has a Ti4+ atom surrounded by an oxygen octahedron in a grid of
Ba atoms. The charged titanium atom can be displaced and preferentially
bond with some of the surrounding oxygen atoms. This displacement of
the atom is the cause of polarization in the material. [11] This is a classic
example of how an atom can be displaced and is valid for many perovskites,
for example lead titanate.

2.2.3 Temperature Dependence: The Critical Temperature

The displaced atom allowing polarization is only stable in two positions
below a certain temperature. Increasing the temperature leads to increased
kinetic energy which broadens the two stable positions of the atom. At a
certain temperature, the two positions merge into one, removing the atom’s
ability to polarize the material. The temperature where this occurs is called
the critical temperature, TC . It is also known as the Curie temperature.

Above the critical temperature, ferroelectrics generally follow the Curie-
Weiss behaviour given in equation 2.4, where εr is the relative dielectric
permittivity, C is a material specific constant, T is the absolute tempera-
ture and TC is the critical temperature. The Curie-Weiss law predicts an
anomaly in the dielectric permittivity at the critical temperature.
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εr(T ) =
C

T − TC
(2.4)

2.3 Phase Transitions

A phase transition is used to refer to a change in a material’s state, which
is related to a change in properties. One specific example is when a fer-
roelectric material changes from the paraelectric to the ferroelectric state.
This is accompanied by changes in other properties, like crystal structure
and thermal expansion. Because of this, the transition can be measured
by multiple different methods, depending on which property changes.

A couple of relevant examples are x-ray diffraction, thermal expansion and
dielectric permittivity. When a material changes crystal structure, the
x-ray diffraction pattern changes. From analysing the HTXRD crystallo-
graphic data, it is also possible to see how the lattice parameters change
and a measure of the thermal expansion from before and after a transition
can be found. This can also be measured using dilatometry. For ferro-
electric samples, phase transitions are characterized by a change in their
dielectric properties. Most noticeably, the transition from ferroelectric to
paraelectric state is accompanied by a peak in dielectric permittivity and
in dielectric loss. A ferroelastic transition can also be seen in such analysis,
but it is a smaller and less noticeable difference. The magnitude of change
in each property is different for each material and the type of transition.
Because of this, different measurement methods must be used for different
transitions. While a ferroelectric to paraelectric phase transition is easy to
spot using dielectric spectroscopy, it can be much more subtle in a x-ray
diffraction pattern.

The ferroelectric phase transition is either a displacive or order-disorder
transition, or a combination. In a displacive phase transition, the bonds
change length and direction without breaking or forming bonds. This can
also cause shearing or tilting of polyhedra. This can result in the two
stable minima along the polar axis described previously when discussing
ferroelectricity in section 2.1 and displacement in section 2.2.2. Order-
disorder transitions happen in materials that are entropy-stabilized. In an
order-disorder ferroelectric material, long-range electrostatic forces over-
come the energy contribution of the disorder and the material becomes
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polarized. This means that the polarization does not disappear at high
temperatures like in the displacive case, but average out instead, resulting
in no total macroscopic polarization. [13]

2.3.1 Morphotropic Phase Boundary

The most common type of phase transitions change as a function of tem-
perature or pressure. They are called polymorphic phase transitions and
one example is the transition from paraelectric to ferroelectric. Another
important phase transition for ferroelectrics is the morphotropic phase
transition. This is when a transition changes as a function of composition
while other variables are constant. The boundary between the phases in a
morphotropic transition is called a morphotropic phase boundary (MPB)
and is found as a mostly vertical line in the binary phase diagram. For
ferroelectric materials, the term is often used to specifically describe the
important phase transition between orthorombic and tetragonal phases.
Perovskite solid solutions with a composition close to the MPB have been
shown to exhibit a substantial increase in the dielectric permittivity. This
leads to enhancement of properties like piezoelectric coefficient. [14] Further-
more, a straight MPB is important to ensure a temperature independent
material.

Figure 2.4: Phase diagram of lead zirconia titanate. Figure as reported
by Jaffe et al. [15]
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A classical solid solution is that of lead zirconia titanate (PZT). The
end members of PZT is PbZrO3 and PbTiO3. At a mixture of around
0.48PbTiO3, there is a morphotropic phase transition between a rhom-
bohedral and tetragonal phase. The phase diagram for PZT has been
reported by Jaffe et al. and is shown in figure 2.4. [15] It is proposed that
the crystal structures become degenerate at the phase transition, causing
polarization rotation of the grains. This induces a stress that enhances the
dielectric properties. [16,17,18]

2.4 Normal and Relaxor Ferroelectrics

When regarding dielectric response, there are two different types of ferro-
electrics. The normal ferroelectrics in general follow the Curie-Weiss law,
predicting an anomaly in dielectric susceptibility and high permittivity at
the critical temperature as described in section 2.2.3.

