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Ceramic materials are widely used because of the diversity of mechanical, 

electrical, and optical properties that they exhibit.  The synthesis of new ceramics with 

tailored properties for specific applications is a challenge for materials scientists and 

engineers.  In this study, novel methods for the synthesis of SiC and Bi2Ti2O7 for 

nuclear and dielectric applications, respectively, are explored and the obtained 

properties are discussed.  

A polymer precursor route was followed in order to sinter β-SiC at 930 and 

1050°C.  Differential thermal analysis (DTA), thermogravimetric analysis (TGA), Raman 

spectroscopy, and X-ray diffraction of the precursor confirmed the formation of 

amorphous SiC at 930°C.  Sintered pellets made of 90 wt% polycrystalline β-SiC 

powder and 10 wt% polymer precursor, showed a higher average density of 2.42 g/cm3 

(77% of theoretical), by using a binary mixture of fine and coarse particles.  The 

hardness, fracture strength, and fracture toughness were determined.  These results 

were compared with those of UO2, MOX, and other inert matrix material candidates for 

light water reactors.  The thermal diffusivity, thermal conductivity and heat capacity were 

measured from 100 to 900°C. The resulting density as well as the measured 
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thermophysical and mechanical properties make this process suitable for an inert matrix 

fuel open porosity concept. 

Co-precipitation synthesis methods followed by microwave sintering techniques 

were utilized to obtain dense phase pure Bi2Ti2O7 polycrystalline ceramic pellets.  No 

evidence of secondary phases was found in the powder or pellets.  This maiden 

achievement allowed for primary thermophysical, crystallographic, and dielectric 

characterization of this ceramic compound.  Reported density functional theory results 

for Bi2Ti2O7 were used to obtain the theoretical X-ray diffraction pattern to determine the 

purity of the experimental compound.  Discrepancies among reports in literature 

regarding the structure, stability, and supposed ferroelectricity of this material are 

discussed and clarified.  A modification to the phase diagram of the Bi2O3-TiO2 system 

is proposed based on the results of the present investigation.  In addition, and contrary 

to prior reports, the dielectric characterization of Bi2Ti2O7 reveals a linear dielectric with 

high permittivity values at room temperature (115 at 500 kHz), and more remarkably, a 

temperature and frequency dependent dielectric relaxation. 
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CHAPTER 1 
INTRODUCTION 

1.1 Statement of Problem and Motivation 

The development of new and better technologies is usually related to the synthesis 

of improved materials.  In the last two decades a lot of effort has gone into the 

investigation of materials that could allow for the more effective use of energy.  In the 

nuclear field, generation of electricity has been carried out mainly in light water reactors 

(LWR) using the well known mixed oxide (MOX) fuel.1  Although this fuel has been used 

for years, intense investigation has been carried out in order to replace MOX with a 

better material, capable of higher burnups (fuel utilization) and a more effective 

plutonium transmutation.2-5   

Stockpiles of plutonium from dismantled nuclear weapons and from spent nuclear 

fuel are a threat to international security and to the environment.  It has been reported 

that the total inventory of Pu had reached the order of 1200 tons by the end of last 

century.6  Besides, minor actinides such as 237Np, 241Am, 243Am, and 244Cm, by-products 

of nuclear power, are a major concern for environmental safety because of their 

radiotoxicity and decay heat generation.7 

The MOX fuel, made of a mixture of UO2 and PuO2, contains 238U which is a fertile 

material that adsorbs thermal neutrons and converts into fission material 239Pu through 

beta decays after irradiation in nuclear reactors.  Therefore,  burning MOX fuel in a 

LWR is inefficient and does not allow a rapid reduction of stocked Pu.3  Silicon carbide 

is one of the candidates to replace MOX through the concept of inert matrix fuels (IMF), 

materials that avoid the undesirable effect of neutron capture (239Pu generation).8  

However, complications with the sintering (densification) of SiC ceramics represent a 
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major challenge that has to be overcome before SiC can be considered more seriously 

for nuclear applications (very high temperatures and/or pressures, and sintering aids 

are usually required9-12).  In this work a novel low temperature sintering method of SiC is 

explored and the resulting properties of the ceramic are studied to determine the 

potential of this material to replace MOX. 

Another area that has been extensively studied in the last decades is that of 

dielectrics.  The storage of energy in materials is of great interest because of the current 

boom in electronics.  Efforts are now concentrated in the miniaturization of the electric 

components which requires the synthesis of materials with improved properties.13,14  

Capacitors, used to store energy in an electric field, are composed of two conductive 

surfaces separated by a dielectric (insulator) material.  Materials with superior dielectric 

properties would allow capacitors to significantly decrease in size.15,16  Multilayer 

ceramic capacitors (MLCC) and low temperature co-fired ceramics (LTCC) are 

acquiring popularity due to their small size and high capacitance, and can be found in 

computers, telecommunication devices and industrial controls.17-22  Bismuth based 

pyrochlores have been studied due to their composition-dependent dielectric properties 

including high permittivity and low dielectric loss which in combination with low sintering 

temperatures make them suitable for MLCC and LTCC technologies.23-26  A key 

compound in the study of these pyrochlores is Bi2Ti2O7; however, the synthesis and 

sintering of this material has represented a major problem for more than 40 years.27  In 

this work a co-precipitation method followed by microwave sintering allowed for the 

synthesis and sintering of the phase pure compound for the first time.  Measured 
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electrical properties are discussed in detail in order to provide a better understanding of 

the dielectric behavior of bismuth based pyrochlores. 

 

1.2 Scientific Approach 

Before SiC can be seriously considered as an option for nuclear fuel applications, 

it is necessary to develop a low temperature sintering method to avoid potential 

undesirable reactions with the fuel (plutonium).  For this purpose, the present 

investigation starts with a thermal analysis of allylhydridopolycarbosilane, a polymer 

precursor of SiC commercialized with the name SMP-10, which allows for the formation 

of SiC below 1000°C. The thermal analysis is mainly used to identify the most 

convenient sintering temperatures.  The polymer is then fired at those temperatures in 

order to study the formation of SiC using analytical methods.  Different mixtures of SiC 

powder and polymer precursor are pressed into pellets and fired to find the combination 

that yields the highest density.  The mechanical properties of the SiC pellets made with 

the best composition are studied, including Vickers hardness, fracture strength and 

fracture toughness.  Finally, thermophysical properties of the pellets such as specific 

heat capacity, thermal conductivity, and thermal diffusivity are measured and discussed 

to establish the potential of SiC to be employed in nuclear reactors. 

In the other study, the analysis starts with the synthesis of Bi2Ti2O7 employing a 

novel co-precipitation method.  The investigation continues with the comparison of the 

experimental result with the predictions of density functional theory (DFT) to determine 

the purity of the ceramic powder obtained.  A guide to help with the identification of the 

purity of Bi2Ti2O7 synthesized with the proposed method is developed, and the origin of 

detection problems of common impurities is investigated using crystallographic 
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software.  The stability of the pyrochlore is later studied using a thermoanalytic 

technique and corrections to the phase diagram of the Bi2O3-TiO2 system are 

discussed.  With aid of the improved phase diagram microwave sintering is selected to 

produce a dense bulk ceramic for the first time.  The electrical properties of the bulk 

Bi2Ti2O7 are then evaluated.  

In the next chapter, a brief background of topics useful to better understand and 

analyze the investigation presented in subsequent chapters is given.  Chapter 3 

comprises the work carried out on SiC, while Chapters 4 and 5 deal with the research 

on Bi2Ti2O7.  Conclusions and future work are presented in Chapter 6. 
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CHAPTER 2 
BACKGROUND 

The present chapter presents a brief summary of some of the theoretical 

background required for understanding and analyzing the investigation presented in the 

subsequent chapters.  The material under investigation in Chapter 3 is a possible 

candidate for nuclear fuel applications as will be later discussed, so that a summary on 

the topic of nuclear reactors is offered as background in section 2.1.  In Chapters 2 and 

3 thermoanalytic techniques are a key part of the analysis which led to important 

findings.  Therefore, a brief introduction is given in section 2.2 to better understand how 

these techniques work and how they result useful in this investigation.  In addition, X-ray 

diffraction (XRD) analysis is one of the most commonly used techniques among 

materials scientists and will be employed several times in the following chapters.  A 

short explanation of the basis of this technique is in consequence offered in section 2.3.  

Finally, understanding the dielectric properties of materials is fundamental to follow the 

discussion presented in Chapters 4 and 5.  The dielectric behavior and related concepts 

are commented in section 2.4. 

As a summary, it is not intended to cover the background of the research areas in 

their entirety, but rather to present a work-frame for the rest of the thesis. 

 

2.1 Nuclear Reactors 

The core of this section is chiefly based on Chapter 2 of “Nuclear Energy Today”,28 

a publication of the Nuclear Energy Agency.  

Due to the increasing global demand for energy and the knowledge that fossil fuel 

reserves will be depleted in the close future, the exploration of alternative energy 
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sources has been encouraged.  Nuclear reactors have been successfully used to 

generate electricity since the 1950’s and their popularity as a reliable energy producing 

option has been rising since then.  To produce electric energy nuclear reactors follow a 

similar procedure to that of fossil-fueled plants, the difference being the energy source.  

In nuclear plants, heat released from the fission (splitting) of atoms is used to produce 

steam which drives a turbine that powers electric generators as shown in Figure 2-1.  

Typical components are: 

• Fuel.  It is usually uranium and plutonium based. Pellets containing the fuel are 
arranged in tubes or fuel rods made of stainless steel or a zirconium alloy 
(Zircaloy) assembled in the reactor core. 

• Reactor core.  Where the fission reactions take place.  

• Moderator.  A material (usually water or graphite) located in the reactor core in 
order to slow down the neutrons released from the fission reactions.  Slowing 
down neutrons will produce more fission events in a sustained chain reaction (235U 
fissions through slow or thermal neutrons). 

• Control rods.  Are made from neutron absorbing materials (e.g. Cd, Hf and B).  
They are inserted and removed from the core to control the reaction rates. 

• Coolant.  The fluid circulating inside the core absorbs the heat generated and 
produces steam. 

• Vessel.  It contains the reactor core and the coolant. 

 

The most common type of nuclear reactor is the light water reactor (LWR), which 

uses water as coolant and moderator.  According to the International Atomic Energy 

Agency (IAEA) 359 LWRs are currently in operation across 27 countries and 27 more 

are under construction; so this technology is growing.  Most of the efforts are focused 

on improving the performance of LWRs through better designs and/or enhanced fuels.  

The mixed oxide fuel (MOX) composed of uranium oxide and plutonium oxide has been 

used as an alternative to low-enriched uranium (LEU, formed of 238U and <20wt% of 
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235U) because it offers a way to get rid of plutonium (239Pu is fissile like 235U) which is 

advantageous due to the risks that 239Pu represents (weapons and damage to the 

environment).  However, substitutes for MOX are desirable as will be further discussed 

in Chapter 3. 

 

 

Figure 2-1.  Typical components of a nuclear reactor plant. The nuclear reactor vessel 
(1) contains the fuel rods (green), the control rods (gray) and the 
coolant/moderator (2).  The steam generator (3) feeds a turbine generator 
(4) to produce electricity.  A condenser (5) converts steam back to water 
and a cooling tower (6) removes heat from the cooling water to return it to 
near-ambient temperature.28 

 

2.2 Thermal Analysis  

The core of this section is chiefly based on Chapter 5 of “Polymer Chemistry: An 

Introduction”.29 

All the techniques employed to determine properties of materials based on 

temperature changes are grouped in what is called “thermal analysis”.  The difference 
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between the techniques depends on the property trying to be determined.  The most 

widely used are the following: 

 

2.2.1 Thermogravimetric Analysis (TGA) 

In this technique a change in the mass of the sample is obtained as a function of 

temperature.  The method consists of the continuous weight measurements on a 

sensitive balance while temperature is increased in air or inert atmospheres like 

nitrogen or argon.  The data is plotted as weight (usually weight fraction) versus 

temperature.  It is commonly used to determine the thermal stability of polymers. The 

weight loss indicates evaporation of solvents or polymer decomposition.  TGA in 

combination with other thermoanalytic techniques is used to study ceramics (oxidation 

can be easily identified when TGA is combined with differential thermal analysis). 

 

2.2.2 Differential Thermal Analysis (DTA) 

DTA is used to detect thermal transitions in materials.   A standard material used 

as a reference and the sample are heated by the same heat source under a chosen 

atmosphere.  When a transition occurs in the sample a voltage change, interpreted as a 

variation in temperature, is observed with respect to the reference.  This temperature 

difference (ΔT) is shown as a peak in a ΔT vs. temperature plot or thermogram as 

shown in Figure 2-2.  The peak will point up or down depending on the chemical 

reaction. If it is exothermic (e.g. crystallization) it will point up, if endothermic (melting) it 

will point down.  Second order transitions (continuous in a first but discontinuous in a 

second derivative of the free energy), such as glass transitions, are manifested as 

changes of slope.  DTA is commonly used in combination with TGA to analyze 

polymers, metals and ceramics for different applications.  
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2.2.3 Differential Scanning Calorimetry (DSC) 

DSC is a similar technique to DTA and the same type of information can be 

obtained; the difference is the setup of the instrument.  In DSC both the sample and the 

reference have individual heaters which maintain a constant temperature.  Therefore, 

instead of measuring ΔT the instrument determines an electrical power variation 

reflected as a difference in the heat flow (dΔQ/dt).  The corresponding thermogram, 

heat flow vs temperature, is used to identify phase transitions and also calculate the 

specific heat capacity of the sample. 

 

 

Figure 2-2.  Example of DTA and/or DSC thermograms. 
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2.3 X-ray Diffraction 

The core of this section is chiefly based on Chapter 4.1 of “Encyclopedia of 

Materials Characterization”.30 

XRD is a technique used to identify crystalline phases present in materials and to 

measure the structural properties of these phases.  The sensitivity of the technique 

depends on the material of interest; XRD is more sensitive to materials composed of 

high-Z elements.  In an XRD experiment the diffraction angle 2θ is the angle between 

the incident and diffracted X-rays.  The diffraction pattern is built by plotting the 

measured diffraction intensity as a function of 2θ. 

