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Abstract
Yttrium titanate Y,Ti;O;, is isostructural with the mineral Pyrochlore. Samples have been
prepared using high energy ball mill. Initial ingredients used in present study are TiO,, Ti,O3
with Y;03. Two type of samples YTi (TiO2/Y,03) and YTi2 (Ti;O3s/Y,03) are prepared.
Pyrochlore phase Y,Ti,O; has been prepared by ball milling the initial ingredients upto 40 hours.
Both samples have been sintered at 1450°C for 12 hours. It has been observed that YTi has
Pyrochlore Y,Ti,O; phase whereas YTi2 has pyrochlore Y,Ti,O; and TiO, phase. Conductivity
of YTi2 is found to be 2.23x10° S/cm which is an order higher than YTi. An exothermic peak
has been observed at 850° C in both the samples. Lattice parameter of YTi and YTi2 are 9.90 A
and 9.97A respectively. The relative density of YTi and YTi2 has been found to be 84% and
97% of theoretical density respectively. At high temperature range (T> 660°C); activation energy
of YTi and YTi2 has been observed 0.61eV and 0.59eV respectively. Thermal expansion
coefficient (TEC) of YTi and YTi2 has been found to be 8.389x10°/K and 8.212x10°/K

respectively.

During the second part our study we sintered both samples pellet at 800°C and 1000°C for 12
hours. Concentration of TiO, in YTi2 sample is found to be higher than single sintered YTi 2.
Conductivity of both double sintered samples is of the same order (~2.99x10™ S/cm) and greater
than the conductivity single sintered sample. No exothermic peak was observed in differential
thermal analysis. Density of double sintered samples is comparatively very low than single
sintered samples. Lattice parameter of YTi and YTi2 is found to be 10.15A and 10.02A
respectively. Thermal expansion coefficient (TEC) of YTiand YTi2 is found to be 8.343x10° /K
and 8.405x10° /K respectively. Due to lower density of double sintered samples, activation

energy is low in comparison of single sintered samples.
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Chapter-1 Introduction

This chapter presents a review of ionic conductor. The mechanism of ionic conduction which is
key property of solid electrolyte. Defect formations that govern origin of ionic conductivity have
been discussed. Structure of the various oxygen ion conductors like pyrochlore [1] which play
important role for ionic conductivity enhancement is also discussed. In addition to this

processing technique of pyrochlore is also discussed.
1.1 Introduction to ion conduction in solid state

Many solids exhibits high ionic conductivity (>10* Scm™) and they are of immense use in
diverse technological applications. Some of these solids which are also good electronic
conductors are often referred to as ‘mixed conductors’, while the term ‘super ionic conductor’ or
‘fast ion conductor’ is reserved for good ionic conductors with negligible electronic conductivity.
One of the most important use of super ionic conductors are, electrolytes in battery applications
and hence, often, they are referred to as ‘solid electrolytes’ as well. There are many advantages
in electrochemical devices using solid electrolytes instead of liquid electrolytes. These include,
among others, longer life, high energy density, no possibility of leak etc., and are particularly
suitable in compact power batteries used in pace-makers, mobile telephones, laptops etc. Mixed

ion conductors find application in electrochemical devices as electrode materials.

1.2 lonic vs. Electronic Conductivity

There is a comparison between the properties of ionic conductors with the conventional

electronic conductors such as metals.



Metals
1. Conductivity Range = 10 S/cm to 10° S/cm
2. Electrons carry the current

3. Conductivity Increases linearly as temperature decreases (phonon scattering

decreases as T 1)
Solid Electrolytes
1. Conductivity Range = 10 S/cmto 10 S/cm
2. lons carry the current

3. Conductivity decreases exponentially as temperature decreases (activated

transport)

1.3 Conduction mechanisms

For ionic conductivity, transport of one or more types of ions across the material is necessary. In
an ideal crystal all constituent ions are arranged in regular periodic fashion and are often stacked
in a close-packed form. Thus, there is little space for an ion to diffuse. Often, the available space
is just enough for vibration around its equilibrium position. However, at any non-zero
temperature there exist defects. These could, for example, be positional disorder due to deviation
from ideal stacking. The degree of such disorder can vary from one material to another or even
from one temperature or pressure to another in the same material. At zero temperature, the free
energy is dominated by the potential energy. Hence the arrangement of ions in an ideal crystal at

zero temperature is such that the total potential energy of the system is the lowest. As the



temperature of the system increases, the contributions to free energy from entropy become more
and more prominent. The entropy, as it is often described, is a measure of the degree of disorder.
Thus the origin of the crystal defect arises from the system attempting to minimize the free

energy through an increase in the entropy.
1.4 Role of Defects

In order to move an ion through a crystal it must hop from an occupied site to a vacant site. Thus
ionic conductivity can only occur if defects are present. Two types of defects important in the
context of ion mobility in crystals are ‘Schottky’ and ‘Frenkel’ defect. These belong to the class
of ‘point defects’ in crystals. If imperfections in the crystal are such that the ratio between the
anions and cations remain same as represented by the molecular formula, the defect is called a

stoichiometric defect. These two stoichiometric defects are as follows:
e Schottky defect
e Frenkel defect

1.4.1 Schottky Defect

In an ionic crystal of the type A" B, equal number of anions and cations are missing from the
lattice sites so that electrical neutrality is maintained it is called schottky defect. In general

schottky defects are present in 10*° ions in annealed ionic solids.

This type of defect is shown by highly ionic compounds which have
e High coordination number

e Cations and anions of similar sizes.

Examples: KCI, NaCl, KBr and CsClI.
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Fig 1.1 (a) - Schottky defect in ionic solids.

Consequences of Schottky Defect:
e As the number of ions decrease, volume is the same, so density decreases.
o Crystals with Schottky defect conduct electricity to a small extent.
e Due to the presence of holes the stability of the crystal decreases.