The other type is relaxor ferroelectrics. In comparison to the normal ferro-
electrics, the relaxor type materials have a broad and frequency-dependent
critical temperature. In general, the dielectric permittivity decreases with
increasing frequency and the critical temperature is shifted to higher tem-
peratures. Relaxor ferroelectrics become anisotropic and gain a macro-
scopic polarization at temperatures significantly below the critical tem-
perature. [19] It is well known that relaxor materials are generally highly
inhomogeneous and it is often connected to some inherent disorder in the
material. It has been proposed that the broad critical temperature is
caused by different orientation in small regions called polar nanoregions.
These nanoregions have different chemical composition and thus different
dielectric polarization, causing a broadening of the dielectric permittiv-
ity. [19] Good examples of chemically disordered relaxor ferroelectrics in-
clude PbMg1/3Nb2/3O3 (PMN) [19] and the solid solution Ba(Ti1-xZrx)O3

(BZT). [20] The relaxor properties have also been proposed to occur in sys-
tems with a mix of ferroelectric and antiferroelectric materials. [21]

One way to quantify and assign the type of ferroelectric was suggested by
Uchino et al., who proposed that plotting the reciprocal dielectric permit-
tivity, 1

ε −
1
εm

, against temperature, T − Tm, would result in a straight
line following equation 2.5, where C ′ is a Curie-like constant and γ a crit-
ical exponent. [22] Producing a linear fit to the plotted results will give
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a critical exponent close to 1 for normal ferroelectric materials, while
relaxor like ferroelectrics will have a value closer to 2. In their work,
Uchino et al. show that this is the case for the two normal ferroelectrics
BaTiO3 (BTO) and KTaNbO3(KTN), and the relaxor type ferroelectrics
P(Mg1/3Nb2/3)O3 (PMN) and P(Zn1/3Nb2/3)O3 (PZN).

1

ε
− 1

εm
= (C ′)−1(T − Tm)γ (2.5)

Multiple theories about relaxor ferroelectrics have been developed with
different methods of parametrizing the relaxation. Another example is
Vogel-Fulcher, which also applies different frequency measurements. Still,
a good description of the microscopic effect of relaxor ferroelectrics is lack-
ing. [23]

2.5 Tetragonal Tungsten Bronzes

The tetragonal tungsten bronze (TTB) is a crystal system first discov-
ered and described in 1949 by Magnéli. [2] Because it is a relatively new
structure, a rigorous theory has not yet been developed. It is an intricate
system with a wide variety of possible material compositions. The general
formula is (A2)4(A1)2(C)4(B1)2(B2)8O30. This allows for a large room
of freedom in chemical substitution and testing with different elements to
alter the structure and its functional properties. The two B sites form
corner sharing octahedra with the oxygen atoms, resulting in BO6 layers.
These layers accommodate 3 different interstitial sites shaped as different
polyhedra. The largest is the pentagonal A2 site, while the smaller A1 site
is square. The latter can be referred to as the perovskite site because of
how it and the four adjoining BO6 form a shape similar to the perovskite
structure. The C site is trigonal and the smallest site, therefore it is only
able to be filled by small cations like Li. A TTB structure with atoms in
all the sites is called stuffed, while filled TTBs have cations in all A sites
and holes in the C sites. [3] Unfilled variants also exist, which lack some
atoms in the A sites and often exhibit disorder and relaxor properties.
One example of unfilled TTBs is SrxBa1-xNb2O6, which depending on the
composition either is a normal or relaxor ferroelectric. [24] Additional ways
of introducing disorder is by substituting atoms with different valencies.
It is for instance possible to substitute Nb5+ with La4+ or even O2– with
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F– . [25] A figure of the TTB structure displayed looking down the c axis is
shown in figure 2.5.

Figure 2.5: Prototype tetragonal tungsten bronze structure looking down
the c axis. The different atomic sites are labeled corresponding to the
general formula (A2)4(A1)2(C)4(B1)2(B2)8O30.

The TTB structure is often compared to the better known and well re-
searched perovskite structure, as it is a simpler and better known crystal
system. Attempts at transferring theory to the TTBs have been performed,
for example the geometric tolerance-factor defined by Goldschmidt for the
perovskites in 1926. [26] The tolerance factor uses the ionic radius of the
atoms in the structure to determine which structure it adopts. It can also
say something about whether or not the structure is likely to be ferroelec-
tric. From this theory, Wakyia et al. suggested separate tolerance factors
for each A site in the TTB system. [27] The tolerance factor for the A1 site,
tA1, is given in equation 2.6. It is the same as for the perovskites, as the
shape is identical. In comparison, the A2 sites have a different geometric
shape and coordination and the tolerance factor, tA2, is reliant upon the
distance to three different neighbouring oxygen atoms. The formula for
calculating the A2 tolerance factor is given in equation 2.7. In both equa-
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tions, R denotes the atomic radius and the subscript denotes either the
occupied site or atom. There are twice the number of A2 sites compared
to A1 sites, so the A2 sites must be counted twice in the total tolerance
factor given in equation 2.8. One use of the TTBs total tolerance factor is
to identify whether the structure is a normal or relaxor ferroelectric. [3]

tA1 =
(RA1 +RO)√
2(RB +RO)

(2.6)

tA2 =
(RA2 +RO)√

23− 12
√

3(RB +RO)
(2.7)

tTTB =
(tA1 + 2tA2)

3
(2.8)

The prototype structure for TTBs is the tetragonal P4/mbm structure.
In a transition to an orthorombic unit cell, the unit cell can be rotated
by 45◦, causing an increase of the lattice parameters with a factor of

√
2.

Therefore, to compare the lattice parameters of an orthorombic unit cell
to a tetragonal, they might need to be scaled by this factor.