Crystals consist of planes of atoms spaced a distance “d” apart; however, many 

atomic planes, each with different d-spacings, can be distinguished within the crystal.  In 

order to simplify the analysis, a coordinate system was introduced where the unit 

vectors a, b, and c represents the edges of a unit cell.  Atomic planes can then be 

differentiated using its Miller indices (hkl).   

The d-spacing between (hkl) planes is denoted as dhkl, and in the case of cubic 

crystals it is calculated as follows: 
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0
hkl l+k+h

a
=d ,                 (2-1) 

where a0 is the lattice constant of the crystal.  When there is constructive interference 

from diffracted X-rays (electromagnetic waves) by the atomic planes in a crystal, a 

diffraction peak is observed.  The condition for constructive interference from planes 

with spacing dhkl is given by Bragg’s law: 

                                              hklhkl θsind2=λn ,                                                   (2-2) 
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where n is an integer (order of reflection), λ is the wavelength of the X-rays (usually  

1.54 Å when Cu k-alpha is the source), and θhkl is the angle between the atomic planes 

and the incident X-ray beam.  

The X-rays of the incident beam remain in phase and parallel until the top beam 

strikes the atom “1” of the top layer.  The second beam continues to the next layer 

where atom “2” produces its scattering.  In order to satisfy Bragg’s law, the second 

beam must travel an extra distance AB+BC equal to an integral multiple of the 

wavelength.  When this occurs both beams continue in phase and parallel so 

constructive interference is produced as shown in Figure 2-3. 

 

Figure 2-3.  Bragg’s Law and XRD pattern generation. 

 

2.4 Dielectric Behavior 

The core of this section is chiefly based on Chapter 7 of “Principles of Electronic 

Materials and Devices”.31 

Dielectric behavior takes place in all insulators independently of their state (solid, 

liquid or gas).  Under the influence of an electric field charges inside a dielectric at 
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atomic and molecular levels are oriented in specific directions giving rise to the so-

called dielectric polarization.  The degree of polarization in response to the applied field 

is indicated through a dimensionless constant, the electric susceptibility (χe).  A quantity 

used to measure the resistance of a material to an applied field is known as the 

complex relative permittivity (ԑr) and it is related to χe as follows: 

                                                     1-re εχ = .                                                     (2-3) 

The complex relative permittivity can be related to the polarization and the electric 

field through: 

                                                 1
Eε
Pε

0
r +








= ,                                                   (2-4) 

where P is the polarization, E is the electric field, and ԑ0 is the permittivity of vacuum 

which has the value of 8.854 x 10-12 F/m. 

The complex relative permittivity is obtained from the complex absolute permittivity 

(ԑ) and the permittivity of the free space according to: 

                                                      
0

r ε
εε = .                                                        (2-5) 

The complex relative permittivity is a complex number composed of a real part, 

known as the relative permittivity or dielectric constant (ԑr’), and an imaginary part or 

dielectric loss factor (ԑr”): 

                                                    "jε'εε rrr −= ,                                                   (2-6) 

where j is the square root of -1. 

The dielectric constant represents the stored energy when the material is exposed 

to an electric field while the dielectric loss factor influences energy absorption or losses.  

A material with a high dielectric constant indicates a better insulator than a different 
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material with a low dielectric constant.  In the case of capacitors, dielectrics with high 

relative permittivity and low dielectric loss factors are desirable because they allow the 

best storing energy capability.  An important number derived from ԑr’ and ԑr” is the 

dissipation factor or tanɗ (loss tangent, also known as dielectric loss): 

                                                    
'ε
"εδtan

r

r=                                                       (2-7) 

The dielectric loss factor is maximized at a frequency where the applied field has 

the same period of the relaxation process in a material.  Hence, the frequency at which 

a dielectric material is utilized will depend on the relaxation times of its polarization 

contributors (dipoles, ions, or space charges).  Losses will be small if the period of the 

applied electric field differs considerably from the relaxation time. 

 

There are four main types of polarization mechanisms in materials:31  

• Atomic polarization.  It corresponds to displacement of the electrons in an atom 
relative to the nucleus.  The mechanism is active up to a frequency of 1015 Hz and 
its contribution to the relative permittivity can go up to ~5. 

• Ionic polarization.  Involves relative displacement of the cation and anion 
sublattices from their equilibrium positions giving rise to ionic dipoles. Their 
response can go up to 1013 Hz and their contribution to the dielectric constant is 
found between 10 and 60. 

• Dipolar polarization.  It occurs due to reorientation and alignment of permanent 
dipoles because of an applied external field.  It can respond up to 1011 Hz, and can 
have contributions to ԑr’ ranging from 102 to 104.  

• Space charge polarization.  A limited transport of charge carriers takes place until 
they are stopped at a potential barrier which could be a grain boundary, an 
interphase boundary, or a dislocation.  The result is a spatial distribution of charge 
centers over the microstructure. Depending on conductivity (mobility) and barrier 
contribution (distances) it can respond in most ceramics up to 106 Hz and can 
contribute to the relative permittivity ~105. 
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Usually more than one active polarization mechanism can be found in a material.  

Therefore, the total permittivity is a contribution of the different mechanisms:  

                         Charge SpaceDipolarIonicelectronicTotal εεεεεε ++++= ∞ ,             (2-8) 

where ԑ∞ is the permittivity at frequencies above 1015 Hz typically corresponding to 1.
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CHAPTER 3 
THE CASE OF SiC 

3.1 Inert Matrix Fuels 

The core of this chapter is chiefly based on the journal article (Journal of Nuclear 

Materials, 2011, submitted) titled “Low Temperature Sintering (930°C) of SiC for Inert 

Matrix Fuels Using a Polymer Precursor” by J. Roberto Esquivel-Elizondo, Donald T. 

Moore, and Juan C. Nino.  

It is well known that plutonium (Pu) from dismantled nuclear weapons and spent 

nuclear fuel represents a problem of environmental safety due to its radiotoxicity and 

decaying heat generation.  In addition, minor actinides such as americium (Am), 

neptunium (Np), and curium (Cm), by-products of nuclear power, are also a concern for 

the same reasons.  The half-life of most of the radioactive isotopes of these elements is 

in the range of thousands of years so disposal of them in repositories is a major 

challenge.2   

In an effort to reduce the stockpiles of these actinides, their transmutation to 

non/less-radioactive nuclei has been carried out in LWRs, while generating electricity.  

For this purpose, a mixture of plutonium oxide and uranium oxide (MOX) is used as fuel.  

The problem with MOX is the neutron absorption of 238U (the most abundant isotope of 

uranium), which upon capturing a neutron changes to 239U and after two beta decays 

becomes 239Pu.  Therefore, this is not an efficient process for burning plutonium.3,4 

In order to increase the efficiency of the plutonium transmutation process in the 

LWRs, a neutron transparent material replacing UO2 is needed.  The fuel resulting from 

the inclusion of this non fertile material has received the name of inert matrix fuel (IMF).   
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Considering the aggressive conditions in a nuclear reactor, the desirable 

characteristics of an inert matrix (IM) material include a low neutron absorption cross 

section, high melting point, high thermal conductivity, good irradiation stability, good 

chemical stability, and good mechanical properties;8 characteristics difficult to find a 

single material.  Silicon carbide is one of the possible IM candidates but its sintering 

step represents a major drawback by reason of the typically required high temperatures 

(usually above 1700°C) and pressures, and the utilization of sintering aids (TiO2, Al2O3 

or Y2O3).32  Therefore, the synthesis of SiC at lower temperatures is highly desired to 

avoid potential chemical reactions with Pu and the loss of minor actinides due to their 

volatility at high temperature. 

An approach that has been successfully used to lower the sintering temperature of 

SiC is the polymer precursor route.  Yajima et al.33 reported in 1975, for the first time, 

the conversion of a polycarbosilane to silicon carbide fibers upon heat treatment.  A 

year later, Yajima succeeded again, but this time working with SiC rectangular pellets, 

which were sintered between 1000°C and 1400°C using a polycarbosilane as binder.34 

The conversion of polycarbosilane to silicon carbide occurs in three stages: (1) 

loss of low molecular mass components and crosslinking of the polymer, (2) organic to 

inorganic transition which involves the formation of amorphous silicon carbide, and (3) 

conversion of amorphous to crystalline silicon carbide.35-39  

A recently developed polymer precursor of SiC, the allylhydridopolycarbosilane 

(commercialized with the name SMP-10), known for producing near-stoichiometric SiC, 

has been investigated by different authors because compared to polycarbosilane it 



 

32 

possess higher densification efficiency, superior rheological characteristics, and greater 

mass yield (70-75%).40-42  

The allylhydridopolycarbosilane (AHPCS) has been used to make SiC 

composites40,43 and has already been utilized for inert matrix fuel purposes;44,45 

nevertheless, in most of the cases the firing temperature exceeded the 1300°C.  In a 

recent study, Shih et al.45 sintered SiC pellets using SMP-10 and CeO2 as a surrogate 

for Pu at a low temperature (1050°C), apparently solving the latent problem of chemical 

reactions between SiC and Pu. Nonetheless, at that processing temperature, they 

showed that only amorphous SiC resulted from the precursor. This might have a 

deleterious effect on the mechanical and thermophysical properties of the pellets. 

Hence, further studies are needed to determine the potential of SiC made in this 

manner as an IM material. In the present investigation, the synthesis was carried out at 

temperatures as low as 930°C.  Furthermore, the thermal and mechanical properties of 

the obtained material were determined and compared with those of UO2, MOX, and 

other inert matrix material candidates. 

 
3.2 Experimental Procedure 

3.2.1 Sample Preparation 

In order to prepare the samples, 99.8% pure β-SiC powder of nominal sizes 1 µm 

(Alfa Aesar, Ward Hill, MA) and 16.9 µm (Superior Graphite, Chicago, IL) was mixed 

with 10 wt% of SMP-10 (Starfire Systems Inc, Schenectady, NY).  A 1:1 weight percent 

ratio of n-Hexane 99+% pure (Acros Organics, New Jersey, US) to powder was added 

as a solvent.  The slurry was then manually shaken for 10 min in a 2 cm3 stainless steel 

comminution vial with a 5 mm stainless steel ball (Chemplex Industries, Palm City, FL).   
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The slurry was dried overnight in a fume hood for the solvent evaporation.  The 

dried mixture was ground with a corundum mortar and pestle and sieved through a 150 

µm stainless steel wire mesh.  The powder was uniaxially pressed at 200 MPa and 

isostatically pressed at 250 MPa.  The obtained pellets were placed on an alumina tray 

with sacrificial powder and sintered under a vacuum of 15 mTorr in a tube furnace (CM 

Inc, Bloomfield, NJ) with the following schedule: room temperature-250°C (2°C/min), 

250-650°C (1°C/min), 650-sintering temperature (2°C/min), hold for 1 hour, sintering-

room temperature (3°C/min). 

 
3.2.2 Synthesis Characterization 

XRD (Philips 3720, Westorough, MA) patterns of the pellets and powder were 

analyzed to verify phase purity and the scanning electron microscope (SEM) images 

were obtained with a JEOL JCM-5000 NeoScope and a JEOL SEM-6400.  For the TGA 

and DTA, samples of 10 mg were set on an alumina pan in nitrogen and air with a 

heating rate of 10°C/min in a Seiko Instruments TGA/DTA 320 SSC/5200 series. 

Raman spectra were collected at room temperature using a Horiba LabRAM 

Aramis Raman spectrometer with a 532 nm diode laser. 

 
3.2.3 Mechanical Characterization 

Sintered pellets were polished to a 1200 grit finish with aid of a polishing wheel. 

The Vickers hardness was then measured with a conventional Vickers indentation 

method using a load of 1 kg and applying Equation 3-1: 

                                                 2
V dF852.1H −⋅⋅= ,                                            (3-1)  

where F is the load (kgf) and d is the average length (millimeters) of the indentation 
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diagonals.  Three indents per sample were measured (4 samples per sintering 

temperature). 

For the fracture strength and fracture toughness tests a Vickers hardness indent of 

10 kg was made on the center of the pellets to follow the indentation/strength 

technique.46  The samples were later loaded on a three-ball fixture with the indent 

pointing down towards the three-ball arrangement (piston-on-3-ball method).  A test 

frame (Instron model 1350, Instron Corporation, Norwood, MA) was employed and a pin 

speed of 0.3 mm/min was maintained (1.6 mm in diameter) until the specimen failed.  

The load at the rupture was recorded and the fracture strength was calculated using 

Equations 3-2, 3-3, and 3-4:47 
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where υ is the Poisson’s ratio, B is the radius (m) of the loaded area, A is the radius (m) 

of the support circle, C is the radius (m) of the specimen, P is the load (N), and d is the 

thickness (m) of the specimen.  Four pellets were measured per sintering temperature. 

The fracture toughness was obtained from Equation 3-5 using the strength 

indentation method:46 
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where S is the fracture strength (Pa) and P is the indent load (N). 
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3.2.4 Thermophysical Characterization 

Thermal conductivity, thermal diffusivity, and specific heat capacity of sintered 

pellets were measured from 100 to 900°C at 100°C increments in nitrogen using an 

Anter Flashline 4010 Thermal Properties Analyzer.  Pellets were ground flat and parallel 

with 320 grit SiC paper so the surfaces were not reflective.  One of the highest density 

pellets of each sintering temperature were measured three times per temperature and 

the values averaged.  For the thermal diffusivity measurements, a Clark and Taylor 

correction48 was used, while for the thermal conductivity and heat capacity, a certified 

thermographite (Anter Corp., Pittsburgh, PA) sample was taken as a reference.49 

 
3.2.5 Density Calculations 

The volume of the pellets was measured geometrically with a caliper and the 

weight was later use to calculate the experimental density. The recorded weight loss of 

each pellet was assigned to the polymer precursor only, which represented 10 wt% of 

the original mixture. The remaining of the precursor after firing was assumed to be 

amorphous SiC according to the discussion of the next section.  The theoretical density 

was then calculated using a rule of mixtures of the density specified by the 

manufacturers, 3.21 g/cm3 for crystalline and 2.4 g/cm3 for amorphous SiC (Chunghao 

and co-workers confirmed this value for amorphous SiC45). 