1.4.2 Frenkel Defect

If an ion is missing from its lattice site (causing a vacancy or a hole there) and it occupies the
interstitial site so that electrical neutrality as well as stoichiometry of the compound
are maintained. This type of defect is called Frenkel defect as shown in fig.1.1 (b). Since the

sizes of cations are generally smaller it is more likely that cations occupy interstitial sites. This

type of defect is present in those compounds which have
e Low co-ordination number.

o Large difference in size of anion and cation.

Examples: AgCl, AgBr, Agl and ZnS.
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Fig 1.1 (b) - Frenkel defect in ionic solids.

Types of compounds exhibiting Frenkel defect

Consequences of Frankel Defect:
o Solids with this defect conduct electricity to a small extent
e The dielectric constant of the crystal increases
e The density of the solid is unchanged

o Due to the presence of holes, the stability of the crystal decreases.

1.5 Fluorite structure

The term “fluorite” originates with the mineral CaF,, which is generally known by the same
name. Oxides which adopt the fluorite structure or structures related to fluorite have great and
varied technological importance. The fluorite structure is AO,. This structure is a face centered
cubic arrangement of cations with anion occupying all the tetrahedral sites as shown in fig. 1.2.
Fluorite structure has large number of octahedral interstitial voids. UO,, ThO,. CeO, are
materials that readily form the fluorite structure. Despite the vast difference in applications, the
crystal structures of fluorite and pyrochlore compounds are very similar. In following figure

small circle represent Ca*? and big circle represent F™.



Fig-1.2: Schematic Diagram of Fluorite structure.

1.6 Pyrochlores Structure

Pyrochlore is the name given to naturally occurring mineral discovered by Woehler, having the
formula A;B;0y7. In Greek, “pyro” means fire and “khloros” means green. Pyrochlore turns green
on heating. Pyrochlore structure is super derivative of Fluorite structure. Stoichiometry of ideal
pyrochlore will be A;B,XgX’. A is larger cation and B is smaller one. A is a trivalent rare earth
ion, but can also be a mono, divalent cation and B may be 3d, 4d or 5d transition element having

appropriate oxidation state required for charge balance to give rise to composition A,B,0; as



shown in fig-1.3. The Pyrochlore Structure (1/8 unit cell). Large blue spheres are A** ions, small

red spheres are B** ions, and larger yellow spheres are O ions.

Aatl6d

Unoccupied 8a site

Batléc

Figure 1.3: Schematic Diagram of Pyrochlore structure.

1.6.1 Ordered Pyrochlore Structure

Pyrochlore structure is cubic with space group Fd-3m, Z=8, with general formula A ;,B,0:0’. A
Cation forms fcc array and 1/8 of anions are removed to maintain charge neutrality. These
oxygen vacancies are ordered and A and B are alternated in <110> rows, resulting in doubling of
fluorite lattice parameter (Fd-3m, Z=4) [1]. There are five crystallographic position which are
available at various site: 16d for A cation, 16¢c for B cation, 48f for O, 8b for O  whereas 8a site

(1/8,1/8,1/8) is vacant [2]. Oxygen anion at 8b site, is at undisturbed position (3/8, 3/8,3/8) with



respect to the fluorite structure and tetrahedrally coordinated by A cations. While oxygen anion
at 48f (x,1/8,1/8) are displaced towards the neighboring vacant 8a sites and are bounded to two A
and two B cation. The A cation occupy an axially compressed scalenohedron coordinated by 6 O
(8b) and two O (48f) atoms. Hence A-O and B-O length depend upon the lattice parameter and

oxygen position [3,4,5].

1.6.2 Disordered Pyrochlore Structure

Pyrochlore is a oxide in which order-disorder transformation take place in anion and cation array
in the structure. X-ray diffraction pattern detect the disorderness at the oxygen site. The size
difference between cation and anion species that occupy the A and B is believed to be driven
force for ordering in pyrochlore structure. Disorder evolves at independent rate in cation and
anion array despite Coulumbic-interaction between them. Occupation of 8b oxygen site
associated with the disorder on the cation site [6]. Disordering of cation site coupled with oxygen
disorder on the anion vacancies within the pyrochlore structure result in defect fluorite structure.
Disordering induce ionic radii difference in cation A and B sites. The change in ionic radii
enhances the formation of anion Frankel defect which lead to high ionic conductivity in

pyrochlore material [2, 3].

1.7 Doping Phenomena in Pyrochlore Systems

Two types of pyrochlores of these forms are available: (A%*"),(B*")2XeX’ (1L, IV-pyrochlores);
(A%),(B>"),XsX (I, V-pyrochlores). In these structures A-sites are occupied by large, low
oxidation state cations such as lanthanide ions, Y, Bi, In, Tl, Pb(ll), Sc, Cd, Hf, Hg(ll), Ca, Sr,
Mn(l1), Sn(Il) etc. X, X’ anions could be 0%, F, OH", N¥. It is formed when 1/8 of the oxygen
atom is removed from ideal fluorite structure. The additional anion vacancy resides in the

tetrahedral interstice between adjacent B-site cations. For an ideal pyrochlore structure the ra/rg



ratio should be in the range of 1.45-1.8. These systems are particularly susceptible to geometrical
frustration and novel magnetic effects. The B-site ions are octahedrally coordinated by X ions
and A-site ions having distorted cubic coordination by X and X’. X-site ions are tetrahedrally
coordinated by 2 A and 2 B ions while X’- site ions are tetrahedrally coordinated by 4 A ions.
Fig 1.4 shows the doping in pyrochlore system. The largered spheres are oxygen, the green
(La/Y) and blue (Zr/Hf) smaller spheres are the cations. Small black spheres indicate the

unoccupied 8b position.

Figure 1.4: This shows the doping in pyrochlore system.