2.6 Barium Sodium Niobate

Barium Sodium Niobate (BNN) is a filled tetragonal tungsten bronze with
the general structure Ba4Na2Nb10O30. It was first synthesised and investi-
gated in 1967 by researchers at the Bell Telephone Laboratories. [28] They
investigated many different TTBs as potential replacements for non-linear
materials. This was because many TTBs were reported to not suffer from
optical damage at room temperature, which other non-linear materials
used at the time, like LiNbO3, usually did. Among these, BNN was found
to be the most promising for use as an optical harmonic generator and
optical parametric oscillator. Compared to LiNbO3, BNN has a more re-
producible phase match temperature with a deviation of 10 ◦C from crystal
to crystal. They found the melting point to be around 1500 ◦C, although
later studies have reported slightly lower melting temperatures around
1440 ◦C. [29] The ferroelectric transition has a high critical temperature at
560 ◦C, resulting in polarization in the c axis. Around 300 ◦C there is a
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ferroelastic transformation accompanied by microtwinning and a change
from the tetragonal 4mm to the orthorombic mm2 point group.

Some later studies have focused on determining the ferroelectric structure
of BNN. Currently, the room temperature structure that can be found
in the International Centre for Diffraction Data is the orthorombic space
group Pba2. The lattice parameters have been reported to be a = 12.425 Å,
b = 12.484 Å and c = 3.977 Å. This is referencing the work of Tomaszewski
from 1992 [30] and Foulon et al. from 1996. [31] A paper from 2001 [32] re-
viewed the earliest structural determination of BNN made by Jamieson et
al. in 1969. [33] Jamieson et al. determined that the paraelectric structure
takes on the tetragonal 4/mmm structure and the ferroelectric structure is
tetragonal 4mm. Below the ferroelastic transition at 260 ◦C, the structure
takes on the orthorombic Cmm2 space group with lattice parameters a =
17.591 82 Å, b = 17.625 60 Å and c = 3.994 915 Å. Additionally, Jamieson
et al. recorded a low temperature transition at −160 ◦C back to the tetrag-
onal 4mm structure. The room temperature structure was thus challenged
by Foulon et al., who could not achieve a good fit with the Cmm2 space
group to their samples. They found the intensities to fit better with the
tetragonal P4bm. In addition, they argued that this simplifies the ferroe-
lastic transition, as it is not required to scale the lattice parameters like
Jamieson et al. did. A recently published paper by Aamlid et al. chal-
lenges Foulon et al. and indicates that Jamieson et al. was correct. Based
on XRD data and DFT analysis, they argue that the Cmm2 structure
better explains the splitting of certain peaks and that the intensity can be
explained by cationic disorder. [6]

The density of BNN is reported to be somewhere between 5.36 g cm−3

and 5.4 g cm−3. [29,30,33,34] The measurements were performed using both
hydrostatic measurements on single crystal samples and calculated theo-
retically from x-ray diffraction data. Different samples of BNN have been
reported with a difference in theoretical density, which has been attributed
to non-stoichiometry. [33,35] The structure is usually documented to have
more barium and less sodium, and this can vary slightly depending on the
processing parameters. The excess barium is occupying some of the A1
sites. [6] Even though BNN is mostly reported as a conventional ferroelec-
tric with a sharp anomaly in the dielectric permittivity, it can be doped
with fluorine to exhibit more relaxor-like ferroelectric properties with a
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below room temperature transition. [25]

2.7 Potassium Bismuth Niobate

Potassium Bismuth Niobate (KBiN) is a filled tetragonal tungsten bronze
with the general structure K4Bi2Nb10O30. It was made independently at
the same time by Ismailzade in 1963 [36] and Krainik et al. in 1964. [37]

These studies greatly disagreed on the critical temperature. Ismailzade
found the critical temperature to be 350 ◦C, while Krainik found it to be
160 ◦C. Later studies show that the critical temperature generally is lo-
cated around 360-400 ◦C and indicates that it is dependent on the chemical
composition. [38,39,40] Sugai and Wada reinvestigated the KBiN system and
found the crystals to have the tetragonal tungsten bronze structure with
a = b = 17.85 Å and c = 7.84 Å and a theoretical density of 5.29 g cm−3.
KBiN is often reported to have the same pseudo-tetragonal crystal struc-
ture as BNN, with the polar axis along the c axis. [39,41] This is disputable,
as both computational work and HTXRD recorded by the author indicates
that the polarization is in the ab plane. [1,42] Because of conflicting results,
the space group has not yet been properly determined.
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3 Experimental Setup

3.1 Synthesis

Six different compositions were prepared: the end members of the solid
solution, KBiN and BNN, as well as four samples with varying composition
evenly spaced between the two end members. The samples have been
named after the content of KBiN and are referred to as 0.8KBiN, 0.6KBiN,
0.4KBiN and 0.2KBiN.

The powders were prepared from scientific grade precursors and informa-
tion on purity and supplier is given in table 3.1. Precursors were mixed
in a stoichiometric ratio for the given sample and mixed with ethanol in a
mortar. This was to minimize loss of powder from it sticking to the weigh-
ing boat and from becoming airborne. After mixing, the wet solution
was allowed to dry in a fume hood overnight. A subsequent grinding was
performed after the overnight drying to ensure a homogeneous mixture.
Approximately 10 g was made of each composition.