 

3.3 Results and Discussion 

3.3.1 Polymer Analysis 

The XRD patterns of the SiC powder, green body, and sintered pellet are shown in 

Figure 3-1.  Only SiC is present after the sintering step and no oxidation or other 
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reactions took place.  The low intensity peak located between the (110) and (200) 

planes corresponds to hexagonal SiC. The amorphous phase is clearly observed in the 

broader peaks of the fired pellet in contrast with those of the powder and green body.  

Concentrations of SMP-10 greater than 10 wt% were attempted but during pressing the 

excess SMP-10 were forced out from the pellet, indicating that the pellet is saturated 

with polymer at 10 wt%. 

 

 

Figure 3-1.  XRD patterns of 1 µm β-SiC powder, the green body with 10 wt% of 
polymer precursor and the sintered pellet at 930°C. 

 

The DTA and TGA curves of the polymer are shown in Figure 3-2.  The onset of a 

reaction can be found around 120°C in accordance to the data obtained by Sreeja et 

al.,42 who explained that at this temperature the cross-linking of the allyl bonds starts.  

The maximum cure (cross-linking) observed in this work is located at 177°C.  The 
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exothermic reaction found at 244°C has been previously associated with the self-cross-

linking due to the loss of hydrogen.42  A weight loss of 8% was measured from 30°C to 

300°C.  Between 300 and 600°C several reactions take place and a weight loss of 16% 

is observed (24% cumulative) mainly as a result of the loss of CH4.  After 600°C no 

more reactions were detected, only a change in the slope in the DTA curve at 850°C 

which represents the formation of amorphous SiC (the manufacturer of the polymer 

claims the formation of amorphous SiC between 850 and 1200°C).  The ceramic yield at 

1200°C was found to be 72% so the weight loss in the last 600°C was small (4%).   

 

 

Figure 3-2.  TGA and DTA of SMP-10 in nitrogen with a heating rate of 10°C/min. 

 

The same thermal analysis was carried out for the green body containing 10 wt% 

of SMP-10 with the DTA results shown in Figure 3-3.  The DTA showed similar cure 
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temperatures for all ambient conditions, slightly lower than the value obtained for the 

polymer alone.  None of the reactions observed between 200 and 600°C in the pure 

SMP-10 were seen in the SiC green body; the reason could be the relative small 

amount of polymer used.  Above 800°C a change of slope is seen in pure nitrogen and 

the onset of an endothermic reaction can be identified in the presence of oxygen with a 

maximum at ~930°C.  The change of slope in pure nitrogen is due to the formation of 

amorphous SiC.  The endothermic reaction in air would suggest the oxidation of SiC to 

SiO2; however, this reaction is exothermic,50 ruling out this possibility.  The oxidation of 

amorphous SiC to form amorphous silicon oxycarbide (SiCO) is an endothermic 

reaction, which would take place between 800 and 1000°C,51,52 explaining the observed 

broad peak in the DTA of Figure 3-3.  Because of the similar formation temperatures, in 

this case it is assumed that oxidation of amorphous SiC to SiCO occurs immediately 

after the formation of the first one.  At 930°C the amorphous SiCO finds its maximum 

formation rate.   Hence, 930°C was chosen as the sintering temperature in addition to 

1050°C, the temperature suggested by the polymer manufacturer company.   

The XRD pattern of the polymer fired at both sintering temperatures is shown in 

Figure 3-4.  It is seen that in the SMP-10 fired at 1050°C the peaks at ~60 and ~71° 

start to be visible, while at 930°C they are not yet differentiated, indicating that at this 

last temperature the material is more amorphous.  The amount of amorphous SiC was 

calculated to be between 6 and 7% independently of the firing temperature (refer to 

experimental section for details).  

The Raman spectra in Figure 3-5 are of pure SMP-10 (fired at both sintering 

temperatures), sintered pellets with 10 wt% SMP-10, and β-SiC powder.  A strait line 
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background subtract was performed on the spectra.  SiC has a peak reported at ~795 

cm-1 and is attributed to the Si-C transverse optical (TO) mode.  There are also peaks at 

~1315 cm-1 for disordered carbon (D) and at ~1600 cm-1 for ordered graphite (G).53,54 

 

 

Figure 3-3.  DTA of the SiC green body (10 wt% of SMP-10) in different environments       
with a heating rate of 10°C/min. 

 

The β-SiC powder has the Si-C TO peak whereas the pure SMP-10 only has the D 

and G peaks meaning the sintering temperatures did not form crystalline SiC from the 

SMP-10.  Raman spectra of the pure SMP-10 confirms the amorphous SiC after firing at 

930 and 1050°C with increased intensity of the D and G bands at 1050°C.  The same 

effect is seen for the pellets with SMP-10 except that the Si-C TO peak is due to the β-

SiC powder. 
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Figure 3-4.  XRD patterns of 1 µm β-SiC powder and SMP-10 fired at 930 and 1050°C. 

 

 

Figure 3-5.  Raman spectra of pure SMP-10 fired at the sintering temperatures, sintered 
pellets with 10 wt% SMP-10, and β-SiC powder. 
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3.3.2 Density of the Pellets 

After preparing 2 batches of 4 pellets each, the sintered pellets with 1 µm β-SiC 

powder and 10 wt% of the polymer precursor were found to have ~71% of the 

theoretical density (3.21 g/cm3 for crystalline and 2.4 g/cm3 for amorphous SiC as 

specified by manufacturers).  In comparison, fired pellets with only powder are ~59.5% 

dense.  A negligible shrinkage of the pellet was observed while the cold isostatic 

pressing was seen to increase the final density by 1.5%.  

In order to increase the density, and therefore, improve the thermal and 

mechanical properties of the pellets, a bimodal mixture of particles was used.  

According to McGeary55 the mechanical packing of spherical particles reaches the 

highest density around a particle size ratio of 10.  Above the previous value the packing 

density versus particle size ratio curve behaves as a plateau where improvements in the 

packing density are negligible. 

Considering the size availability on the market, a 16.9 µm β-SiC powder was 

chosen as the coarse particles.  The particle size distribution (PSD) of both the fine and 

the coarse particles is shown in Figure 3-6 and Figure 3-7, respectively.  The results of 

using a bimodal mixture of particles are presented in Figure 3-8.  The highest average 

density (2.42 g/cm3, 77% of the theoretical) was located at a weight ratio of 50/50, the 

density corresponding to the next ratio measured was smaller so it was not necessary 

to try 75 wt% of coarse particles (each point represent 4 pellets from two different 

batches) 

Taking into account the error bars, the weight loss ranges between 3 and 4% with 

higher average values at 930°C.  This accounts for the 6-7 wt% of the amorphous 

phase present in the pellets (refer to section 3.2.5 for calculation details).   
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Figure 3-6.  PSD of the SiC fine particles. 

 

 

Figure 3-7.  PSD of the SiC coarse particles. 

 



 

43 

Figure 3-9 shows the SEM images of the different fractured pellets at the same 

magnification for comparison purposes. There is not much difference observed between 

the pellet that contains only powder and the pellet that contains powder and amorphous 

SiC as expected due to the anticipated nanometer size of the SiC particles from the 

SMP-10.  In the SEM image with the bimodal mixture it can be observed how the coarse 

particles are surrounded by the smaller ones closing pores and increasing density, this 

is more clearly seen in the SEM image of the polished and thermal etched pellet in 

Figure 3-10. 

 

 

Figure 3-8.  Density and weight loss of pellets prepared with a bimodal distribution of 
particles and 10 wt% of SMP-10. 
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(A) 

(B) 

(C) 

Figure 3-9.  SEM images of fractured pellets fired at 930°C with A) only 1 µm β-SiC 
powder;  B) 1 µm β-SiC powder and SMP-10; C) 1/16.9 µm β-SiC powder in 
a 50/50 wt% ratio and SMP-10. 
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A key physical characteristic of a low-density material, like the SiC pellets 

investigated here, is porosity.  In the case of nuclear applications, specifically, light 

water reactors, porosity plays a major role.  It is well known that fission gas released 

from the fuel pellets induces an increment of the internal pressure of the fuel rod, 

leading to higher temperatures of the fuel and eventually to the failure of the rod.56  This 

will limit the achievable burnup, considering that such release increases with 

temperature.  In consequence, fission gas liberation would represent a major drawback 

of the porous SiC pellets, given that most of their porosity is open as shown by Shih and 

his collaborators45 who worked with SiC made from a polymer precursor fired at low 

temperature as in this study.  Closed porosity is typically then desirable to avoid the 

pressurization problem, as it would retain the fission gases.  However, on the other 

hand, swelling of the pellets will take place due to accumulation of fission gas bubbles, 

increasing the mechanical interaction between the pellets and the cladding, leading to 

deformation of the latter.57  In this case, open porosity would be preferred.  These 

contrasting implications as a result of a pellet with extended porosity require further 

analysis and solutions.  An option proposed by Shih et al.45 is the utilization of polymer 

infiltration and pyrolysis cycles to close the open pores.  This proposal opens the 

possibility to find and optimize the amount of both types of porosity that would reduce 

pellet swelling and, at the same time, internal pressurization of the rod. 

Recently, in mid-2010, a vented fuel pellet/getter concept has been proposed to 

enable higher burnups of the nuclear fuel.58  The proposal is the enhancement of the 

fission gas release employing vented pellets and the collection of those gases in a 

getter material located in a fuel pin plenum in order to avoid the undesirable effects 
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already discussed.  The use of nanoporous carbon and nanoparticles of carbon 

(nanotubes and bucky balls) as possible getter materials is being studied.  A reduction 

on the grain size of the fuel pellets has been proposed to enhance the release of 

gaseous fission products.  The open porosity of the SiC pellets studied here would be 

ideal for the vented fuel pellet approach and represents a good alternative worth of 

further studies.  Therefore, in the next sections, the mechanical and thermophysical 

properties of the SiC pellets are explored. 

 

 

Figure 3-10.   SEM image of a polished and thermal etched (800°C) pellet with 1/16.9 
µm β-SiC powder in a 50/50 wt% ratio and SMP-10.  The firing 
temperature was 930°C. 

 
3.3.3 Mechanical Properties 

Table 3-1 summarizes the measured mechanical properties of the SiC pellets as 

well as data obtained from literature of UO2, MOX, other IM candidates such as 

MgAl2O4, Y3Al5O12,
59 and yttria-stabilized zirconia.60  In addition, CeO2 commonly used 
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as a surrogate for PuO2, and MgO, which has the requirements for an ideal IM material, 

except hot water corrosion resistance, were included.  The SiC pellets sintered at the 

two temperatures of interest exhibit very close values of both fracture strength and 

toughness so the more amorphous SiC fired at 930°C does not affect the 

microstructure.  The Vickers hardness of SiC fired at 930°C was noticeably higher 

indicating that the interfacial strength between the amorphous and the crystalline forms 

is affected with increasing temperature.  This can be explained by the fact that when the 

amorphous SiC turns into a more crystalline form, the volume reduction due to 

densification leaves enough porosity to affect the boundary strength. 

With respect to fully dense SiC, the values obtained for the pellets in this study are 

around four times smaller for hardness and fracture strength, as expected due to the 

low density achieved.  On the other hand, the fracture toughness was found to be very 

close, albeit, the testing methods vary in literature.  For different sintering additives and 

methods, values ranging from 3.5 to 4.5 MPa-m(1/2) are reported.32 

Compared to the other IMF candidates and simulated MOX the hardness of the 

SiC pellets was found to be lower.  Neeft et al.59 points out that the interaction between 

the pellets and the cladding diminishes with decreasing hardness making it more 

difficult for the fuel rod to fail.  The fracture toughness, by contrast, was higher than the 

other candidates and the simulated MOX leading to a lower risk of pellet fragmentation 

during normal operation or accidents.59  

Considering that the temperature of the SiC pellets in operation inside the nuclear 

reactor will be above the sintering temperature of this work, SiC pellets were heat 

treated to 1500°C in argon atmosphere and kept at that temperature for 2 hours.  It is 
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clear that fuel pellets stay in the reactor for much longer periods of time; however, the 

objective was to determine if the thermal and mechanical properties were improved, 

deteriorated or stayed the same given that the amorphous material will crystallize.  The 

results showed a decrease in hardness and inferior values of fracture strength and 

toughness, which could be explained by the increased porosity left by further 

densification of the amorphous material.  It is important to note, that in spite of these 

morphology changes, the properties remain superior than most of the other materials. 

 
Table 3-1. Mechanical properties of the SiC pellets and other inert matrix material 

candidates.  Indentation mass: *100 g, **200 g, and #1000 g. 

 Hv (kgf/mm2) S (MPa) KIC (MPa-m(1/2)) 
β-SiC 930°C# 542.71 ± 46.7 89.52 ± 4.90 2.55 ± 0.10 

β-SiC 1050°C# 446.65 ± 66.4 93.31 ± 10.60 2.63 ± 0.22 
β-SiC 1500°C# 344.57 ± 84.1 73.59 ± 3.68 2.20 ± 0.08 

β-SiC32 2150.87 - 2436.29 362 2.6 - 3 
CeO2*59 532 ± 155  1.2 ± 0.2 
MgO*59 760  1.6–1.8 

MgAl2O4**59 1615 ± 113  2.5 ± 0.4 
Y3Al5O12**59 1446 ± 67  2.5 ± 0.4 

ZrO2 based IMF**60 774.72 ± 71.36 57.7 ± 8.3 1.5 ± 0.2 
UO2

61 632.00 ± 20.39 76 0.87 ± 0.14 
Simulated MOX61 625 – 680 40 - 50 0.7 - 0.9 

 

An issue regarding the interaction between the SiC pellets and the cladding is 

worth a comment here.  The pellets fired at 930°C and 1050°C will still release gases 

(although in small amounts, ~1 wt% of the polymer, or 0.1 wt% of the pellet) as a result 

of the polymer decomposition as can be observed on the TGA of Figure 3-2.  The 

hydrogen embrittlement of steels has been extensively investigated62,63 and is a subject 

to consider in this study because failure of the cladding could be a concern due to 

hydrogen release from the pellets.  The hydrogen loss is known to take place during the 

cross-linking of the polymer as already discussed, but some amounts will still be 



 

49 

released along with other out-gassing products (e.g. methane) above 1050°C.41  Tiwari 

et al.63 measured an average content of 5 ppm of hydrogen in the bulk of steels at the 

time of fracture, although the actual value is much higher according to the authors 

(reported equilibrium solubility of stainless steels at 350°C ranges from 43 to 118 

ppm56).   