1.8 Properties of pyrochlore

A large number of pyrochlore such as Y;Nb,O;, Y2Zr,0; and Gd,Zr,O; etc. have been
synthesized with an amazing variety of chemical composition and exploitable properties [7-10].
The pyrochlore structure shows varied physical properties ranging from electronic insulators
[11] LaxZr,07, ionic conductors [12] Gd;g9Cao.1Ti20s9, metallic conductivity, Bi,Ru,Oz.y,
Mixed lonic and Electronic Conductivity [13], spin ice systems Dy,Ti,O7, spin glass systems
Y,Mo0,07 [14] and superconducting materials [15] Cd,Re,O;. Pyrochlore oxides have been
proposed as matrices for immobilizing high level radioactive waste [16]. Some of the very
important properties of the members of the pyrochlore group are low thermal conductivity, high

melting point, high thermal expansion coefficient and high stability.

1.9 Application of Pyrochlore

Synthetic pyrochlore has a great variety of chemical compositions due to substitutions at the A

and B sites. Over 450 synthetic pyrochlores have been synthesized with this structure type [17].

1. They can be used in gas turbines and diesel engines as thermal barrier coatings. In aircraft
turbines, ceramic coatings on turbine blades with low thermal conductivity and high
emittance are used for thermal insulation of the metallic components, which allows a
higher gas temperature and finally leads agreeable to higher energy efficiency.

2. Some of the pyrochlore compounds exhibit high ionic conductivity and can be used as
electrodes for fuel cells.

3. Pyrochlore oxides also exhibit catalytic properties and are used as solid photo catalysts,
oxidation catalysts and gas monitoring sensors.

4. They have the ability to accommodate defects and act as possible host for radioactive

wastes and as host for fluorescence centers.



5. Some of the pyrochlore materials also show superconductivity and magnetic properties
including colossal magneto resistant behavior.

6. Radiation effects in pyrochlore-based titanate ceramics have been extensively
studied[18,19]

7. Communication/Portable Electronics Mobile phones/Notebook PCs: Li-ion batteries
using gel electrolytes and mixed conductors.

8. Micro-batteries for Smart Cards/Micro-electro-mechanical devices.

9. (MEMS): Li-metal or Li-ion batteries using Li-solid electrolytes

10. Display devices Electrochromic displays: H* or Li* conductors as solid electrolytes.

11. Medicine Li batteries for implantable pacemakers: in large-scale use for many years.

12. Oxygen sensors for analyzing the exhaust gases to control the combustion process for
environment protection and fuel saving purposes: Large-scale application in both the

automotive industry and power plants.

1.10 Mechanical Alloying

Pyrochlore can be synthesized by different techniques such as solid state reaction method,
chemical route, co precipitation method and thermo mechanical methods. In the following
section thermo mechanical method will be discussed. High energy ball milling (mechanical
alloying) induces high energy impact on charge powder by collision between balls and particle
causing plastic deformation, repeated fracturing and cold working of particle leading to nano
crystalline materials [20,21]. The mechanical alloying techniques allow alloying of elements that
are difficult or impossible to combine by conventional melting methods due to high vapour-
pressure or large difference in melting temperature of components. Moreover in Mechanical

alloying (MA) the process is carried out at room temperature [22,23] Basically, the process can



be viewed as a means of assembling metal constituents with a controlled microstructure. If two
metals will form a solid solution, mechanical alloying can be used to achieve this state without
the need for a high- temperature excursion. Conversely, if the two metals are insoluble in the
liquid or solid state, an extremely fine dispersion of one of the metals in the other can be
accomplished. The process of mechanical alloying was originally developed as a means of
overcoming the disadvantages associated with using powder metallurgy to alloy elements that

are difficult to combine.

Some oxides are insoluble in molten metal. Mechanical alloying provides a means of dispersing
these oxides in the metals. For example nickel-based super alloys strengthened with dispersed
thorium oxide or yttrium oxide (Y203). These super alloys have excellent strength and corrosion
resistance at elevated temperatures, making them attractive candidate materials for use in
applications such as jet-engine turbine blades, vanes, and combustors. Many other potential
applications for mechanical alloying material are being explored, including powders for coating
applications, alloys of immiscible systems, amorphous alloys, intermetallics, cermets, and

organic-ceramic-metallic material systems.

Mechanical alloying (MA) is a high energy ball milling process to develope materials with
homogeneous microstructure and novel properties from the elemental blends. Mechanical
alloying is known to lead to the formation of a variety of stable and metastable phases depending
on the alloy system and MA conditions studied. Mechanical alloying has been shown in the
literature as a viable route for the synthesis of intermetallics with high melting points, which are
difficult to form by a conventional metallurgy route. In addition, these intermetallics can be
synthesized in nanocrystalline form by mechanical alloying, which potentially leads to

improvement in their properties.



Microstructural refinement to a nanometer level is expected to increase both the strength and
ductility of intermetallics, which can be achieved easily at room temperature by mechanical
alloying. In addition, nanocomposites developed with nanocrystalline intermetallics embedded
are reported to have enhanced mechanical properties, which have been reported to develop by
non-equilibrium processing routes like mechanical alloying and rapid solidification processing

(RSP). Following figure shows the mechanical alloying of material by using ball mill.

Figure-1.5- Ball milling: mechanical alloying.

Chapter-2 Literature Review




This chapter introduces literature review on pyrochlore oxide and its various properties. Here we
also focus on result which was obtained by processing of pyrochlore, by using mechanical

alloying and effect of mechanical alloying on pyrochlore oxides properties.

Antonio et al. [24] were synthesized disordered pyrochlore, A;B,0; by mechanical milling of
constituent oxide and successfully prepared at room temperature. They obtain result and suggest
that mechanically activated chemical reaction between A;O3; (A=Y, Dy and Gy) and TiOy,
involve an initial step of particle and crystalline size reduction of constituent oxides together
with the polymorphic transformation of the trivalent element oxides, from cubic into monoclinic

A;O3. Formation of highly disordered pyrochlore, A;B,0; seem to take place as second step.