Table 3.1: A list of precursors used, their respective purity and producer.

Precursor Purity [%] Producer

BaCO3 99.98 Sigma Aldrich
Na2CO3 99.0 Sigma Aldrich
Bi2O3 99.9 Sigma Aldrich
K2CO3 99.0 Merck
Nb2O5 99.9 Sigma Aldrich
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3.2 Powder Treatment and Shaping

Before calcination, powder was shaped into large pellets by uniaxial press-
ing at a force of 2 t. After calcination, the powder was ball milled in an
ethanol slurry for 24 hours on a high speed ball mill from US stoneware,
using YTZ balls as milling media. Ethanol was used because pH paper
tests indicated that water can dissolve cations from the powder. After
milling, the slurry was dried under vacuum and shaped into short cylindri-
cal samples with a combination of uniaxial pressing at 4 kN and subsequent
compaction using a CIP set at 2 kbar.

3.3 Heat Treatment

Figure 3.1: Sample en-
cased in sacrificial powder
on an alumina plate ready
for sintering.

Heating and cooling of all the samples during
calcination and sintering was done at a rate of
200 K min−1. The general hold time and hold
temperature utilized for calcination and sin-
tering of the different compositions are listed
in table 3.2 and 3.3, respectively. It is explic-
itly explained in section 4 if a sample went
through a different heat treatment. The sin-
tered samples were encased in a cloak of sac-
rificial powder with the same composition to
reduce evaporation of volatile species. To mea-
sure evaporation, the powder used for pressing
the pellets was weighed and compared to the
weight of the finished pellet.

3.4 X-Ray Diffraction

Multiple different XRD instruments were used for measurements, primarily
a Bruker D8 Focus and a Bruker D8 A25 DaVinci X-ray Diffractometer,
both equipped with a copper K-α x-ray source without monochromator
and LynxEyeTM SuperSpeed Detectors. Samples were prepared in silicon
cavity holders. All measurements were taken in one hour in the angle range
5-75 2θ with a stepsize of 0.013.
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Table 3.2: Tabulated values for the calcination parameters used for the
different compositions.

Sample Hold temperature [◦C] Hold time [hours]

BNN 900 2
0.2KBiN 880 2
0.4KBiN 860 2
0.6KBiN 840 2
0.8KBiN 820 2
KBiN 800 2

Table 3.3: Tabulated values for the sintering parameters used for the
different compositions.

Sample Hold temperature [◦C] Hold time [hours]

BNN 1260 1
0.2KBiN 1240 1
0.4KBiN 1220 1
0.6KBiN 1200 1
0.8KBiN 1180 1
KBiN 1150 1
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3.5 Scanning electron microscope

The microstructure of the samples was investigated using scanning electron
microscopy (SEM). The samples were first fractured using a metal pellet
crusher and coated in a thin layer of gold using a gold sputter, to make
the sample surface conductive. A Hitachi S-3400N was used to take the
SEM images.

3.6 Impedance Spectroscopy

For dielectric spectroscopy, a ProboStatTM from NOREC was used in a
setup designed for impedance spectroscopy. The samples were first surface
treated by sanding and cleaning with ethanol in an ultrasonic cleaner to
make the surfaces flat and parallel. Platinum electrodes were applied as a
layer of platinum paste, which was dried for 15 minutes at 125 ◦C. This
process was repeated for the opposite side. Afterwards, the electrodes were
cured in place at 800 ◦C for 15 minutes. Samples were heated from room
temperature at a constant rate of 2 K min−1 up to 600 ◦C for 0.6KBiN,
0.8KBiN and KBiN, while BNN, 0.2KBiN and 0.4KBiN were heated to
700 ◦C. The reason for using a higher temperature for the BNN rich sam-
ples is the higher critical temperature for BNN. Probing voltage was set
to 1 V mm−1 and was dependent on the sample thickness. Samples varied
in thickness, but were all in the range of 1-3 mm. The measurements were
taken continuously with a varying frequency ranging from 1 to 10× 106 Hz.
Samples were heated and cooled twice.

3.7 Density Measurements

Green density was measured geometrically using calipers and the assump-
tion that the samples are made as perfect cylinders. This measurement
was used to judge how well the samples had been shaped before sintering.
Archimedes’ method was used to measure the density of sintered samples
more accurately. The theoretical density of solid solutions was calculated
as a linear approximation between the end members.
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4 Results

4.1 Density and Microstructure of Samples

All the samples experienced some weight loss after sintering, roughly be-
tween 2 % and 5 % for all samples. The difference between samples of
BNN is plotted in figure 4.1. The weight loss increased slightly with in-
creasing sintering temperature. The density also increased significantly.
An overview of the density and weight loss of all the different compo-
sitions is found in table 4.1. Compositions on the BNN rich side have a
higher sintering temperature and also a higher variety with regards to both
density and weight loss.

Figure 4.1: Comparison of relative density and weight loss for BNN
samples as a function of sintering temperature. Polynomial fits are used
to highlight the trend and are excluding outliers in the data.
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Table 4.1: Weight loss and density for all the different compositions.