Zirconium alloys, on the other hand, could absorb larger amounts of hydrogen 

before the precipitation of zirconium hydrides, which are responsible for the 

embrittlement of the material.64 Between 260 and 300°C, the solubility limit of irradiated 

Zircaloy-4 has been determined in 150-380 ppm.57  The very low diffusivity of hydrogen 

in zirconium alloys (2.5 x 10-13 m2/s65) and the presence of pressurized helium gas in 

the fuel rods, which would diminish considerably the partial pressure of out-gassing 

products, make it unlikely for the small amount of hydrogen released from the SiC 

pellets (<1000 ppm) to diffuse completely into the cladding.  Therefore, it is safe to 

assume that the hydrogren released would not represent a problem for the Zircaloy 

cladding.  Moreover, it has been found that the deleterious effect of hydrogen on the 

mechanical properties of Zircaloys decreases with increasing temperature,66,67 probably 

because of the improved ductility of the zirconium matrix.67   

 
3.3.4 Thermal Properties 

The measured thermal properties of the SiC pellets are presented in Figure 3-11, 

Figure 3-12, and Figure 3-13 (polynomial curves were fitted to the data points).  The 

thermal diffusivity (Figure 3-11) increases with increasing firing temperature.  The 

observed behavior is consistent with the increasing atomic ordering as indicated in 

Figure 3-4 and 3-5 from 930 to 1050°C and subsequent crystallization of SiC when fired 
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at 1500°C.  The specific heat capacity presented in Figure 3-12 matches well with 

literature,32 which is expected given that the pellets are 93-94% β-SiC regardless of the 

heat treatment here employed.  Figure 3-13 shows the calculated thermal conductivity 

(Equation 3-6) of the SiC samples compared to UO2, MOX, and potential inert matrix 

materials.   

                                                      ρCαk p= ,                                                   (3-6)  

 

where k is the thermal conductivity, α is the thermal diffusivity, Cp is the specific heat 

capacity, and ρ is the density. 

Even though the SiC pellets are low density and its thermal conductivity is 

considerably lower than dense SiC,32 it is still higher than that of UO2 and MOX.  A high 

conductivity is beneficial because it leads to a lower operating temperature, important 

for safety considerations,68 and allows for higher burnups.56,64  The reported yttria 

stabilized zirconia (YSZ)69 used in the comparison is tetragonal with 5.8 wt% yttria and 

is fully dense but with a conductivity lower than UO2 which is in accordance to data 

presented by other authors.70  The thermal conductivity of SiC is greater than the spinel 

MgAl2O4
71 at higher temperatures.  The thermal conductivity of Y3Al5O12 (not shown)72 

was found to be lower than that of the spinel and the SiC of this work.   

By using SMP-10 polymer infiltration of the SiC pellets the density and resulting 

conductivity could be increased even further.  The UO2 is 95% dense and is polynomial 

fit from a review of thermal conductivity measurements of UO2.73  MOX is U0.94Pu0.06O2-x 

with an oxygen to metal ratio of 2.00 and a density 95% of the theoretical.74 
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Figure 3-11.  Thermal diffusivity of the SiC pellets. 

 
 

 

Figure 3-12.  Specific heat capacity of the SiC pellets. 
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Figure 3-13.  Thermal conductivity of the SiC pellets and other inert matrix materials. 

 

3.4 Chapter Summary 

Sintered SiC pellets with a density of 2.42 g/cm3 (77% of the theoretical) were 

successfully made at 930°C, temperature low enough to avoid a potential reaction with 

Pu and the loss of minor actinides due to volatilization.  The mechanical properties 

showed to be superior to simulated MOX, UO2, and other candidates for inert matrix 

materials such as MgAl2O4 and YSZ.  In addition, the measured thermophysical 

properties of the SiC pellets resulted in higher thermal conductivity values than the 

mentioned compounds.  These results indicate that the mechanical and thermophysical 

properties of the porous pellets composed of amorphous and polycrystalline SiC 

prepared in this work, are convenient for inert matrix fuel applications, particularly in a 

vented fuel pellet/getter concept.  Hence, SiC is a promising candidate for inert matrix 
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material to be used in LWRs, albeit more investigation is necessary.  Irradiation tests 

should be performed to determine the swelling of the pellets at working conditions as 

well as the effect on the mechanical and thermal properties. 
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CHAPTER 4 
THE CASE OF Bi2Ti2O7 

4.1 Bismuth Pyrochlores 

The core of this chapter is chiefly based on the journal article (Chemistry of 

Materials, DOI: 10.1021/cm202154c, 2011) titled “Bi2Ti2O7: It Is Not What You Have 

Read” by J. Roberto Esquivel-Elizondo, Beverly Brooks Hinojosa, and Juan C. Nino.27   

Compounds with the nominal composition A2B2O7 containing the B2O6 octahedral 

and the A2O’ tetrahedral sub-structures are known as pyrochlores. Bismuth based 

pyrochlores have been extensively studied due to their attractive composition-

dependent dielectric properties.75-83  A combination of high permittivity values (usually 

above 100), low dielectric losses, and low sintering temperatures (1000°C ± 150) makes 

them good candidates for dielectric components in MLCC and LTCC applications. 

Over the last 10 years, extensive research has been done to explain a 

phenomenon that is common to several pyrochlores and all Bi-pyrochlores: a 

temperature and frequency dependent dielectric relaxation consistent with glassy like 

dipolar mechanisms.77-79,81,84,85  On cooling below room temperature, these materials 

exhibit a step-like decrease in the real part of the dielectric constant accompanied by a 

broad frequency-dependent peak in the imaginary part.  As a consequence of this 

relaxation, at microwave frequencies the temperature at which the dielectric loss peaks 

(Tm) displaces towards room temperature as has been observed for Bi1.5Zn1.0Nb1.5O7 

(BZN),78,85 limiting possible applications.    

Several potential explanations for the observed relaxation in Bi-pyrochlores have 

been proposed including the hopping of the disordered cations at the A equivalent 

sites,78 reorientation of unstable dipoles due to interactions in the A2O’ sub-structure,86 



 

55 

and chain rotation modes.79  It is considered though that chemical disorder (more than 

one cation species sharing the A or B sites), highly polarizable lone pair cations such as 

Bi3+, and atomic displacement are responsible for the relaxor behavior.  The 

measurement of the dielectric properties of Bi2Ti2O7, a cubic pyrochlore without 

substitutions on both the A and B site, is extremely desirable because this compound 

would help to isolate possible causes of relaxation.  Atomic simulations have shown that 

inherent displacive disorder is expected in this bismuth based pyrochlore,27,87-89 

meaning that the presence of substitutional cations is not necessarily a requirement for 

the displacive disorder observed in these compounds.  The presence of energy barriers 

of ion hopping mechanisms on the order of 0.1-0.2 eV (similar to those of BZN83) 

suggests dielectric relaxation may occur in bismuth titanate.88  If this prediction is 

confirmed atomic displacement (displacive disorder) would essentially be the origin of 

the relaxation behavior.  However, difficulties in the synthesis and densification 

(sintering) of Bi2Ti2O7 have impeded the dielectric study of this key material as will be 

discussed in the following sections. 

 

4.2 Bismuth Titanate Compounds 

The phase diagram of Bi2O3-TiO2 was first published in 1965 by Speranskaya and 

coworkers,90 and since then, the bismuth compounds reported there have been 

extensively studied due to their unique set of  properties.  Combining the ensuing work 

by Bruton91 and Masuda et al.92 a total of five bismuth titanate compounds have been 

identified: Bi4Ti3O12, Bi2Ti4O11,  Bi12TiO20, Bi8TiO14, and Bi2Ti2O7. 

The well-known Aurivillius phase (layered perovskite-like) Bi4Ti3O12 is a 

ferroelectric compound that has been synthesized by different methods such as solid-
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phase reaction,93 co-precipitation,94 and mechanochemical activation.95  Bi2Ti4O11 is 

antiferroelectric at low temperature (α-Bi2Ti4O11) and transforms into paraelectric (β-

Bi2Ti4O11) at 233°C.96  The crystal structure of both phases was studied by Kahlenberg 

and Böhm97 who used a flux method to grow single crystals.  The optical properties of 

Bi12TiO20 are a subject of much interest and many authors have studied them.  The 

compound has been synthesized by solid state reaction98 and co-precipitation.99  

Moreover, single crystals have been grown by the Czochralski method.100,101  The 

existence of Bi8TiO14 is controversial since it was reported by Masuda et al.92 but not by 

Bruton91 or Lopez-Martinez et al.102 

The case of the pyrochlore Bi2Ti2O7 is different from the previous ones and rather 

interesting.  Even 42 years after Knop et al.103 attempted to make the compound using 

the solid state reaction method, it is not possible to say with certainty, the chemical and 

physical properties of this material due to the large differences within literature.  The 

existence, stability, crystal structure, bulk densification (sintering), and dielectric 

properties of the pyrochlore, often (wrongfully) reported as ferroelectric,86,92,104-107 have 

been subject of discussion for many years.  In the following sections, a comprehensive 

study was carried out in order to clarify these issues concerning the synthesis, crystal 

structure, thermal stability, sintering, and electrical properties of Bi2Ti2O7. 

 

4.3 Experimental Procedure 

4.3.1 Synthesis 

To prepare 0.01 mol of Bi2Ti2O7, glacial acetic acid (Alfa Aesar, 99+%), bismuth 

nitrate pentahydrate (Fisher, certified), ammonium hydroxide (Acros Organics, 28-30% 

solution of NH3 in water), and titanium (IV) isopropoxide (Acros Organics, 98+%) were 
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used as starting materials.  Bismuth nitrate (0.02 mol) was dissolved in acetic acid (25 

mL) after approximately 20 min of stirring.  The ammonium hydroxide (33 mL) was kept 

in a freezer below 0°C, while the bismuth nitrate was dissolved.  Titanium isopropoxide 

(0.02 mol plus an excess of 23%, which has been found to be the optimum ratio to 

obtain a pure Bi2Ti2O7 phase108) was later added to the bismuth nitrate solution followed 

by 5 min of stirring.  The ammonium hydroxide was poured in this mixture (a strongly 

exothermic reaction) and after vigorous (manual) agitation a white precipitate was 

formed (the pH of the solution at this point was ~7).  The precipitate was filtered, rinsed 

with abundant water, and dried overnight.  Slightly yellow chunks were obtained and 

were ground with a mortar and a pestle until a homogeneous white fine powder was 

observed.  An alternative method consisted of following the same procedure just 

described but with the next changes: bismuth subnitrate (Fisher USP, 0.02/5 mol) was 

used instead of bismuth nitrate, and acetic acid was replaced with nitric acid 35% v/v 

(Ricca Chemical Company, 40 mL). The rest remained the same (but 40 mL of NH3OH 

substituted 33 mL). 

A calcination step was carried out at 550°C for 16 h with a heating and cooling rate 

of 200°C/h in a zirconium oxide crucible.  The powder was pressed (50 MPa) into 

pellets of 7 and 13 mm in diameter.  The pellets were microwave sintered in a 

ThermWAVE 1.3 furnace using silicon nitride susceptors to attain a heating rate of 

80°C/min and a holding temperature of 1200°C for 45 min.  The samples were ambient 

cooled to room temperature inside the microwave furnace.  For dielectric and 

polarization vs electric field measurements sintered samples were polished to a 1200 

grit (SiC) finish, sonicated in water for 10 min and then electroded with gold (sputter 
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coated) and silver paste.  They were then dried overnight at 120°C.  Before the 

polarization vs electric field tests, the samples were poled at 140°C under a voltage of 

30 kV/cm for 30 min. 

 

4.3.2 Characterization 

X-ray diffraction (XRD) patterns of the pellets (Philips APD 3720, Cu K-alpha 

source) and powder (INEL CPS 120, Cu K-alpha source) were collected to verify phase 

purity and the scanning electron microscope (SEM) images were obtained with a field 

emission JEOL 6335F FEG-SEM.  For differential thermal analysis (DTA), 15 mg 

powder samples were set on a platinum pan in nitrogen atmosphere with a heating rate 

of 10°C/min in a Seiko Instruments TGA/DTA 320 SSC/5200 series. 

The dielectric measurements were computer controlled with a closed cycle 

cryogenic workstation (CTI- Cryogenics, Model 22) in the temperature range of -248°C 

to 22°C and a Delta 9023 oven from 22°C to 200°C.  The measurements were 

conducted during cooling and heating cycle.  Since no thermal hysteresis was 

observed, only the data from the heating cycle are presented here.  The polarization-

electric field (P-E) loop was measured with a Sawyer–Tower circuit with a sinusoidal 

wave at 50 Hz. 

 

4.4 Results and Discussion 

4.4.1 Bi2Ti2O7 Structure from DFT Simulation 

The bismuth titanate pyrochlore phase has been studied in several computational 

investigations.89,109-113  Recent investigations based on first principles have reported 

lattice instability for the cubic bismuth titanate pyrochlore when considering the atoms 

on the ideal high symmetry sites, which resulted in lattice distortions converging towards 
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a monoclinic Cm  or orthorhombic 1Pna2 space groups.109,111,113  However, it is well 

known that the Bi within Bi2Ti2O7 will displace off the high symmetry positions in the 

m3Fd  space group.110,114,115  When  atomic displacements were considered, bismuth 

titanate was stable within the m3Fd  space group and no lattice instabilities were found 

from phonon dispersion calculations.88  

Early DFT simulations on the Bi2Ti2O7 found Bi, Ti, and O’ atoms displaced with 

various positions identified.110  Briefly, in these results Bi occupied three positions (96g, 

96h, and 192i), O’ occupied the 192i centered at (1/8,1/8,1/8), and Ti also occupied the 

192i position centered at (1/2,1/2,1/2).  A recent study focused on expanding these 

results to examine the symmetry equivalent displacement sites for the Bi cations and a 

new energetic minimum was found.88  Using that result the Wyckoff positions for the Bi, 

Ti, O, and O’ atoms have been identified27 (Table 4-1).  The Bi atoms were found to 

exclusively occupy the 96g(x,x,z) Wyckoff position resulting in 6 symmetrically 

equivalent positions for each of the16 Bi cations.  The O’ anions exclusively bond to the 

Bi cations and occupy the 48f position, differing from previous reports where the O’ 

anions displace to the 32e position114 or the 192i position.110  The O’ anions within the 

48f position displace towards the six edges of the O’Bi4 tetrahedra27, as illustrated in 

Figure 4-1A (one of the actual displacement patterns of the O’ and Bi cations is 

highlighted as the black atoms).   