Hanawa et al. [25] found that superconducting pyrochlore oxide Cd,Re,O; exhibit a novel
structure phase transition at ~ 73°C from an ideal cubic structure to another cubic structure on
cooling i.e. large change in structure produce large change in resistivity and magnetic properties.

They investigate the relation in crystal structure and electronic structure in pyrochlore.

Zhi-fen fu et al. [26] synthesized MgsNb,O; nanopowder by using high energy ball milling and

observed that crystallization and reaction are enhanced with increasing the milling time.

Diaz-Guillen et al. [27] found that La substitution for Gd in pyrochlore-type Gd,Zr,O; does
not affect its ionic conductivity at least for Y<0.8, Despite of decreasing number of mobile

oxygen. They conclude that reduction of ion-ion interactions promoted by more ordered

structure in sample with higher La-content.

Lee et al. [28] investigated electrical conductivity of Nb,Os system. They focused on the

relationship between the ionic conductivity and the existing phases. The isothermal ionic



conductivity in-creased as the value of x increased in the range of 2.5-20, which corresponds to
the increase in the fraction of Fluorite F-phase in the crystal field ( C+F) two-phase region. The
decrease of isothermal ionic conductivity of the 20-25 and 27-50 mol% Nb,Os compositions
was probably due to the decrease in the oxygen-vacancy concentration. The 20 mol% Nb,Os
sample exhibited the highest conductivity and a very wide range of ionic domain, up to very

wide range of pressure.

Gregory et al. [29] proposed that large decrease (nearly 527°C) in measured Tc of the YTS
pyrochlore series with increasing Sn content, for ion irradiation with 1.0MeV Kr ions, appears to
be largely due to differences in the combined anion-Frenkel and cation-antisite disorder energy.
In other words the specimen with x = 1.6 appears to disorder to the defect fluorite sub cell at a
low fluency and then remains crystalline up to a fluence of 5 to 15 ions cm™ upon irradiation at
50 K. lon irradiation experiments for selected NTZ and LYH samples indicate that the energetic
of cation/anion disorder also play a major role in determining the radiation response of these
pyrochlore compounds. Chemical bonding, based on the Pauling electro negativity scale, only
has a minor effect on radiation tolerance in the YTS and NTZ pyrochlores. At present, no
compelling evidence found to suggest that Tc in the YTS system is nonlinear in composition (the
same conclusion applies to the GTZ system). Collectively, the observed Tc values of pyrochlores
in all three systems reported in this paper are essentially linear in ra/rg and x(48f ), giving
threshold values of these parameters below or above which the thin crystals remain crystalline
during irradiation with 1.0MeV Kr ions respectively. Furthermore, some of the data fall within
previously unexplored regions of the A-B cation radius space for 111-1V pyrochlores, suggesting

that the data may be useful for future refinement of the empirical models. This effort should



include studies of pyrochlore compounds with B = Ru and Mo as well as other ternary

pyrochlore compounds.

Hayward et al. [30] explained the low-temperature top tactic reduction of Y,Ti,O; with
calcium hydride which yields a mixture of two reduced pyrochlore phases (Y,Ti,Oss) and
Y,Ti,0s9) which bound a region of unstable composition (Y,Ti;O7;.x, 0.5 x 1.1). Magnetic
susceptibility data are consistent with metallic delocalized behavior in these phases. Such
behavior suggests that phases of the form Y,Ti,O7.x are unlikely to be good model systems for

the study of geometrically frustrated magnetism.

Muthukkumaran et al. [31] have summarized and predicted the connection between defect
association and ionic conductivity directly from quantum mechanical calculations. The site
preference of vacancies is also determined depending upon their elastic and electronic interaction
with the trivalent dopants and it is found that for atomic number close to 61 and 62 the elastic
and electronic interaction are balanced and total interaction in the NN and NNN position are
almost identical. The minimum activation energy (Ea), which decides the low barrier migration
paths and in turn the ionic conductivity, when the E; is independent of local atomic configuration
and this happens for atomic number close to 61 and 62. We conclude here that pm3+ and
Sm3+are best dopants for achieving high ionic conductivity. It is also suggested that a mixture of
3+ ions which results in atomic number between 61 and 62 may lead to a higher ionic

conductivity than if any of them is used as a single dopant.

Shin et al. [32] proposed that in Lu,V,07, the orbital ordering, which extends toward the center-
of-mass of the V tetrahedron, produces the ferromagnetic state due to the energy gain through the

hopping process from tyg orbital to ey orbital. For this material, the interaction can be estimated



through the comparison between our calculation and inelastic neutron scattering. Thus,
comparison with the inelastic neutron scattering experiments are strongly desired. Especially, the
nature of the low-lying excitation strongly depends on the local uniaxial anisotropy. From the
low-lying excitation and the polarized direction of the ferromagnetism, we can check the

existence of the uniaxial anisotropy.

Malkin et al. [33] measured temperature-dependent absorption spectra of Yb,Ti,O; single
crystals and emission and excitation spectra of Y,Ti,O7:Yb (1%) polycrystalline samples. The
energies of all the crystal-field levels within the 4f 13 configuration of Yb** in titanates with the
pyrochlore structure have been found from the analysis of the spectra. They have performed the
crystal-field calculations, starting from the model calculations in the framework of the exchange-
charge model, and obtained the set of CF parameters that describes satisfactory the optical
spectra observed in this work as well as experimental data obtained earlier on magnetic g factors
and the temperature dependence of the electric-field gradient at the Yb3+ nucleus. Starting from
the CF parameters for Yb,Ti,O;, we obtained the sets of CF parameters for different other
R,Ti,O; compounds and used them to calculate CF energies and g factors. A comparison
between the calculated and experimental values (known from earlier works) always revealed
good agreement. This gave us a possibility to analyze the trends in the variation of CF
parameters along the series of R titanates with pyrochlore structure. Unusual stability of the BO,,
BO,, and BOg parameters has been explained by considering the role of nonequivalent O; and O,

oxygen legends.