Composition
Sintering Number Relative Weight

temp. [◦C] of samples density [%] loss [%]

BNN 1260 2 86.0± 4.0 2.0± 0.8
0.2KBiN 1240 3 87.0± 3.2 6.7± 0.4
0.4KBiN 1220 3 90.4± 1.3 7.7± 1.2
0.6KBiN 1200 3 96.5± 1.1 4.1± 0.2
0.8KBiN 1180 2 91.6± 1.8 4.4± 0.4
KBiN 1150 3 97.4± 0.3 0.7± 0.1

Microstructure of BNN

Figure 4.2 shows a BNN sample made during the author’s project work
in 2019. [1] It has millimetre large grains that are visible to the naked eye.
New BNN samples were made from a new powder batch. All the samples
were processed in the same general process, except varying the sintering
temperature. All the samples had similar green density above 50 %. A
comparison of SEM images of the fracture surface of samples sintered at
1250 ◦C, 1260 ◦C, 1275 ◦C and 1300 ◦C is shown in figure 4.4. BNN sintered
at and below 1260 ◦C have grains that are smaller than 5 µm. At 1275 ◦C,
large grains around 50 µm with large pores inside the grains have formed.
There are also smaller grains scattered between the large grains. The same
is true for the sample sintered at 1300 ◦C, where mostly large grains are
visible in the fracture, but small grains are clearly visible on the thermally
etched surface of the pellet, as shown in figure 4.3.
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Figure 4.2: Low magnification SEM image of the surface of BNN sample,
made in previous work, sintered for 2 hours at 1325 ◦C. [1]

Figure 4.3: Surface of BNN pellet sintered for 1 hour at 1300 ◦C.
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Figure 4.4: Comparison of the microstructure of BNN samples sintered
for 1 hour at different temperatures ranging from 1250 ◦C to 1300 ◦C. Note
the different magnification of the images. The red bar is 50 µm for all
images.

Microstructure of All Samples

A comparison of the SEM images of all samples was made to investigate
how the microstructure with grains and pores of the samples might differ
from each other. In figure 4.5, a comparison of the fracture planes of all
sample compositions is shown. The images have not been taken perpendic-
ular to the fracture plane and a zoomed in image is available in appendix
A. Note that the image of BNN is zoomed in more than the others.
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Figure 4.5: SEM images of the microstructure of all samples. RD denotes
the relative density. Notice that images have not been taken perpendicular
to the fracture plane and that BNN is zoomed in more than the others.
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4.2 X-ray Diffraction

Attempts were made to autoindex the x-ray diffraction (XRD) pattern of
KBiN with respect to other space groups than those previously reported.
This was attempted because the HTXRD data collected for the project
work showed some small peaks that disappeared after heating above 400 ◦C,
which reappeared upon cooling. [1] This indicated that KBiN has a different
crystal structure at room temperature, which has not been reported before.
The attempts made did not give any results and the space group and crystal
structure of KBiN is still unknown.

X-ray diffractograms of all sintered compositions were compared and plot-
ted in figure 4.6. All XRDs have characteristic peaks corresponding to the
aristotype TTB structure P4/mbm.

Figure 4.6: X-ray diffraction of the different compositions after sinter-
ing. Miller indicies are given for the aristotype tetragonal tungsten bronze
structure, P4/mbm.
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A small subset of the diffractogram of all compositions from 29-31 2θ is
shown in figure 4.7. From the XRD diffractogram, the peak after 30 2θ
shows clear orthorombic splitting in BNN, which disappears with increas-
ing solid solution of KBiN. Because of this, the tetragonal P4bm structure
was used for Pawley refinement of KBiN rich samples, while BNN’s room
temperature space group Cmm2 was used for the BNN rich side.

Figure 4.7: Comparison of peaks at 29-30 2θ for the different composi-
tions.

4.2.1 Pawley Refinement

A zoomed in view of peaks in the ranges 10-16 2θ, 22-26 2θ and 30-33 2θ
are given in appendix B.

Orthorombic (Cmm2)

Pawley refinement of the BNN rich side of the solid solution was done using
the Cmm2 space group with the starting parameters 17.6 Å for a and b
parameters and 3.9 Å for the c parameter.
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Figure 4.8: Pawley refinement of BNN diffractogram using the Cmm2
structure. Rwp = 9.61 and Rexp = 3.76.

Figure 4.9: Pawley refinement of 0.2KBiN diffractogram using the Cmm2
structure. Rwp = 10.24 and Rexp = 8.11.
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Tetragonal (P4bm)

Pawley refinement of the KBiN rich side of the solid solution was done
using the P4bm space group with the starting parameters 12.6 Å for the a
parameter and 3.9 Å for the c parameter.

Figure 4.10: Pawley refinement of 0.4KBiN diffractogram using the
P4bm structure. Rwp = 13.71 and Rexp = 8.58.
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Figure 4.11: Pawley refinement of 0.6KBiN diffractogram using the
P4bm structure. Rwp = 20.25 and Rexp = 7.56.

Figure 4.12: Pawley refinement of 0.8KBiN diffractogram using the
P4bm structure. Rwp = 16.14 and Rexp = 5.03.
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Figure 4.13: Pawley refinement of KBiN diffractogram using the P4bm
structure. Rwp = 8.89 and Rexp = 3.56.