Remarkably, it was found that the Ti atoms also occupy the 96g(x,x,z) Wyckoff 

position but the resulting 6 equivalent positions are centered around the 

16d(1/2,1/2,1/2).27  The 96g position for Ti has the Ti atoms displacing towards each of 

the vertices of the TiO6 octahedra, as seen in Figure 4-1B.  One of the six possible 
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displacement patterns is highlighted in green and results in a shorter Ti-O bond length 

(distinguished in Figure 4-1B).  The reported displacement pattern for Ti also differs 

from the previously reported 192i position.110  For the case of the 192i position, the Ti 

displaced by a smaller magnitude and not directly towards one of the six O atoms within 

the octahedron.  The difference between the two displacement patterns is attributed to 

the Bi displacement.27   

The details of the Bi occupying the 96g or 96h position have been discussed 

previously by Hector and Wiggin114 and Radosavljevic,115 respectively.  Briefly, when Bi 

occupies the 96g site it displaces directly towards one O atom and simultaneously away 

from another O atom, resulting in an under-coordinated O atom.  It was observed that 

with the Ti occupying the 96g site, the Ti atom displaces towards this under-coordinated 

O atom.27  For aid in viewing this displacement pattern, the magnitudes of both the Ti 

and O’ displacements shown in Figure 4-1 were exaggerated and the atomic radii were 

modified for all the atoms. 

 

Table 4-1.  Atomic positions predicted by DFT simulations for cubic Bi2Ti2O7 and the  
lattice parameter calculated by different methods.27 

Atom Wyckoff 
Position x y z Uiso Occupancy 

Bi 96g 0.015 0.015 0.964 0.001 1/6 
Ti 16d 1/2 1/2 1/2 0.023 1 
O 48f 0.431 1/8 1/8 0.010 1 
O’ 48f 0.136 1/8 1/8 0.003 1/6 

       

a (Å)  
10.335 ± 0.005 (DFT)  
10.335 ± 0.008 (CPS XRD)*  
10.327 ± 0.002 (Le Bail)  

*By a linear extrapolation for curved position-sensitive (CPS) detectors116 
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DFT captures snapshots of the material without thermal considerations and 

experimental efforts have not identified static Ti displacement.27  Therefore, in the 

absence of experimental evidence, the Ti displacement is reinterpreted as an isotropic 

displacement about the high symmetry 16d site.27   

 

Figure 4-1.   Predicted displacement pattern for the (A) O’Bi4 tetrahedron with the O’ at 
48f and the Bi at 96g and (B) a snapshot of the TiO6 octahedron with Ti at 
96g and O at 48f.  The displacement magnitudes were exaggerated for the 
O’ and Ti for visual aid.27 

A) 

B) 
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With the stability of the m3Fd  space group confirmed, the lattice parameter, and 

the atomic positions and thermal parameters identified by DFT27 (Table 4-1), the 

theoretical X-ray diffraction pattern was generated and it is presented in Figure 4-2.  

The theoretical pattern based on the DFT predicted structure is compared with the 

observed XRD from the experimentally synthesized bismuth titanate in the following 

section. 

 

4.4.2 Synthesis of Cubic Bi2Ti2O7 Pyrochlore 

In 1969 Knop and collaborators103 studying pyrochlore titanates attempted to make 

the compound using the solid state reaction method but did not succeed.  Instead, they 

made Y1-xBixTi2O7 with different compositions and extrapolated the data to give an 

estimate of the lattice parameter (10.354 Å), but concluded that Bi2Ti2O7 was not a 

cubic pyrochlore. Later in 1977, Shimada et al.117 claimed the growth of  Bi2Ti2O7 single 

crystals which were described as “reddish brown crystals”.  The structure was simply 

defined as a face centered-cubic with a unit cell of 20.68 Å. 

Masuda et al.92 worked with the Bi2O3-TiO2 system and the flux method to grow 

single crystals and stated in 1992 that Bi2Ti2O7 was part of the phase diagram of the 

system and its melting point was 1210°C.  Three years later, Kahlenberg and Böhm,118 

determined that the crystal grown by Shidama et al.117 years before, was actually a 

different compound.  That year (1995) the same authors published another paper119 in 

which they tried to make the stoichiometric Bi2Ti2O7 by means of solid state reactions.  

They synthesized a mixture of Bi4Ti3O12, Bi2Ti4O11, and the pyrochlore, instead of 

isolating a single phase.  After multiple phase analysis with the Rietveld method, they 
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concluded that the pyrochlore was Bi3+ and O2- deficient with a composition of 

Bi1.833Ti2O6.75 (a = 10.354 Å). 

In 1998, Yordanov et al.,107 claimed the synthesis of Bi2Ti2O7 via solid state 

reactions but no proof (e.g. XRD pattern) was given.  The same year, Radosavljevic et 

al.115 published for the first time the synthesis of the single phase Bi2Ti2O7 obtained with 

a precipitation method (although very weak peaks of Bi2Ti4O11 and TiO2 were still 

observed in the XRD pattern according to the authors).  From neutron diffraction, the 

compound was identified as Bi1.74Ti2O6.62, with a lattice parameter of 10.352 Å and a 

density of 6.771 g/cm3. 

In 2002, Hou et al.86 prepared nanocrystals of Bi2Ti2O7 via metallorganic 

decomposition; however, their XRD pattern clearly shows the presence of the 

ferroelectric Bi4Ti3O12 phase.  One year later, Su and Lu108 showed a convincing XRD 

pattern of a phase pure Bi2Ti2O7 made from a sol-gel method.  Nonetheless, the 

complexity of the synthesis method (more than 10 different substances were used 

through several steps in combination with nitrogen purges and vacuum distillations) 

described by the authors makes it non-ideal for possible applications and in 

consequence less attractive to researchers.  In a latter work (2004), Hector and 

Wiggin114 were able to synthesize the compound via co-precipitation.  They reported 

that Bi2Ti2O7 was very sensitive to temperature, and therefore, pure phase powder 

could only be obtained up to 470°C. 

Using the co-precipitation method described in the Section 2.1, in this work, phase 

pure cubic Bi2Ti2O7 pyrochlore was successfully synthesized only after calcination at 

550°C.  In Figure 4-2, a comparison between the experimental XRD pattern of the 
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calcined samples and the theoretical pattern obtained from the parameters of Table 4-1 

is presented.  It can be noticed that the experimental pattern matches well the prediction 

from DFT.  Additionally, the calculated lattice parameter from the experimental pattern, 

10.335 Å ± 0.008 (using a linear extrapolation for curved position-sensitive detectors116), 

is in excellent agreement with the DFT value (10.335 Å ± 0.005). 

 

 

Figure 4-2.  Theoretical (using DFT atomic positions) and experimental (powder and 
pellet) X-ray diffraction patterns of Bi2Ti2O7.  For visual aid, a dashed line 
is included at 33° to illustrate the lack of secondary phases. 

 

In addition to the agreement between the XRD patterns in Figure 4-2, comparing 

the DFT and experimental patterns shows no unassigned peaks that would be due to 



 

65 

the presence of secondary phases.  For visual aid, a dashed line was added at 33°, 

where peaks ascribed to Bi4Ti3O12 (monoclinic or tetragonal) and the monoclinic 

Bi2Ti4O11 (α or β) would be observed (±0.5°) if any of these phases were present (refer 

to Appendix A for details).  Again, the absence of peaks associated with the secondary 

phase(s) and the excellent agreement with the DFT predictions gives strong evidence of 

the purity of the bismuth titanate pyrochlore.  To further illustrate this, a magnification in 

logarithmic scale of the XRD pattern area around 33° (where impurity peaks would 

appear if present) is depicted in Figure 4-3 with dashed lines shown at 33° ± 0.5, and 

again no sign of impurity peaks is observed.   

 

 

Figure 4-3.  Magnification in logarithmic scale of the XRD pattern of the powder around 
the area where common bismuth titanate impurities (perovskite and 
monoclinic) would be observed if present.  For visual aid, dashed lines are 
included at 33°± 0.5 to illustrate the lack of secondary phases. 
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In order to further verify single phase purity a Le Bail refinement (structureless fit) 

was performed on the powder XRD pattern using the software Rietica.  The resulting fit 

is shown in Figure 4-4 where it is evident that the sample is composed of a single 

phase.  The small difference between the Le Bail fit and the experimental data 

corresponds to slight discrepancy in the peak intensities as expected.  The calculated 

lattice parameter after the refinement was 10.327 Å ± 0.002 (Table 4-1).   

Furthermore, given the pervasive failure to synthesize or isolate phase pure 

Bi2Ti2O7 reported in literature, a detailed description on phase purity identification is 

presented in the next section. 

 

 

Figure 4-4.  Le Bail structureless fit of the powder XRD pattern.  Only peaks ascribed to 
the pyrochlore phase were detected. 
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4.4.3 Phase Purity Identification of Bi2Ti2O7 

Single-phase purity is not often reported in literature, since typically the Aurivillius 

type phase (Bi4Ti3O12) is present as an impurity.  In Figure 4-5, the theoretical XRD 

patterns of a mixture composed of 90 wt% Bi2Ti2O7 and 10 wt% Bi4Ti3O12 (structural 

parameters obtained from Hervoches and Lightfoot120) are shown.   It is possible to 

notice that the main peak of the secondary phase, (117)A (near 30°), is overlapped and 

hidden by the main peak of the pyrochlore, (222)P.  Thus, detection of the ferroelectric 

phase depends on the identification of less intense peaks that even at this relatively 

high secondary phase concentration are difficult to see.  In consequence, low intensity 

XRD patterns will give the impression of a phase pure compound, when it may not be 

the case. This could be the reason of the misleading ferroelectricity reports discussed in 

section 4.4.6.1. 

Perhaps a more practical and direct observation in the identification of the purity of 

the powder when employing the synthesis method proposed in this work is the color.  It 

was found that the phase pure Bi2Ti2O7 powder calcined at 550°C is white (Figure 4-6).  

With increasing amount of the secondary phases it turns from white to yellow and finally 

to orange when the concentration of this phases is above 70% (even small amounts as 

low as 8%, which would be hard to detect via standard XRD, make a big difference in 

color, as evidenced in Figure 4-7).  Depicted in Figure 4-6, the phase pure sintered 

pellets are shown to be light yellow.  Since the purity of the pellet was previously 

established through discussion of Figure 4-2, it should be noted this difference in color 

between the pellet and the powder can be explained by the nano-size nature of the 

latter (it is known that nanoparticles may exhibit different optical properties,121 e.g. gold 

and silver122). 
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Figure 4-5.  Theoretical XRD pattern of 90 wt% Bi2Ti2O7 plus 10 wt% Bi4Ti3O12. 

 

 

Figure 4-6.  Phase pure Bi2Ti2O7 powder and pellet. 
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Figure 4-7.  Bi2Ti2O7 with 0 wt% (top left), 8 wt% (top right), 50 wt% (bottom left) and 
>70 wt% (bottom right) of secondary phases.  XRD patterns are also shown 
in the same order. 

 

4.4.4 Phase Stability of Bi2Ti2O7 

Speranskaya et al.90 reported in 1965 the presence of only Bi4Ti3O12 and Bi2Ti4O11 

in the phase diagram of the Bi2O3-TiO2 system.  Masuda et al.92 published 27 years 

later, based on differential thermal analysis, the existence of Bi2Ti2O7 in addition to the 

other two compounds.  The three phases were stable in all ranges of temperature up to 

their incongruent melting points.  In recent work, Lopez-Martinez et al.102 obtained the 

phase diagram by means of thermodynamic calculations.  The results are in agreement 

with the data obtained experimentally by Masuda et al.92  However, researchers familiar 

with Bi2Ti2O7 would question the temperature stability.  Jiang et al.105 determined in 

1992 that Bi2Ti2O7 is an unstable phase since it decomposed to form Bi4Ti3O12 at 650°C 

according to X-ray diffraction analysis.  The same result was observed by Toyoda et 

al.123 and Nakamura et al.124 Su and Lu108 obtained a single Bi2Ti2O7 phase and studied 
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the phase transformations at different temperatures.  They found that the pyrochlore 

started to disappear at 700°C, decomposing to Bi4Ti3O12 and Bi2Ti4O11.  Hector and 

Wiggin114 reported the transition at 480°C, but it is possible that what they actually saw 

was not a phase transition, but the crystallization of Bi4Ti3O12, which might have been 

amorphous in the sample.  It should be noted that Speranskaya et al.90 identified a 

transformation at 670°C linking Bi4Ti3O12 and Bi2Ti4O11, but did not observe the 

pyrochlore phase. 

Based on this history of bismuth titanate, it is expected the cubic Bi2Ti2O7 will 

undergo a phase transition at elevated temperature.  Therefore, to locate the phase 

transition temperature of Bi2Ti2O7, DTA was performed on the powder.  The result 

shown in Figure 4-8 reveals the onset of a second-order transition takes place at 612°C, 

which extends up to 729°C, as the change of slope of the DTA curve reveals.  The 

absence of a well defined peak indicates a continuous transition, which explains the 

difference in the phase transformation temperature observed by different authors.  

Analysis of the data, like that used for glass transitions (following ASTM E1356), yields 

a transition temperature of 670°C.  Curiously, it is the same temperature at which 

Bi4Ti3O12 starts a phase transformation from orthorhombic to tetragonal125 (although the 

low temperature phase has been reported to be monoclinic and not orthorhombic126-128).  