Park et al. [34] evaluate the bulk densities of the sintered specimens were in the range of 5.42—
5.63 g/cm®, which was 94-97% of the theoretical density of ZnO 5.78 g/cm3.The density

decreased with increasing Y,03 content. Most of the added Y,03 were segregated at nodal points



and grain boundaries, and found to form Y-rich phase together with Pr-rich phase. The average
grain size decreased with increasing Y,03 content and decreasing sintering temperature. The
barrister voltage and the nonlinear coefficient (o) increased as the amount of Y,0O3 content was
increased. The dielectric constant (€) decreased with increasing Y,03 content. The specimen with
4.0 mol% Y03 sintered at 1285°C exhibited the highest nonlinearity, with a nonlinear coefficient

of 77, and the dielectric constant 352 at 1 kHz.

Johnson et al. [35] evaluated the molecular dynamics simulations of the thermal conductivity of
Y,Ti,O; at T ¥4 1473 K predict a value of 2.6W m™K™, not unreasonable in light of the present
results. From the perspective of thermal barrier coatings, pyrochlores are thought to be
competitive as replacements for yttria-stabilized zirconia, especially if the thermal conductivity
can be lower than 2-3W m™K™. Our results are for a single crystal of highly purified Y,Ti,0750
the values of k are maximal, and polycrystallinity, porosity and addition of impurities could
lower the thermal conductivity into a useful range for thermal barrier coatings. Pyrochlores have
been suggested as an inert matrix for actinide transmutation and to efficiently remove heat from
matrices with high concentrations of actinides, k in the range above ca. 2W m™K™ is required.
Compared with Nd»Zr,07 and La,Zr,0; (1.7W m*K™ and 1.5W m™K™, our data show that

Y, Ti,O7 also holds promise for these applications.

Chartier et al. [36] proposed that oxygen atoms play little role in the order-disorder transitions
because the cation order parameter drives that of the oxygen atoms. Accumulation of FPs is the
mechanism that drives zirconium pyrochlores towards amorphization following a two-step
process: First, a transition from pyrochlore to disordered fluorite that occurs for about a 0.2 FP
per cation ratio in La,Zr,O;. Second, subsequent irradiation produces more FPs, and the

amorphization of disordered fluorite La,Zr,O7 takes place for a critical FP concentration of 0.1.



In the low temperature limit a total number of 0:2, 0:1, 0:3 FPs per cation should be produce by
irradiation to fully amorphize lanthanum zirconate pyrochlore. The amorphization thus relies on
the ability to reach a significantly high critical FP concentration before the crystalline structure
collapses. This mechanism provides atomic-level interpretation of the difficulty to amorphize
lanthanum zirconate, as evidenced by its low critical temperature of 310 K. As soon as the
temperature is large enough to activate the diffusion of cation vacancies or interstitials,
recombination takes place, and it becomes impossible to reach the critical concentration. Such
diffusive recombination processes may prevent the amorphization of the other zirconate

pyrochlores.

Deepa et al. [37] prepared a new series of semiconducting oxides in Ca—Ce-Ti-M-O (M = Nb or
Ta) system and its structural, micro structural and electrical conductivity properties were
investigated. The powder X-ray diffraction and Raman spectroscopy analysis showed that all
these compounds belong to a cubic pyrochlore type structure in the space group Fd-3m. The
Semi conductivity in these compounds is due to the presence of Ce*, which remains in the
reduced state without being oxidized to Ce* by structural stabilization. The presence of Ce* is
further confirmed by the X-ray photoelectron spectroscopy and photoluminescence studies.
Impedance spectral studies suggest that the conduction in these compounds is mainly due to
electronic contribution. Among the prepared compounds, (Cag75CeTio.25)(TiLsMos5)O7 (M = Nb
or Ta) possesses good NTC behavior over a wide temperature range. Therefore, these
semiconducting ceramic oxides may find potential applications in devices like NTC thermistors
and further work is in progress in this line.

Whittle et al. [38] explained the addition of a fluorite driver such as Y*" in place of La*" in

pyrochlores containing Zr or Hf on the B site ultimately removes the superstructure and the



compositional limit for a single phase fluorite is1.4<x<1.6 in the La,.xYxZr,O7 series and for
1.6<x<2.0 in the La,xYxHf,O7 series. The main two-phase region in the Hf-based pyrochlores is
shifted to a much higher level of Y** doping than in the Zr-based series, close to x = 1.2 in these
slowly cooled samples. For the same level of Y doping, the Hf samples are also more
pyrochlore-like with regard to the systematically larger x-coordinate of the 48f oxygen position.
TEM investigations illustrate that the defect fluorite phase exhibits evidence of short-range
correlations in both systems, with the modulated structure being somewhat more
ordered(pyrochlore-like) in the Hf-based samples. These results suggest that as a waste form
pyrochlore based materials are ideal for elements such as U*" and Pu**, which are both fluorite
drivers.

Tan et al. [39] explained with careful attention to the Rietveld refinement procedure, and by
testing the validity of possible models containing different site multiplicities, parameters and
occupancies, satisfactory models for the average structures of the present pyrochlore phases are
obtained. It is clear that the different-sized Zn** and Bi** ions occupy different positions within
the A-sites. This is linked to off centre displacement of surrounding O(2) ions, allowing a local
structure (presently undefined) that gives reasonable Zn-O and Bi—O bond lengths. Oxygen non-
stoichiometry, associated with variable cation contents in the pyrochlore solid solutions, is
readily accommodated by partial occupancy of O(2) and O(3) sites, which occurs even in the
case of the stoichiometric composition, BiisZnTa;sO;. Variable cation stoichiometry is
accommodated by varying the X: Zn occupancies of the B-sites together with the Bi: Zn
occupancies of the A-sites, but without any evidence for spillover of either excess Bi onto the B-
sites or excess X onto the A-sites. There is some evidence that Zn deficiency is accommodated

by B-site vacancies. Off-centre displacement of both A-site ions (to different off-centre sites for



X=Nb, Ta) and O(2) ions provides a mechanism for satisfying the bonding requirements of the
different-sized Bi*" and Zn*" ions. The flexibility in cation and oxygen (O(2) and O(3)) site
distributions and occupancies provides a basis to rationalize the unusual solid solution ranges
that are found and that are significantly different for X= Nb, Ta and Sb.