4.2.2 Evolution of the Lattice Parameters

The lattice parameters obtained through Pawley refinement of the dif-
ferent compositions was plotted in figure 4.14. The orthorombic lattice
parameters have been scaled by

√
2 to be comparable with the tetragonal

parameters. The c parameter decreases, while the a and b parameters
increase with increasing content of KBiN in the solid solution. The a and
b parameters increase steadily until they cross right before 0.4KBiN. The
value for the c parameter significantly drops at the same point. There is
a non-linear change in the a parameter between 0.4KBiN and 0.6KBiN.
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Figure 4.14: Evolution of the lattice parameters as a function of compo-
sition. Orthorombic Cmm2 scaled by

√
2 was used for the BNN rich side

and the tetragonal P4bm was used for the KBiN rich side.

4.3 Dielectric Measurements

4.3.1 Critical Temperature

Prior dielectric studies performed on BNN and KBiN correspond well with
the dielectric measurements. [6,28,38] The exact critical temperature varies
slightly between studies, likely due to small differences in composition.
Measurements of all compositions with the critical temperature is given in
figure 4.15. Only data from the first heating is shown at a frequency of
1 MHz.
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Figure 4.15: Dielectric measurements for all compositions, only showing
the first heating at a frequency of 1 MHz. The vertical lines mark the
critical temperature.

4.3.2 Thermal Hysteresis in BNN Rich Samples

There are a couple of differences in the dielectric measurements based on
thermal hysteresis seen for the BNN rich samples. The biggest difference is
for BNN, where the critical temperature changes position slightly, as seen
in figure 4.16. This is not seen for any of the other samples. For BNN,
0.2KBiN and 0.4KBiN, the dielectric permittivity is higher for cooling than
heating. This can also be seen in the dielectric loss, plotted as tanδ. Lower
frequency measurements at 1 kHz show that there is a difference between
the first and second run, as can be seen in figure 4.17. On the first run the
dielectric permittivity increases, but it stabilizes for the second run.
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Figure 4.16: Temperature dependence of dielectric properties of BNN
measured at 1 MHz. The influence of thermal history is indicated by ver-
tical lines marking the critical temperature.

Figure 4.17: Temperature dependence of dielectric permittivity for
0.2KBiN measured at 1 kHz. The first heating cycle is the lowest line.
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4.3.3 Frequency Dispersion and Dielectric Loss

Most of the samples show significant frequency dispersion accompanied by
a significant increase in dielectric loss at lower frequencies. The measure-
ments for the dielectric permittivity over a frequency range of 103-106Hz
are given in figure 4.18 for BNN rich samples and 4.19 for KBiN rich sam-
ples. For clarity, only the measurements from the first heating is shown.
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Figure 4.18: Frequency dependence of the dielectric permittivity and
dielectric loss in BNN, 0.2KBiN and 0.4KBiN.
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Figure 4.19: Frequency dependence of the dielectric permittivity and
dielectric loss in 0.6KBiN, 0.8KBiN and KBiN.
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4.4 Phase Diagram

When plotting the peak dielectric permittivity against composition in fig-
ure 4.20, it is clear that the highest value is achieved for 0.4KBiN. Note
that the blue markers show the permittivity at the critical temperature
and the red markers show the value at room temperature. This difference
is important because the highest dielectric permittivity is located at the
critical temperature, which decreases with increasing solid solution.

Figure 4.20: Room temperature and peak dielectric permittivity as a
function of composition.
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Using the information from the x-ray diffraction and the dielectric data, a
phase diagram has been drawn in figure 4.21. The points indicate the crit-
ical temperatures of the composition where there is a polymorphic phase
transition to the paraelectric P4/mbm phase. The different phases for
BNN are marked on the left side and the unknown structure for KBiN at
the right side. The straight vertical line at 0.4KBiN indicates the location
of a MPB between the orthorombic Cmm2 phase and the tetragonal Pba2
phase.

Figure 4.21: Phase diagram of the solid solution of BNN and KBiN.
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5 Discussion

5.1 Morphotropic Phase Boundary

According to Vegard’s law, the lattice parameters change continously be-
tween two phases with similar crystal structure. [43] It is known that the
end members, KBiN and BNN, have different crystal structures, therefore
a change in the evolution of the lattice parameters is expected. As seen in
figure 4.14, the lattice parameters evolve continuously up to the 0.4KBiN
solid solution. Here, there is a jump in the value of both the a and c lattice
parameters. The change in the c parameter occurs on the BNN rich side,
while the change in the a parameter occurs on the KBiN rich side. This
indicates that there are two distinct phases existing in the solid solution in
this region: one phase for the KBiN rich side and another for the BNN rich
side, separated at the 0.4KBiN composition. The change in lattice param-
eters show that the polarization is moving from the c axis in BNN to the ab
plane with increasing solid solution. From the x-ray diffractograms shown
in figure 4.7, a characteristic orthorombic splitting of the peak around 30
2θ is clearly visible for BNN and 0.2KBiN. This splitting is also shown by
Aamlid et al. in their study of BNN. [6] For 0.6KBiN and 0.8KBiN, this
peak resembles a tetragonal splitting. It is harder to tell for 0.4KBiN, but
considering that the a and b lattice parameters approach the same value,
it is thought to adopt a tetragonal structure. This strongly indicates that
there is a morphotropic phase transition around this composition.