The observed transition in the DTA result demonstrates the need to modify the phase 

diagram of the Bi2O3-TiO2 system.  Accordingly, the phase diagram of Speranskaya et 

al.90 based on experimental observations was here combined with the experimental 

work of Masuda et al.92 and the thermodynamic predictions of Lopez-Martinez et al.102  

The merged phase diagram with two proposed corrections is shown in Figure 4-9.  First, 
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the horizontal temperature line of 670°C was reinserted from the Bi2Ti4O11 phase (0.2 

mol fraction Bi2O3) to the Bi4Ti3O12 phase (0.4 mol fraction Bi2O3).  Second, Bi2Ti2O7 

phase line at 0.33 mol fraction Bi2O3 from 670˚C to 1200°C was dashed to indicate the 

thermodynamic instability (and dependence on processing history) of the pyrochlore 

phase (for more information on this topic refer to Appendix B). 

 

4.4.5 Sintering of Bi2Ti2O7 

Obtaining large single crystals or a dense polycrystalline ceramics is essential for 

determining key bulk thermophysical and electrical properties of Bi2Ti2O7.  

Unfortunately, until now, it is precisely the instability of the pyrochlore phase what has 

impeded the successful growth of large single crystals or the sintering of the compound.  

The consequence has been the inaccurate determination of properties, such as 

dielectric.129 This is one of the reasons why most of the interest has shifted to the study 

of thin films prepared with different methods.130-138  However, the key to solving the 

sintering issue was found in the revised phase diagram presented in Figure 4-9.  As 

discussed in Section 4.4.4, the Bi2Ti2O7 phase is stable up to 670°C.  This effectively 

precludes the use of any conventional sintering method.  However, recognizing that the 

phase diagram represents thermodynamic equilibrium, it should be possible, in 

principle, to heat the pyrochlore rapidly to 1200°C (or near the appearance of liquid) to 

move away from thermal equilibrium and prevent the formation of the more stable 

secondary phases above 670°C.  Such process of sintering kinetics enhancement while 

limiting the phase transformation kinetics obviously requires very fast heating rates. 

The necessary heating rates were achieved by microwave sintering (80°C/min), 

which exposed the pellets to 1200°C within 15 min.  The obtained density (measured by 
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the Archimedes method) was 6.93 g/cm3.  This would correspond to roughly 92% of the 

theoretical density, 7.53g/cm3 (assuming a fully stoichiometric compound).  The XRD 

pattern of the pellet is presented in Figure 4-2.  It matches well the theoretical and 

powder patterns.  The lack of additional peaks near the dash line in Figure 4-2 indicates 

the secondary phases are not present in the sintered pellet. 

 

 

Figure 4-8.  DTA curve of Bi2Ti2O7 powder (10°C/min in nitrogen).  The insets 
correspond   to the XRD patterns of the sample (after the heat treatment) 
below 612°C (left) and above 729°C (right). 

 

It is important to note that since liquid phase appears at 1210°C according to the 

phase diagram of Figure 4-9, there is a very small working window to achieve a sintered 
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pellet and small fluctuations can affect the desired outcome.  For example, it is clear 

that even if small amounts of the pyrochlore melt, it would lead to the formation of 

Bi2Ti4O11 due to the peritectic reaction.  In addition, a sintering temperature of 1150°C 

resulted in grey pellets with a density of 6.63 g/cm3 for which XRD analysis revealed the 

presence of only Bi4Ti3O12 and Bi2Ti4O11 as expected. 

 

 

Figure 4-9.  Phase diagram of the Bi2O3-TiO2 system, with the modifications in red.  The 
horizontal line at 670°C, absent in recent works, was reinserted and the 
phase line of Bi2Ti2O7 (vertical) was dashed to indicate the thermodynamic 
instability of this phase. 
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Furthermore, it is clear that, starting with nanometer sized powder, which co-

precipitation yields, is essential to maximize the driving force for sintering (surface area) 

and obtaining a dense polycrystalline ceramic.  Therefore, details on the powder 

morphology and sintered ceramic are provided in the following subsection. 

 

4.4.5.1 Powder morphology and ceramic microstructure analysis 

In order to study the powder morphology and ceramic microstructure, SEM images 

were collected. As can be noticed from Figure 4-10A, the powder obtained from the co-

precipitation method is comprised of round 100 nm clusters (hard agglomerates) of 

smaller ~15 nm particles.  Figure 10-4B (at lower magnification) also shows that these 

clusters result in powder of homogeneous round shape with very few soft agglomerates, 

this also very important to assure the densification of the ceramic.  Given the fast firing 

employed, after sintering, no grain growth was observed as can be inferred from the 

fractured pellet (under bending) of Figure 10-4C.  Additional confirmation was observed 

in a lower magnification image (Figure 10-4D) that showed the homogeneous grain 

distribution of the sample.  The effective conservation of the nanograins has been 

previously observed in microwave sintering.139,140   

The image of the surface of a pellet fractured under shear stress is presented in 

Figure10-4E and reveals a transgranular fracture with a compacted structure where the 

nanograins cannot be easily differentiated, unlike the case in Figure 10-4D.  At a lower 

magnification, Figure 10-4F exhibits the dense nature of the pellet but also illustrates 

the presence of some isolated porosity. 
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4.4.6 Bi2Ti2O7 Electrical Properties 

4.4.6.1 Polarization vs. electric field loop behavior  

The believed ferroelectricity of Bi2Ti2O7 has been especially controversial.  Several 

authors have published this supposed characteristic of Bi2Ti2O7,86,92,104-107 but on the 

other hand, the compound has been reported as a cubic pyrochlore,114,115,117 thereby 

ruling out the possibility of a ferroelectric behavior.  Moreover, Su and Lu108 did not find 

the hysteresis loop characteristic of the ferroelectric materials, but a single line.  In 

addition, the DFT calculations previously discussed predict a cubic structure.  

Therefore, the obtained sintered pellets of phase pure Bi2Ti2O7 reported here are ideal 

to help clarify the disagreement. 

In Figure 4-11 the polarization vs. electric field (P-E) response obtained for 

Bi2Ti2O7 is illustrated.  Clearly no ferroelectricity was observed and the small loop, which 

does not exhibit concave regions, was understandably ascribed to dielectric loss.  It is 

important to note that incorrect data interpretation has led to at least one report of 

ferroelectric behavior of Bi2Ti2O7 when it was clearly not the case106,141 (for more 

information regarding proper identification of ferroelectrics from hysteresis loops, please 

refer to the work by Scott142).  More importantly, the calculated relative permittivity from 

the polarization and the electric field at 50 Hz and room temperature was ~162 

(Equation 4-1).  As will be seen in the next section, this matches very well with the 

dielectric permittivity of Bi2Ti2O7 here measured. 

                                                1
εE
Pε

0
r +








=  ,                                       4-1 

where ԑr is the relative permittivity, P is the polarization, E is the electric field and ԑo is 
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the permittivity of vacuum.  In Appendix C the previously reported ferroelectricity of 

Bi2Ti2O7 and its relationship with impurities and grain size is discussed. 

 

Figure 4-10.  SEM images of the powder (A and B), and fracture surfaces under 
bending (C and D) and shearing (E and F). 
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Figure 4-11.  Polarization vs. electric field response of Bi2Ti2O7 measured with a 
Sawyer–Tower circuit at 50 Hz. 

 

4.4.6.2 Dielectric properties 

Bismuth pyrochlores have desirable dielectric properties, including high dielectric 

constant, low dielectric loss, and low temperature coefficients of capacitance which help 

to decrease the size of the capacitors, as well as lower the material costs.   In fact, 

bismuth titanate was combined with bismuth hafnate to form solid solutions in an effort 

to improve the overall dielectric properties.129  Another example of this is BZN 

(Bi1.5Zn0.92Nb1.5O6.92) which also shows dielectric relaxation.83  The dielectric relaxation 

observed in pyrochlores is often attributed to multiple features such as the highly 

polarizable A site cation, chemical substitution, and large ion displacement from the 

ideal m3Fd (space group No. 227) sites of the cubic pyrochlore structure.143,144  The 

sintered phase-pure Bi2Ti2O7 pellet presents an opportunity to understand the dielectric 

properties of a pyrochlore without the chemical substitution on the A or B site, thereby 
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helping to isolate the features necessary to observe dielectric relaxation.  The dielectric 

behavior of Bi2Ti2O7 was investigated and the results are presented in Figure 4-12.  The 

dielectric constant of 115 at 500 kHz and room temperature is relatively high and the 

dielectric loss is small with the imaginary part of the permittivity <1 (i.e. tan δ < 0.01). 

The relative permittivity indirectly calculated from the hysteresis loop at room 

temperature and 50 Hz (presented in Figure 4-11) is in good agreement with the direct 

measurements in Figure 4-12 when considering that the permittivity increases with 

decreasing frequency, as expected.  Further, although it is not included in Figure 4-12, 

at 1 kHz the permittivity was 128.  More remarkably, it is clear that bismuth titanate 

exhibits a form of dielectric relaxation commonly observed in pyrochlores.83,85,144-146  In a 

typical bismuth pyrochlore relaxation, the maxima in the real part of the dielectric 

permittivity (ԑr’) is relatively sharp and the curves at different frequencies tend to 

converge at higher temperature to the same permittivity value.  As seen in Figure 4-12, 

for bismuth titanate this behavior is not exactly followed.  Instead, the curves remain 

separated and the peak in permittivity is softened.  The shape of the associated 

dielectric loss peak is rather interesting and deserves further investigation since it does 

not follow the typical peak from relaxation processes. 

Additionally, recent computational work examining atomic hopping mechanisms in 

bismuth titanate suggested the occurrence of dielectric relaxation due to Bi/O’ 

transitioning between equivalent displacement positions.88  The observation of dielectric 

relaxation in bismuth titanate suggests of the multiple features proposed to be 

necessary, atomic displacement is key.  Clearly, further analysis of the nature of the 
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dielectric response of bismuth titanate is needed and it is the focus of the discussion in 

the following chapter. 

 

 

Figure 4-12.  Dielectric permittivity of Bi2Ti2O7 as a function of temperature from 500 to 
2000 kHz. 

 
4.5 Chapter Summary 

Cubic pyrochlore Bi2Ti2O7 was synthesized by a co-precipitation route.  The 

powder was microwave sintered at 1200°C to avoid the formation of the 

thermodynamically more favorable secondary phases, Bi4Ti3O12 and Bi2Ti4O11.  The 

XRD pattern of the compound, also modeled by DFT, confirmed the phase purity of both 

the powder and the densified ceramic.  In the phase pure sintered Bi2Ti2O7 compound, 

ferroelectricity was not found and it is not believed to exist in this stratum altogether.  It 

was clarified that given the difficulty in making a single phase of the pyrochlore 

structure, ferroelectricity might have been incorrectly ascribed to this compound.  In 
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order to help researchers avoid confusions of this sort, a brief description of how to 

identify the presence of impurities based on the color of the powder was offered.  In 

addition, theoretical X-ray diffraction patterns were shown to explain why the 

ferroelectric Bi4Ti3O12 commonly goes unnoticed in the experimental patterns, which is a 

possible reason of the misleading properties attributed to Bi2Ti2O7.  The synthesized 

cubic pyrochlore is not a ferroelectric as proven by the polarization vs. electric field 

response of the sintered pellets made here.  The relative permittivity of ~162, calculated 

from the slope of the hysteresis loop, is in good agreement with the results obtained 

from the dielectric measurements, from which dielectric relaxation was apparently 

observed.  The fact that this phenomenon takes place in a pyrochlore with no 

substitution on the A or B site, strongly suggests, altogether with recent computational 

work, that atomic displacements from the high symmetry sites is sufficient condition for 

the appearance of dielectric relaxation behavior in bismuth pyrochlores. 
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CHAPTER 5 
DIELECTRIC ANALYSIS OF Bi2Ti2O7 

5.1 Chapter Objective 

Preliminary dielectric properties of Bi2Ti2O7 were reported in the previous Chapter; 

nonetheless, it was still unclear if the relaxation behavior was exhibited by this 

compound and further analysis is required.  In this Chapter the dielectric properties of 

Bi2Ti2O7 are studied comprehensively as a function of temperature and frequency in 

order to clarify the presence of relaxation in this material, and in turn, better understand 

the nature of the dielectric relaxation phenomenon observed in Bi-pyrochlores.  

 

5.2 Experimental Procedure 

The dielectric measurements as a function of temperature were collected with an 

Agilent E4980A Precision LCR Meter using a computer controlled closed cycle 

cryogenic workstation (CTI- Cryogenics, model 22) for the temperature ranges between 

-246°C to 27°C, and a Delta 9023 oven from 27°C to 227°C in the frequency range 

between 40 Hz and 2 MHz.  Data at higher temperatures (100-450°C) was obtained 

placing the samples in a quartz tube reactor located inside a tube furnace.  The 

thermocouple was placed in close proximity to the pellets in order to have accurate 

temperature control.  Measurements in the frequency range from 1 kHz to 1 MHz were 

carried out using the Agilent system. 

Impedance data as a function of frequency was collected using an Agilent 4294A 

Precision Impedance Analyzer with measurements collected at 10°C intervals between 

the temperature and frequency ranges of 20°C-500°C and 40 Hz to 1 MHz, respectively. 
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5.3 Dielectric Analysis as a Function of Temperature 

The measured relative permittivity at 100 kHz and 25°C was 115 while tan δ 

(dielectric loss) was 0.0064.  The obtained dielectric constant is in agreement with the 

reported value of 118 measured at the same frequency and temperature for thin films 

with strong (111) orientation;147 tan δ, however, is an order of magnitude lower in this 

work.  Cagnon and coworkers130 reported the relative permittivity for thin films of 

Bi2Ti2O7 in the range of 140-150 and the loss around 4x10-3.  In this last case better 

agreement was found for the loss tangent but the difference in the dielectric constant is 

high. 

The real and the imaginary part of the dielectric constant at fixed frequency values 

against temperature are illustrated in Figure 5-1 for BZN and in Figure 5-2 for Bi2Ti2O7.   

 

 

Figure 5-1.  Real and imaginary part of the dielectric constant of BZN as a function of 
temperature from 10 kHz to 2 MHz. 
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Figure 5-2.  Real and imaginary part of the dielectric constant of Bi2Ti2O7 as a function 
of temperature from 10 kHz to 2 MHz. 