Mandal et al. [40] prepared a series of compounds with the nominal compositions Nd..,YyZr,0
(0.0<y<2.0) by solid state route. The continuous decrease in the lattice parameter with increase
in Y** content till y=0.8 in the series proves the homogeneity range till that compositions. With
increase inY®" content in the system, the distinction between A and B sites diminishes which
further leads to anti site defects formation which results into local oxygen disorder as evidenced
by increased width of the Raman modes. The next two compositions, i.e. y =1.2 and1.6 are found
to be biphasic in nature. The x parameter of 48f oxygen of compositions with pyrochlore
structure shifts from 0.330(1) for Nd,Zr,0O; to 0.345(6) for NdogY1.2Zr,0O7, which is clear
indication of increase in disorder in the system. One more significant conclusion can be drawn
that variation at A site can also leads to order—disorder transition which supports the theoretical
predication of Lian et al. [27]. Interestingly, Raman spectroscopy substantiated the result
obtained from XRD data analysis. All the Raman peaks could be assigned properly. Moreover,
this study revealed that 48f oxygen is involved in anionic disorder.

H.Du et al. [41] prepared Pyrochlore-type quaternary systems with the generic formula.
Bi15Zngs/.NbosM15/0; (M = Ti, Sn, Zr, and Ce) having a density higher than 95% of the
theoretical density by a conventional ceramic solid-state reaction method. Positron annihilation
lifetime techniques have been performed to identify the structural defects in the samples. The
bigger difference of the weighted ionic radius r,, of the B-site, the higher the positron lifetime

Tave Value, corresponding to more grain boundaries and defects in BZNM. As the concentration



of the complex defect is enhanced, the concentration of free vacancies is decreased quickly
because of defect accumulation. When bigger radius ions (Zr** and Ce**) are induced into BZN
compounds, BOs octahedron distortion occurs, causing an increase of complex-defect
concentration in the compounds, resulting in an increase in t, and a decrease in I,. The electrical
study showed that weakly bonded electrons are reckoned to be the main charge carriers in the
low-temperature range, and it is difficult to make oxygen ions the charge carriers. But when it
comes to the high-temperature range, oxygen vacancy transference becomes active as the charge
carrier mechanism. As there are the most structure defects in the BZNCe sample, there should be
the greatest oxygen ionic conduction contributing to the total conductivity o of this material,
leading to the o value being the largest of the four samples.

Ding et al. [42] fabricated Y,Ti,O; ceramics doped separately with 1 mol.% of rare earth oxides
La,03, CeO,, Nd,03, Sm,03, Eu,03, Gd,03 and Dy,03 by the conventional mixed oxide method.
The results demonstrated that the ceramics exhibited cubic pyrochlore Y,Ti,O; as main phase
and well crystallized at 1450 °C. It was obvious that proper rare earth ions into Y,Ti,O7-based
ceramics could bring down the dielectric loss greatly, and made z; tend to zero. The Y,Ti,O;
ceramics doped with 1% Nd,O3 exhibited optimum microwave dielectric characteristics: er=45,
Q-f=22000 GHz, /= 179 ppm/°C. The material could be used as resonators and filters applying
in 3-8 GHz of microwave spectrum.

Belov et al. [43] prepared (Ln;xAx).TioO7-6 (Ln = Dy, Ho; A = Ca, Mg, Zn; x = 0-0.1)
pyrochlore solid solutions first time using mechanical activation, co-precipitation and solid-state
reactions. The conductivity of the ceramics prepared via co-precipitation and from mechanically
activated oxides exceeds that of the samples prepared by solid-state reactions at the same

temperature, owing to a more even dopant distribution over the ceramic grains. The solid-state



method can, in principle, provide the close doping distribution but only at the higher synthesis
temperatures. However the grain-boundary conductivity component is seen to have non-
Arrhenius behavior in the samples synthesized by solid-state method. The activation energy for
conduction depends little on the sample composition and preparation procedure, with a tendency
to rise upon A% substitution for Ln®".

Radhakrishnan et al. [44] determined the structural variation, Pyrochlore to Fluorite type in the
solid solutions of different ratios: 4:1, 2:1, 1:1, 1:2, 1:4, 1.6 of CaTaO3;5 and YZrTaO3s. The
pyrochlore phase stabilizes for the ra/rg 1.69-1.57 and the defect fluorite phase for 1.47-1.45
values. The structural disorder induced in the present system for ra/rg =1.47 as the ratios of the
solid solutions of CaTaO35 and YZrTaO35 were changed from 4:1 tol:4. This ratio, ra/rg is much
higher than that observed in the transformation from the pyrochlore-type to the fluorite-type
phase in the Ln,Zr,0; system. Therefore a part from cation radius ratio consideration, the
structural transformation in the present system may be attributed to the crystal chemistry of the
cations substituted at the A (Ca** for Y*") and B (Ta>* for Zr*" sites.