From the dielectric data in figure 4.20, it is clear that 0.4KBiN has a higher
dielectric permittivity compared to the other compositions, both at room
temperature and at their respective critical temperatures. A higher dielec-
tric permittivity is expected at the morphotropic phase boundary, due to
the existence of different polarization modes. [16] Based on the x-ray diffrac-
tograms and the dielectric data, a proposed phase diagram was drawn and
can be seen in figure 4.21. As seen, the critical temperature decreases with
increasing solid solution and seems to do so towards a 0.5BNN-0.5KBiN
composition.
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5.2 Relaxor Properties

There is agreement that both BNN and KBiN behave as normal ferro-
electrics. [3] They have distinct peaks in the dielectric permittivity at the
critical temperature, which is independent of frequency variation. Among
the solid solution compositions, 0.2KBiN and 0.4KBiN also have distinct
peaks, although they are broader than the BNN peak. The 0.6KBiN and
0.8KBiN compositions have very broad peaks, which point towards relaxor
behaviour. One would expect there to also be a frequency dependence of
the critical temperature, which could be analysed using Vogel-Fulcher anal-
ysis. However, this is hard because of the broadness of the peaks and the
fact that the data suffers from frequency dispersion and high dielectric loss,
as can be seen in figure 4.18 and 4.19. The frequency independent method
described by Uchino et al. [22] was applied instead. Figure 5.1 shows the
reciprocal dielectric permittivity plotted against temperature for all the
different compositions, as well as data from Uchino et al. for two well
known normal ferroelectric materials and two relaxors. Values for the fit-
ted variables C ′ and γ for the different compositions and data gathered
from Uchino et al. are listed in table 5.1. This supports the view that the
solid solution compositions exhibit some relaxor properties.
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Figure 5.1: Logarithmic plot of the reciprocal permittivity against tem-
perature for the different solid solutions prepared in this master thesis
and data on the normal ferroelectrics BaTiO3 (BTO), KTaNbO3 (KTN)
and the known relaxors P(Mg1/3Nb2/3)O3 (PMN) and P(Zn1/3Nb2/3)O3

(PZN) from Uchino et al. for comparison. [22]
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Table 5.1: Tabulated values for the fitted critical exponent, γ, and the
Curie-like constant, C’, for the different compositions, as well as data on the
normal ferroelectrics BaTiO3 (BTO), KTaNbO3 (KTN) and the known re-
laxors P(Mg1/3Nb2/3)O3 (PMN) and P(Zn1/3Nb2/3)O3 (PZN) from Uchino

et al. for comparison. [22]

Composition γ C’ (105)

KBiN 1.4 29
0.8KBiN 1.9 800
0.6KBiN 2.0 1350
0.4KBiN 1.6 89
0.2KBiN 1.3 9
BNN 1.1 2

γ C’ (105)

BTO 1.08 2.1
KTN 1.17 2.9
PMN 1.64 140
PZN 1.76 200

Another aspect to consider is the crystal-chemical framework for TTB com-
pounds proposed by Zhu et al. [3]. Their article describes how it is possible
to group different TTBs with regards to a structure factor into normal or
relaxor ferroelectrics. Calculating the structure factor for BNN and KBiN
from the data they adopted from Shannon and Prewitt, the values lie close
to the relaxor region. [44] It is possible that the increased disorder from a
mixed composition induces relaxor properties in the system.

5.3 Thermal Hysteresis

The thermal hysteresis seen in figure 4.16 shows that BNN has a first
order phase transition from the paraelectric to the ferroelectric phase. The
thermal hysteresis is caused by the paraelectric phase being metastable,
resulting in a critical temperature at a lower temperature compared to
upon heating. [45] BNN has also been shown to have a first order transition
by means of dilatometry. [6] In the other compositions, an offset of the
critical temperature is not seen, indicating that the transitions for these
are of second order.

Another thermal history effect lies in the difference in dielectric permit-
tivity between heating and cooling. This is a sign of a form of relaxation
in the system. It is seen as a peak in the permittivity only for lower fre-
quency measurements in 0.2KBiN, as shown in figure 4.17. The peak is
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only visible for the first heating at a temperature of 400 ◦C. After this, the
permittivity stabilizes at a higher value and does not change upon heating
again. The effect can be explained by oxidation that causes a relaxation,
which can occur at these temperatures.

5.4 Microstructure and Composition

5.4.1 Abnormal Grain Growth in BNN

In the scanning electron microscope (SEM) image of BNN in figure 4.4,
abnormal grain growth is seen for sintering temperatures at 1275 ◦C and
above. It causes an undesirable microstructure that leads to weak mechan-
ical strength and higher dielectric loss, due to pores in the material. The
sample imaged has micro cracks, which probably occurred during the tran-
sition to the ferroelectric phase. At this transition, BNN has a large and
anisotropic change in thermal expansion. [6,32] Abnormal grain growth can
have many different origins, like compositional variety [46] or grain size dis-
tribution. [46] The exact reason for the abnormal grain growth is unknown,
but because of the synthesis route it can not originate from density differ-
ences in the green body. The particle size distribution after milling was
not measured or manipulated. Therefore, a broad distribution is a po-
tential source and further experiments could manipulate the particle size
distribution to remove it. A careful choice of sintering temperature and
time was proven to be a successful method to circumvent the problem of
abnormal grain growth in this project.