 

The dielectric behavior of BZN is characteristic of Bi-pyrochlores, i.e., a low 

temperature frequency dispersive dielectric relaxation is observed where Tm shifts to 

higher temperatures with increasing measuring frequency.  Also, the loss value at Tm 

and the width and magnitude of the loss peak increases with measuring frequency.  In 

addition, the dielectric constant of BZN at different frequencies seems to converge to 

the same value as temperature is increased.  However, bismuth titanate, despite being 

a Bi-pyrochlore, does not have the same behavior.  Even though it is clear that close to 

room temperature the relative permittivity of Bi2Ti2O7 changes its increasing tendency 

(except at low frequency as seen at 10 kHz), it is not accompanied by a response in the 

imaginary part as in the case of BZN.  This points to the possibility of a phase transition 
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being responsible for the permittivity change in Bi2Ti2O7.  A similar phenomenon is 

observed in Gd3NbO7, a dielectric with a weberite-type structure, an anion deficient 

fluorite superstructure, similar to the pyrochlore structure.148,149  The measurement was 

extended up to 210°C looking for indications of dielectric relaxation but it was not 

observed.  From Figure 5-2 it is also noticed that the dielectric constant of Bi2Ti2O7 at 

different frequencies does not converge as in BZN.  At 10 kHz (the lowest frequency in 

Figure 5-2) the onset of a peak in the imaginary part is observed but the increasing 

conductivity does not allow seeing it clearly.  Therefore, another measurement was 

carried out including frequencies as low as 80 Hz.  The resulting plot is depicted in 

Figure 5-3.   

 
 

Figure 5-3.  Real and imaginary part of the dielectric constant of Bi2Ti2O7 as a function 
of temperature from 80 Hz to 2 MHz. 
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From this plot it is evident that at low frequencies (<10 kHz) a type of dielectric 

relaxation is taking place.  Nonetheless, the shape of the loss curves does not follow the 

observed pattern in BZN, more specifically, in Bi-pyrochlores the loss peaks seem to 

appear at the same low temperature, which is not the case for Bi2Ti2O7, suggesting a 

different origin for the relaxation.  Differential scanning calorimetry (DSC) performed on 

a Bi2Ti2O7 sample from 2 to 200 K (-271 to -73°C) only reveals a slight change of slope 

at 127 K (-146°C) as illustrated in Figure 5-4.  It is important to mention that the 

relaxation in Bi2Ti2O7, where the dielectric constant dispersion starts, occurs at higher 

temperatures than in BZN (and any other Bi-pyrochlore studied so far). 

Employing the Arrhenius equation, the Debye model corresponding to a single 

relaxation time was followed to determine the activation energy (Ea) and the attempt 

jump frequency or characteristic frequency (ν0) of the relaxation phenomenon in 

Bi2Ti2O7:  

           
                                           







 −
=

mB

a
0r Tk

Eexpνν ,                                               (5-1) 

where νr is the frequency of the relaxation peak in the loss spectra, and kB is the 

Boltzman constant.  The behavior of the loss peaks obeyed correctly the selected model 

as shown in Figure 5-5 (with data from Table 5-1).  The calculated activation energy of 

0.162 eV (equivalent to 1881.3 K) is in agreement with calculated values from DFT 

(0.11-0.2188) and is similar to that of BZN (0.136 eV,83 0.202 eV78).  However, the 

attempt jump frequency (9.91 x 105 Hz = ~1 MHz) is several orders of magnitude lower 

(1012 Hz), which makes the comparison of activation energies pointless since different 

relaxation mechanisms should be taking place. 
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Table 5-1.  Temperature of low frequencies loss maxima (Tm) for Arrhenius fit. 
Frequency (Hz) Tm (K) 

100 203.666 

200 222.717 

500 247.525 

800 264.550 

1000 271.739 

 
 
 

 

Figure 5-4.  Low Temperature DSC analysis of Bi2Ti2O7. 

 
 

The very low attempt jump frequency suggests the presence of space charge 

polarization within the grain boundaries or an interaction between the surface of the 

sample and the electrode.  Otherwise, if one assumes that the observed phenomenon is 

a typical dielectric relaxation, such low frequency would imply the involvement of a large 

vibrating mass or a cooperative displacement in the form of rigid unit modes.150,151  In 
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BZN the characteristic frequency in the order of 1012 Hz is normally attributed to the 

attempt jump frequency of the hopping of A ions within the A2O’ substructure that is 

governed by the O’-A’O’ phonon vibration.152  If a rough calculation is used considering 

harmonic oscillators (m2/m1 = ν1
2/ν2

2), a mass difference of 12 orders of magnitude is 

obtained between BZN and Bi2Ti2O7.  In that case, the low frequency dielectric 

relaxation in Bi2Ti2O7 requires a vibrating mass in the order of several lattices or unit 

cells (4.81 x 1010 unit cells), which means that cooperative displacement would be 

occurring.  Given this unlikely event, space charge polarization in the form of electrode 

interfacial polarization would seem more reasonable. 

 

 
 

Figure 5-5.  Arrhenius plot of Bi2Ti2O7 dielectric relaxation using Equation 5-1 and Table 
5-1.  Fitting parameters are presented. 

 

In order to verify the possible interaction between the electrodes and the sample, 

three different electrodes were used for the dielectric analysis, silver paste, platinum ink 
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and gold (sputter coated).  In all the three cases the same dielectric response was 

obtained (Figure 5-3).  In addition, current-voltage tests revealed similar curves with a 

behavior that rules out the possibility of Schottky barriers.153,154  Also, a ± 15V field bias 

was applied during capacitance measurements giving as a result horizontal lines in a 

capacitance versus voltage plot confirming the absence of a Schottky contact. 

  A lack of tunability of Bi2Ti2O7 has been reported for thin films by Cagnon et al.130 

which contrast with the tunability observed for BZN thin films.155 Cagnon and co-workers 

attributed this to a possible dielectric relaxation above room temperature.  To confirm 

that possibility a higher temperature analysis was carried out here with the results 

shown in Figure 5-6.    

 

 

 
 

Figure 5-6.  Imaginary and real part of the dielectric constant of Bi2Ti2O7 as a function of 
temperature at 80, 100, 500, and 1000 kHz. 
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No sign of relaxation was found in the imaginary part; however, there is a clear 

change in the relative permittivity around 239°C.  It is remarkable that at 1 MHz the loss 

tangent (tan δ) goes from 0.0053 at room temperature to only 0.0097 at 273°C, and 

finally to 0.0317 at 376°C where conductivity is evident.  Furthermore, the dielectric 

constant ranges from 113.59 at room temperature to 122.85 at 376°C.  This result 

implies that at this (1 MHz) and at higher frequencies Bi2Ti2O7 does not have the 

deleterious effect of highly increasing loss due to dielectric relaxation or conductivity up 

to 273°C.   

 
5.3 Dielectric Analysis as a Function of Frequency 

Frequency dependent properties of materials are commonly described using 4 

main form factors: the complex permittivity (ε), complex impedance (Z), complex 

admittance (Y), and complex modulus function (M).  These four basic immittance 

functions are related as follows: 

 

                                                      "εj'εε −=  ,                                                    (5-2) 

                                                  1ε"jM'MM −=−= , (5-3) 

                                                 11εμ"jZ'ZZ −−=−= , (5-4) 

                                                   με"jY'YY =−= , (5-5) 

 

where µ=jωCc, ω is the angular frequency (ω=2πf), Cc is the capacitance without the 

dielectric material, and j is the square root of -1.156  When a single relaxation process is 

occurring the dielectric response can be represented by various relaxation models 

known as the Debye relaxation,157 the Cole-Cole relaxation,158 the Davidson-Cole 
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relaxation,159 and the Havriliak-Negami relaxation.160  The permittivity takes the 

following forms for each model, respectively: 
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where ԑs is the real permittivity when ω=0 and ε∞ is the real permittivity as ω 

approaches infinity, τ is the relaxation time, α is the angle offset in the complex 

permittivity plot, and β represents a non-linearity in the high frequency region of the real-

imaginary plane. 

Using the relationships in Equations 5-2 to 5-5 and Equations 5-6 to 5-9, all of the 

dielectric functions will result in semicircles when plotted in the complex plane, and 

sigmoidal and peak curves will be obtained for the real and imaginary parts of the 

function.  However, not all of these features can be observed experimentally depending 

on the strength of the relaxation and the value of the distribution parameters.161 

 It is important to note that a single physical process can be represented by 

several relaxation times, depending on which dielectric function one chooses for the 

same physical process.162 
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The ratio r = ԑs/ε∞ plays a key role in determining the relaxation time for a 

particular dielectric function, therefore determining at what frequency the imaginary 

formalism of a particular dielectric function will display a peak resulting from the same 

physical process.161  As shown in the work by Cao and Gerhardt162 conductivity will 

result in τM = τZ, therefore both the Mʹʹ and the Zʹʹ peaks will overlap throughout the entire 

frequency range, giving a clear indication that conduction is present. 

Because of the relatively high temperature dielectric relaxation exhibited by 

Bi2Ti2O7 it is complicated to establish the boundary between localized relaxation and 

long range conductivity.  In order to differentiate between the two events, frequency 

explicit plots of the dissipation factor (tan δ), electric modulus, admittance, and 

impedance are shown in Figures 5-7,8,9, and 10, respectively.   

The dissipation factor is plotted (Figure 5-7) along the frequency plane where it is 

evident that at temperatures >120 K a dielectric loss peak is observed.  When tan δ is 

compared with the imaginary component of the complex modulus (Mʹʹ), complex 

admittance (Yʹʹ), and complex impedance (Zʹʹ) (Figure 5-8,9, and 10) it is clear that  

there are no visible peaks in Yʹʹ and Zʹʹ while the tan δ and Mʹʹ plots both display peaks 

at nearly the same frequency range which is predicted for materials with a small 

relaxation ratio (r = εs/ε∞).161   

Materials with small relaxation ratios also exhibit two plateaus visible in the real 

part of the dielectric constant (εrʹ) versus frequency plot; this is verified in Bi2Ti2O7 as 

depicted in Figure 5-11.   
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Figure 5-7.  Dissipation factor of Bi2Ti2O7 as a function of frequency from 30 to 290 K. 

 

 

Figure 5-8.  Imaginary part of the electric modulus of Bi2Ti2O7 as a function of frequency 
from 30 to 290 K. 
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Figure 5-9.  Imaginary part of the admittance of Bi2Ti2O7 as a function of frequency from 
30 to 290 K. 

 

Figure 5-10.  Imaginary part of the impedance of Bi2Ti2O7 as a function of frequency 
from 30 to 290 K. 
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Figure 5-11.  Dielectric constant of Bi2Ti2O7 as a function of frequency from 30 to 290 K. 

 

By plotting these dielectric formalisms as a function of frequency it is evident that 

there is dielectric relaxation occurring in Bi2Ti2O7 at a relatively low frequency range 

from ~120 K to room temperature.  

The Cole-Cole plot of Figure 5-12 shows a shape that is close to a semicircle 

which means that the relaxation follows the Debye model (α0).  The approximate 

values of ԑs (129) and ε∞ (111) were obtained from which a small relaxation ratio was 

calculated (r = εs/ε∞ = 1.16).  The relaxation time, τ, extracted from the plot was 9.47 x 

10-5s.  

To finish the dielectric spectroscopy analysis Bode plots at 30 and 290 K are 

shown in Figures 5-13 and 5-14, respectively.  In a Bode plot a perfect capacitance is 

obtained when the Bode-magnitude diagram (log |Z| versus log ν) shows a straight line 

with a slope of -1 and the Bode-phase diagram (θ versus log ν) has a phase angle of     
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-90°.163  This is almost the case for Bi2Ti2O7 at 30 K where the slope of the magnitude is 

close to -1 and the phase remains at -89.7° until a small deviation towards -89.5° at 200 

kHz takes place.  On the other hand, at 290 K the phase moves away from the ideal 

value forming a peak with a maximum in -87.12° because of the relaxation taking place 

at low frequency (the slope of the magnitude, however, remains close to -1).   

 

 

Figure 5-12.  Cole-Cole plot of Bi2Ti2O7 at 290 K. 

 

After the frequency and temperature dependent dielectric analysis the origin of the 

dielectric relaxation observed at low frequency in Bi2Ti2O7 is still unclear.  So far it 

seems that the phenomenon is structural rather than dipolar or ionic as seen in BZN.  

The dielectric study of Bi2Ti2O7 makes it evident that chemical substitution affects the 

relaxation mechanisms of Bi-pyrochlores.  For those with substitution on both sites (A 
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and B) similar activation energies and characteristic frequencies have been calculated 

(0.112-0.259 eV and 1012-1015 Hz77,152,164-166) from the Arrhenius equation; nevertheless, 

the pyrochlores with substitution only on the B site show different values than the 

previous group (0.319-0.559 eV and 1016-1020 Hz76,79). The frequencies for these 

compounds are so unlikely that authors had to use a different model to fit the relaxation 

behavior.  Bismuth titanate, a compound without chemical substitution (substitutional 

disorder), has an activation energy that fits well in the first group, nonetheless, ν0 differs 

orders of magnitude than any other Bi-pyrochlore. 

 

 

Figure 5-13.  Bode plot of Bi2Ti2O7 at 30 K. 

 

The recent observation of dielectric relaxation in the Ca-Ti-(Nb,Ta)-O 

pyrochlores144 discards the presence of lone pair electrons or highly polarizable cations 
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such as Bi3+ as the origin of the phenomenon.  Nevertheless, atomic displacements and 

substitutional cations are present in those Ca-pyrochlores.  In this work the dielectric 

analysis of Bi2Ti2O7 has revealed that combined atomic displacement and high 

polarizability in the A-site are not enough to lead to the onset of dielectric relaxation.  

This result in combination with the observations in Ca-pyrochlores suggests that 

substitutional cations play a major role in the mechanism that triggers the relaxation 

behavior in these compounds. 

 

 

Figure 5-14.  Bode plot of Bi2Ti2O7 at 290 K. 

 

5.4 Chapter Summary 

A dielectric analysis of Bi2Ti2O7, a bismuth pyrochlore without substitutional 

disorder, revealed considerable differences with respect to the common dielectric 
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behavior exhibited by this family of compounds.  The dielectric relaxation observed in 

BZN is absent in Bi2Ti2O7; however, a relaxation of a different nature was found at low 

frequencies (<10 kHz) and at relatively high temperature (125 K) in Bi2Ti2O7.  The 

calculated activation energy and characteristic frequency of this behavior using the 

Arrhenius model were 0.162 eV and ~1 MHz, respectively.  The low attempt jump 

frequency is consistent with space charge polarization and not the result of dipolar or 

ionic disorder.  The relaxation behavior at low frequency was confirmed with a study of 

the electrical modulus, tan δ, admittance, and impedance as a function of frequency.   