West et al. [45] synthesized and characterized one known, and three new pyrochlore solid
solutions. PND studies show a distribution of the oxygen between the 8b and 48f sites for
Y, TiNbOg 76, and half occupancy of the 8a site for Y, TiNbOs. In addition, the data for this Nb-
based compound are consistent with both a standard pyrochlore model, and a B-site displacement
model in which the B-site cations displace off of their special positions. TGA and magnetic

3+/ M5+

studies suggest some preference for a Ti combination in these solid solutions, rather than a

purely Ti*'mM**

combination on the B-site. Moreover, the loss of magnetism after the low
temperature oxidation, shown to be Ti** oxidation, indicates Ti** as the source of local moments

in these compounds. This conclusion is further supported by the increase in the peff/f.u. with the



increase in Ti** content for the Ti only and Ti/Ta-based compounds. These results indicate that
the pyrochlore family of niobates, unlike the crystallographic shear structures, does not support
the existence of local moment magnetism for Nb**

Weiguang et al. [46] were successfully synthesized Ultrafine Ln,Ti,O; (Ln=Sm, Gd, Dy, Er)
crystals at~700—800°C by the stearic acid method. The products obtained are of quadrilateral like
and the average particle size is about 40 nm; the BET surface area is ca. 12m2/g. The atomic
structure of Ln has a minor effect on the crystal structure of Ln,Ti,O;. Every X-ray diffraction
peak of Ln,Ti,O; shifted to a slightly higher angle with increasing atomic number from Sm to
Er, which suggests a decrease in the lattice constant a. Also, the interplanar distance of (111)
decreased with the decrease in ionic radius from Sm®" to Er*" These two results are quite
consistent with each other and the decrease in the ionic radius of Ln** may result in the decrease
in the lattice constant. This research offers a simple and fast synthetic route for fabricating
ultrafine Ln,Ti,O; (Ln=Sm, Gd, Dy, Er) pyrochlore oxides at lower temperatures and shortened

reaction time.



Chapter-3 Characterization Techniques

This chapter introduces the experimental techniques and procedure in detail for sample
preparation. Samples are characterized using x-ray diffraction, Scanning electron microscopy,
thermal analysis and conductivity measurement technique. The XRD technique is used to detect
the formation of pyrochlore phase at room temperature whereas DTA/TGA is used to detect
phase transition in samples. SEM analysis of sample is carried out to reveal the micro structural

feature of saample. Conductivity of sample measured by impedance spectroscopy technique.

3.1 Sample preparation

Chemicals TiO; (99.99% purity), Ti,O3 (99.99% purity sigma Aldrich) and Y,03; (99.99%
purity) in powder form were taken as starting material. Sample YTi is formed by taking TiO, and
Y,03 in 1:1/2 ratio, and sample YTi2 form by taking Ti,O3 and Y,O3 in 1:1/2 ratio. A high
energy ball Mill Retsch PM100 is used. The sample YTi milled in air at room temperature for 1,
5, 10, 20, and 40h respectively at room temperature with 450 rpm. Ball weight to material weight
ratio is kept 10:1. After each milling time interval we take 5 gm of powder mixture and

characterize the powder.

3.1.1 Pellet Preparation

The known weight 40 h ball milled powder of YTi and YTi2 was transferred in die of 20 mm.
The die along with punch was kept below hydraulic press and compaction pressure of 10 ton was
applied slowly. After waiting 1 minute, the pressure was released and compact mass was ejected

out.

3.1.2 Sintering



In the present work we made the two series of samples, one is single sintered and other is double
sintered. Two pellets of YTi and YTi2 obtained after compaction were sintered at 1450°C for 12
h in a calibrated high temperature resistance furnace. And other two pellets of YTi and YTi2
were double sintered at 800°C and 1000°C for 12h respectively to optimize the processing

condition for achieving better properties.

3.2 X-ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destructive technique used for qualitative and
quantitative analysis of a crystalline materials. This experimental technique has been used to
determine the overall structure of bulk solids, including lattice constants, identification of
unknown materials, orientation of single crystals, orientation of polycrystalline, stress, texture,
films thickness etc. In this study a powder diffraction system with Cu-Ko x-ray tube (A=1.54 A°)
was used. The x-ray scans were performed between 20 values of 30° and 80° with a typical step

size of about 0.1° [47].

3.2.1 Bragg’s Law

Since atoms are arranged periodically in a lattice, x-rays scattered from a crystalline solid can
constructively interfere, producing a diffracted beam through these atoms. In 1912, W. L. Bragg
recognized a predictable relationship among several factors. These factors are combined in

Bragg’s law:
nA =2d sin 0 (1)

n = an interger-1, 2, 3....etc [n=1 for our calculations]



A = the wavelength of the incident X-radiation, symbolized by the Greek letter lambda and, in
this case, equal to 1.54 angstroms. d = the distance between similar atomic planes (interatomic

spacing) which we call the d-spacing and measure in angstroms.

Figure 3.1: Bragg’s diffraction condition.

3.2.2 Determination of lattice parameters
For the pyrochlore structure the interplanar distance of (hkl) plane is related to the lattice
parameters a, the Miller indices hkil:

d=a/(h*+k>+I%)2 (2)

For the lattice parameters determination for a c-plane oriented film includes a measurement of
di00 in order to determine the c lattice parameter, and for the determination of a lattice from a
second measurement of with either h or k different from zero.

3.2.3 Crystallite size measurement

Phase identification using x-ray diffraction depends on the positions of the peaks in a diffraction



profile as well as the relative intensities of these peaks to some extent. Another aspect of the
Diffraction from material is the importance to consider how diffraction peaks are changed by the
presence of various types of defects such as small number of dislocations in crystals with
dimensions of millimeters. Small size of grain size can be considered as another kind of defect
and can change diffraction peak widths. Very small crystals cause peak broadening. The crystal
size is easily calculated as a function of peak width (specified as the full-width at half maximum

peak intensity (FWHM)), peak position and wavelength.