5.4.2 Microstructure and Sintering

Other compositions densify well at the applied sintering temperatures, re-
sulting in small grains of comparable size and fairly high relative densities,
as is seen in figure 4.5. The KBiN sample has the highest relative den-
sity and the least amount of visible pores. Taking into account that the
fracture plane is the area in the ceramic with the highest density of pores,
all other samples imaged have a good microstructure. There is still room
for improvement and one could apply either a longer sintering time or
increased sintering temperature to some of the samples. One example is
for 0.4KBiN, where rounded grains can be seen in the SEM image. Even
though this was not the focus of the master thesis, the observation is a
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useful consideration for further research on the system.

5.4.3 Composition and Weight Loss

As seen in table 4.1, all samples lost some weight after sintering, compared
to the powder used. It means that some of the species in the powder have
evaporated during the sintering process. This affects the stoichiometry of
the bulk material and shows that the sacrificial powder was not enough to
protect the sample. To avoid this, more sacrificial powder could be used or
the initial composition could be altered to take the evaporation of certain
species into account.

In BNN, the sodium species has been shown by Jamieson et al. to de-
viate negatively from the general formula. [33] Some of the barium atoms
have also been shown to occupy the cubic A1 site. [26,32] Assuming that all
weight loss in BNN is due to sodium evaporation would give a composi-
tion of Ba4Na1.1Nb10O30. This is significantly lower than what is recorded
by Jamieson et al. [33] and it is unlikely that only sodium contributes to
the weight loss. The BNN rich samples of the solid solution tend to have
higher weight loss and this is probably due to the increased sintering tem-
perature. This will affect the content of KBiN, which has a lower melting
temperature, the most. This could mean that the samples have a composi-
tion skewed slightly towards BNN. When assuming that most of the weight
loss is due to evaporation of potassium and bismuth from KBiN, the un-
certainty in composition could be as high as 0.06 in a worst case scenario.
It is unlikely to be this high because other species would also evaporate.
In addition, this uncertainty is only valid for the 0.2KBiN and 0.4KBiN
solid solution compositions, because these have the highest weight loss,
from which the uncertainty was calculated.
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6 Conclusion

Six phase pure samples of BNN and KBiN solid solution with the tetrag-
onal tungsten bronze structure were successfully synthesised. A density
above 90 % was achieved for all samples with grains in the micrometer
range. The KBiN rich side of the solid solution has a tetragonal structure,
while the BNN rich side takes on the orthorombic Cmm2 space group at
room temperature. From Pawley refinement of the x-ray diffraction pat-
terns, a deviation from Vegard’s law is observed in the evolution of both
the a and c lattice parameters. A corresponding increase in peak dielectric
permittivity confirms the placement of the morphotropic phase transition
in the system at a composition of 0.6BNN-0.4KBiN. The critical tempera-
ture of both end members decrease with increasing solid solution, up to a
composition of 0.5BNN-0.5KBiN. Broadened dielectric peaks and Uchino
analysis of the dielectric data show that the solid solution exhibits relaxor
like properties.

Abnormal grain growth was observed in BNN, but the origin of this has
not been identified. Because of this, BNN samples proved more difficult to
densify. BNN rich samples were also difficult to densify, due to significant
weight loss as a result of sintering. This is likely caused by evaporation,
primarily from KBiN, due to its lower melting temperature. Because of
this, a possible deviation from the exact solid solution composition was
calculated to be up to 0.06 for 0.8BNN-0.2KBiN and 0.6BNN-0.4KBiN.
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Further Work

The increased dielectric permittivity achieved by solid solution of KBiN in
BNN is a promising result. Despite this, the rapid decrease of the critical
temperature towards room temperature is undesired. Other possible com-
binations of end members could be tested. One possibility is to swap the
potassium atom in KBiN with a smaller atom like rubidium, or a larger
one, like sodium. A larger atom could increase the critical temperature by
stretching the O-Nb-O bonds, causing higher polarizability. [3]

Furthermore, to better pinpoint the MPB and increase the certainty of
the study, other compositions with a narrower composition span can be
synthesized, for instance the compositions 0.7BNN-0.3KBiN and 0.5BNN-
0.5KBiN. Lastly, further investigation of the electrical properties of the
samples should be performed. Measuring P-E hysteresis loops opens up
for more ways to separate normal from relaxor behaviour, as there are
some differences in how they appear in P-E hysteresis loops.
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Appendix A: SEM data

Additional SEM images of the samples are given in figure 6.1.

Figure 6.1: A zoomed in version of the SEM image of the microstructure
of all samples shown in figure 4.5. RD denotes the relative density of the
imaged samples. Notice that images have not been taken perpendicular to
the fracture plane and that the image of BNN has a higher magnification.
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Appendix B: XRD data

Zoomed in XRD spectra of all the different compositions with Pawley
refinements are given in figure 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7.

Figure 6.2: Pawley refinement of BNN diffractogram using the Cmm2
space group.
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Figure 6.3: Pawley refinement of 0.2KBiN diffractogram using the Cmm2
space group.

Figure 6.4: Pawley refinement of 0.4KBiN diffractogram using the Cmm2
space group.
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Figure 6.5: Pawley refinement of 0.6KBiN diffractogram using the P4bm
space group.

Figure 6.6: Pawley refinement of 0.8KBiN diffractogram using the P4bm
space group.
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Figure 6.7: Pawley refinement of KBiN diffractogram using the P4bm
space group.
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