The atypical dielectric response of Bi2Ti2O7 suggests that substitutional cations play a 

major role in the origin of the dielectric relaxation in Bi-pyrochlores. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

6.1 The Case of SiC 

Silicon carbide was successfully sintered at 930°C which is a temperature low 

enough to avoid potential reactions with the nuclear fuel.  The achievement was 

possible because of the use of a polymer precursor that allows the formation of 

amorphous SiC as the thermal analysis, Raman spectroscopy and XRD revealed.   

 The SiC pellets were prepared using a mixture of 90 wt% polycrystalline β-SiC 

powder (bimodal) and 10 wt% polymer precursor.  The average density of the sintered 

pellets was 2.42 g/cm3, which represents 77% of theoretical value.  The high porosity of 

these pellets was found to be suitable for an inert matrix fuel open porosity concept as 

their mechanical and thermophysical properties demonstrated.  The hardness, fracture 

strength, and fracture toughness, in spite of being lower than those of dense SiC, 

proved more appropriate than the same properties exhibited by UO2 and MOX for use in 

LWRs.  The thermal diffusivity, thermal conductivity, and heat capacity of the SiC pellets 

were better as well.  Hence, SiC is a promising candidate for inert matrix material to be 

used in LWRs, albeit more investigation is necessary.  Irradiation tests should be 

performed to determine the swelling of the pellets at working conditions as well as the 

effect on the mechanical and thermal properties. 

The utilization of polymer infiltration and pyrolysis cycles to close the open pores 

would be useful to find and optimum amount of both open and closed pores that would 

reduce pellet swelling and, at the same time, internal pressurization of the fuel rods.  

Also, the microstructure and porosity of the SiC pellets can be controlled through the 
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use of sacrificial templates or via the direct foaming method to produce various 

properties for numerous applications as has been recently shown for BaTiO3.167,168 

Finally, in order to evaluate the potential of the SiC pellets as Americium-bearing 

compounds, non-radioactive surrogates for Am such as Mn (for its similar high vapor 

pressure with Am) and lanthanides (for their crystallochemical similarity with Am) can be 

tested. 

 

6.2 The Case of Bi2Ti2O7 

Cubic pyrochlore Bi2Ti2O7 was synthesized phase pure by a co-precipitation route.  

The XRD pattern of the powder did not reveal the presence of secondary phases, which 

have been present in many reports in literature.  In order to clarify confusions regarding 

the purity of this compound, a description of how to identify the presence of impurities 

based on the color of the powder was offered.  It was also found that the ferroelectric 

Bi4Ti3O12 commonly goes unnoticed in the experimental patterns because of 

overlapping of the main peaks of both the perovskite and the pyrochlore.  This issue led 

to several mistaken reports of observed ferroelectricity in Bi2Ti2O7. 

A thermal analysis of the powder was employed to correct the phase diagram of 

the Bi2O3-TiO2 system. The horizontal line at 670°C, absent in recent works, was 

reinserted and the phase line of Bi2Ti2O7 (vertical) was dashed to indicate the 

thermodynamic instability of this phase. 

 The synthesized powder was microwave sintered at 1200°C to avoid the 

formation of the thermodynamically more favorable secondary phases, Bi4Ti3O12 and 

Bi2Ti4O11.  This is the first time that Bi2Ti2O7 is successfully sintered allowing the study 

of this compound.  The cubic pyrochlore was proven to be a linear dielectric and not a 
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ferroelectric as the polarization vs. electric field response of the sintered pellets 

revealed.   

A dielectric analysis of Bi2Ti2O7 exposed considerable differences with respect to 

the common dielectric behavior exhibited by Bi-pyrochlores.  The dielectric relaxation 

observed in BZN was not found in Bi2Ti2O7, instead, a low frequency (<10 kHz) and 

relatively high temperature (125 K) relaxation was observed.  The relaxation was 

confirmed by plotting the electrical modulus, tan δ, admittance, and impedance as a 

function of frequency.  The relaxation behavior was then modeled using a single Debye 

relaxation through the Arrhenius equation.  An activation energy of 0.162 eV and a 

characteristic frequency of 9.91 x 105 Hz were calculated.  The low attempt jump 

frequency is consistent with space charge polarization and not the result of dipolar or 

ionic disorder.  After the dielectric spectroscopy analysis and the literature survey, it was 

concluded that the atypical dielectric response of Bi2Ti2O7 suggests that substitutional 

cations play a major role in the origin of the dielectric relaxation in Bi-pyrochlores. 

Future work includes neutron diffraction analysis to confirm the atomic 

displacements predicted by DFT and to obtain a more accurate lattice parameter.  Also, 

the stoichiometry of the synthesized bismuth titanate powder has to be confirmed.  X-

ray fluorescence or mass spectroscopy could be a viable option to determine the exact 

composition of the pyrochlore, necessary to obtain important information such as the 

correct theoretical density of the ceramic. 

To complete the dielectric study a Raman and infrared analysis of Bi2Ti2O7 can be 

performed for comparison with previous reports in literature for BZN, which would allow 

a better understanding of the dielectric properties of these materials.  Efforts to explain 
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the origin of the dielectric relaxation in Bi-pyrochlores can focus on the synthesis and 

sintering of Bi2Zr2O7 and/or Bi2Hf2O7.  The dielectric properties of these materials is 

desirable since Zr and Hf belong to the same group as Ti in the periodic table so a 

similar behavior to that of Bi2Ti2O7 would be expected.    

Finally, given the difficulty in literature to obtain a bulk dense ceramic of Bi2Ti2O7, 

thermophysical, optical, and chemical properties have not yet been reported for this 

material.  Thus, the door is opened for the characterization of this bismuth based 

pyrochlore. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

103 

APPENDIX A 
BISMUTH TITANATE COMMON IMPURITIES 

 

 

As discussed in Chapter 4, there are 2 impurities usually found in the synthesized 

cubic pyrochlore Bi2Ti2O7 (Figure A-1).  One of them is the layered Perovskite 

(Aurivillius type phase) Bi4Ti3O12, which can be present in the low temperature 

monoclinic phase (Figure A-2A) or the high temperature tetragonal phase (Figure A-2B).  

The phase transition takes place at 670°C,125 the Curie temperature, which has been 

reported to be reversible,169  so it is expected to observe the monoclinic phase 

(ferroelectric, space group B1a1170) in the calcined Bi2Ti2O7 powder and sintered 

pellets.  It has been reported, however, that the tetragonal phase (space group 

I4/mmm120) can be obtained at room temperature through co-precipitation.171,172 

 

 

Figure A-1.  Cubic pyrochlore Bi2Ti2O7 (Bi = blue, Ti = green, O = red).   
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 (A)  (B) 

 

Figure A-2.  Monoclinic170 (A) and tetragonal120 (B) Bi4Ti3O12. 
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The other common impurity is the monoclinic Bi4Ti3O12 (Figure A-3), which has a 

phase transition at 233°C from antiferroelectric (α-Bi2Ti4O11, space group C2/C97) to 

paraelectric (β-Bi2Ti4O11, space group C2/m97).   

(A) 

(B) 

Figure A-3.  Monoclinic α-Bi2Ti4O11 (A) and β-Bi2Ti4O11
97 (B). 
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The transition is reported to be reversible so the alpha phase is expected to be 

found in the Bi2Ti2O7 powder and pellets.  However, it is possible to have a similar 

situation as that described for Bi4Ti3O12 where, depending on the synthesis method, the 

usually high temperature phase can be obtained instead of the low temperature one. 

The theoretical XRD pattern of Bi2Ti2O7 shows the main peak at around 30° as 

observed in Figure A-4.  In the case of Bi4Ti3O12 (Figure A-5) and Bi2Ti4O11 (Figure A-6) 

the main peaks are also found at ~30° for all the phases.  Because of this overlapping, 

identification of bismuth titanate impurities in a Bi2Ti2O7 sample depends on the 

detection of lower intensity peaks of the secondary phases.  Analysis of the theoretical 

XRD patterns reveals that after the main peak, Bi2Ti2O7 has another one at 34.66°.  In 

the case of Bi4Ti3O12 and Bi2Ti4O11 (all phases), relative high intensity peaks are located 

at 33 ± 0.5°.  Hence, for a quick analysis, it is possible to determine the purity of a 

Bi2Ti2O7 sample looking at 2θ between 30 and ~35°, where no peaks should appear. 

 

Figure A-4.  Theoretical XRD pattern of Bi2Ti2O7. 
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(A) 

 

(B) 

 

Figure A-5.  Theoretical XRD pattern of monoclinic (A) and tetragonal (B) Bi4Ti3O12. 
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(A) 

 

(B) 

 

Figure A-6.  Theoretical XRD pattern of α-Bi2Ti4O11 (A) and β-Bi2Ti4O11 (B). 
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APPENDIX B 
THERMODYNAMIC INSTABILITY OF Bi2Ti2O7 

 

 

The DTA of Bi2Ti2O7 (Figure 4-8) in Chapter 4 revealed a phase transition between 

612 and 729°C which leads to the formation of Bi4Ti3O12 and Bi2Ti4O11.  The phase 

diagram of the Bi2O3-TiO2 system (Figure 4-9) indicates that the pyrochlore phase 

appears again at 1200°C where a peritectic reaction occurs, allowing the sintering of the 

ceramic at this temperature.  In previous attempts, sintering of co-precipitated powder at 

1000°C under vacuum (20 mTorr) and argon atmosphere were not successful because 

the pyrochlore phase underwent the mentioned phase transition.  Solid state processing 

and quenching failed as well.  In the case of quenching, crucibles of different materials 

(alumina, zirconia, quartz, and platinum) had to be used due to reactions between the 

liquid (mixture of Bi2O3 and 2TiO2 powder) and the crucible.  Platinum was the only 

material that allowed the quenching (in water) of the liquid mixture through sealed 

(welded) tubes from 1250, 1350, and 1450°C; however, the obtained compound was a 

mixture of bismuth titanates with no evidence of the pyrochlore phase. 

With one of the phase pure Bi2Ti2O7 sintered pellets an experiment was carried out 

to further proof the thermodynamic instability of the cubic pyrochlore above the 

transition temperature of 670°C (so far, only powder has been observed to exhibit the 

phase transformation).  The phase pure yellow pellet (Figure 4-6) was heated up to 

800°C and kept at that temperature for 2 days.  As observed in Figure B-1, after the 

heat treatment the pellet changed color to gray.  The XRD pattern of this pellet, 

presented in Figure B-2, reveals the presence of Bi4Ti3O12, Bi2Ti4O11, and a small 

amount of Bi2Ti2O7, showing the thermodynamic instability of the pyrochlore phase at 

this temperatures.  



 

110 

 

Figure B-1.  Bi2Ti2O7 sintered pellet heated to 800°C and maintained at that temperature   
for 2 days. 

 

 

Figure B-2.  XRD pattern of a Bi2Ti2O7 sintered pellet heated to 800°C and maintained at 
that temperature for 2 days. 
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APPENDIX C 
ORIGIN OF REPORTED FERROELECTRICITY IN Bi2Ti2O7 

 

 

In section 4.4.6.1 the P-E response of the sintered Bi2Ti2O7 reveals a linear 

dielectric and not a ferroelectric as previously reported.  However, it is known that 

ferroelectricity can be suppressed below a critical grain size.  In Bi4Ti3O12 this value is 

44 nm,173 while in BaTiO3 it is 48 nm174 (it is also reported to be <30 nm175,176).  Using 

Scherrer’s formula (Equation C-1) a particle size of 113 nm is obtained for the calcined 

Bi2Ti2O7 powder (Figure C-1) which is in good agreement with the SEM image of Figure 

4-10.  The calculated grain size of the sintered pellet is 159 nm, and compared to the 

critical grain size of Bi4Ti3O12 and BaTiO3 is much larger and makes it very unlikely to be 

below the critical value of a ferroelectric cubic pyrochlore.  Hence, it is almost certain 

that Bi2Ti2O7 is not a ferroelectric material. 

                                               ,
θcosB
λ9.0t

B
=                                                        (C-1) 

where t is the thickness of the crystal, λ the wavelength of the X-ray source (1.5406 Å 

for Cu Kα emission), B (measured in radians) the full-width at half maximum (FWHM) 

corrected for instrumental effects with a Si (004) single crystal (Binst = 0.05°), and θB is 

the angle that exactly satisfies Braggs’s law.177 

In order to demonstrate that the reported ferroelectricity of Bi2Ti2O7 is due to the 

presence of Bi4Ti3O12 as an unnoticed impurity, the characteristic P-E hysteresis loop of 

Bi4Ti3O12 (Figure C-2) was combined with the P-E response obtained for Bi2Ti2O7 in 

Figure 4-11 using a volume ratio of 2:98.  The obtained theoretical response is 

illustrated in Figure C-3 and compared with an example of a reported loop (Figure C-4). 



 

112 

 

Figure C-1.  Parameters used to estimate the particle and grain size of the Bi2Ti2O7 
powder and sintered pellets, respectively, employing Scherrer’s formula. 

 

 

Figure C-2.  Representative P-E hysteresis loop of Bi4Ti3O12.178 



 

113 

 

Figure C-3.  Theoretical P-E response of a mixture containing 96 wt% Bi2Ti2O7 and 4 
wt% Bi4Ti3O12.  

 

 

Figure C-4.  Reported P-E response of Bi2Ti2O7.86  

 

From the comparison, it is clear that the P-E loop from literature is composed of a 

mixture of the layered perovskite and the cubic pyrochlore.  In addition, Figure C-5 

100 Hz 
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shows the theoretical XRD pattern of the mixture in Figure C-3, which illustrates that 

detection of the ferroelectric impurity requires high quality XRD patterns. 

 

 

Figure C-5.  Theoretical XRD pattern of 96 wt% Bi2Ti2O7 plus 4 wt% Bi4Ti3O12. 
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