3.3 Scanning Electron Microscopy (SEM)

The SEM is a very important and powerful analysis tool for imaging structures ranging from the
millimeter to the nanometer scale [48]. Due to the extremely small wavelength of the highly
accelerated electrons, the SEM can resolve features down to the nanometer regime. The
interaction between the electron beam and the sample surface, gives rise to different particles and
waves, carrying information about the sample, as shown in Fig 3.2(a-c). For example, Auger
electrons and X-rays carry characteristic energy and can be used for element identification,
secondary electron intensity provides topographical information, whereas back scattered electron
enable material with different atomic number to be distinguished.Scanning electron microscopy

(SEM) is basically a type of electron microscope. SEM is used for various purposes;

e Topographic studies.

e Microstructure analysis.

e Elemental analysis if equipped with appropriate detector (energy/wavelength dispersive
X-rays).

e Chemical composition.



e Elemental mapping.

In SEM, Primary electrons are thermonically or field emitted by a cathode filament (W or LaBg)
or a field emission gun (W-tip) and after that accelerated with high energy typically 1-30KeV.
The electron beam is steered with scanning coils over the area of the interest. Upon interaction
with material, the primary electrons decelerate as well as losing his energy, transfer it
inelastically to other atomic electron and to the lattice. Due to continuous scattering events the
primary beam spread up with different energies depending on source origin as shown in figure.
3.2.(a.) the interaction volume with the various electrons emitted and their respective energy is

shown in figure 3.2.( b).

SECOMNDARY
ELECTRONS <.

b.
{ “SECONDARY  ELASTIC BACK
|\ ELECTRONS SCATTERED

ELECTRON | ELECTRONS

YIELD ! AUGER
i ELECTRONS
5 50 2000 [N

ELECTRON ENERGY (eV)
S

Figure3.2.(a) Electron interactions with the surface during bombardment. (b) Type of electrons
and corresponding energies of the emitted electrons after element interaction. (c) Effect of

surface topography on electron emission.



Secondary electrons (1-50eV) are mostly used for the imaging the topographically contrast and
reproduce the surface. High energy elastically backscattered electrons depends on the atomic
number (Z) of the element, which is useful to obtain Z-contrast. X-ray characteristic can be used
to qualitatively and quantitatively analyze the elemental composition and distribution in the

sample.

Figure 3.2.(d): Schematic illustration of the SEM.

3.4 Thermo Gravimetric Analysis
Thermo gravimetric Analysis (TGA) is a type of testing that is performed on samples to
determine changes in weight in relation to change in temperature. Such analysis relies on a high

degree of precision in three measurements: weight, temperature, and temperature change. As



many weight loss curves look similar, the weight loss curve may require transformation before
results may be interpreted. A derivative weight loss curve can be used to tell the point at which
weight loss is most apparent. Again, interpretation is limited without further modifications and

deconvolution of the overlapping peaks may be required.

TGA is commonly employed in research and testing to determine characteristics of materials
such as polymers, to determine degradation temperatures, absorbed moisture content of
materials, the level of inorganic and organic components in materials, decomposition points of
explosives, and solvent residues. It is also often used to estimate the corrosion kinetics in high
temperature oxidation. The analyzer usually consists of a high-precision balance with a pan
(generally platinum) loaded with the sample. The pan is placed in a small electrically heated
oven with a thermocouple to accurately measure the temperature. The atmosphere may be purged
with an inert gas to prevent oxidation or other undesired reactions. A computer is used to control
the instrument. Analysis is carried out by raising the temperature gradually and plotting weight
against temperature. The temperature in many testing methods routinely reaches 1000°C or
greater, but the oven is so greatly insulated that an operator would not be aware of any change in
temperature even if standing directly in front of the device. After the data is obtained, curve
smoothing and other operations may be done such as to find the exact points of inflection to

analyze the composition.

3.5 Differential Thermal Analysis (DTA)
Differential thermal analysis (DTA) is a thermo analytic technique, similar to differential
scanning calorimeter. In DTA, the material under study and an inert reference are heated

(or cooled) under identical conditions, while recording any temperature difference between



sample and reference. This differential temperature is then plotted against time, or against
temperature (DTA curve). Changes in the sample, either exothermic or endothermic, can be
detected relative to the inert reference. Thus, a DTA curve provides data on The
transformation occurred at glass transition, crystallization and melting .In the present
work differential thermal analysis of the powdered samples will be done by DTA, Perking
Elmer (Diamond TG/DTA) in nitrogen atmosphere, using platinum crucibles at 10°C/min
heating rates from room temperature to 1000°C. The reference sample taken was a-alumina.
Thermographs have been taken between temperature and endothermic, showing the transition

and melting of the samples.

3.7 lonic conductivity

As is evident from the previous discussions the factors that influence the conductivity in the solid
state are the concentration of charge carriers, temperature of the crystal, the availability of
vacant-accessible sites which is controlled by the density of defects in the crystal and the ease
with which an ion can jump to another site etc. The last of the above discussed factors, namely,
the ease with which an ion can jump to a neighboring site is controlled by the activation energy.
The ‘activation energy’ is a phenomenological quantity. It may be said to indicate the free energy
barrier an ion has to overcome for a successful jump between the sites. Among the various
factors that influence the ionic conductivity of a crystal the activation energy is of utmost
importance since the dependence is exponential. It can be measured quiet conveniently by
experiments. The activation energies are most commonly deduced using the Arrhenius

expression, given by,

6= (AIT) exp (CEAKET)  oovoeeoeoeeoee (1)



where ¢ is the conductivity at temperature T in K, kg is the Boltzmann’s constant, Ea is the
activation energy and A is called the pre-exponential factor. The pre-exponential factor, A,
contains all the remaining factors, i.e., other than the activation energy, that influence the ionic
conductivity. The activation energy, Ea, may be deduced easily from the slope of the In(c T)
versus T plot. The random walk theory supports the above functional form of s and also

describes A in terms of other factors that influence the ionic conduction.

The Nernst—Einstein expression relates the ionic conductivity to the diffusion coefficient of ions
and is particularly useful in molecular dynamics study. The Nernst—Einstein expression suggest

that the conductivity,

o =nq2D/KesT (2

where n is the number of ions per unit volume, q is its charge and D the self-diffusion coefficient

of ions,

D =zNc(1—c)al2n/kgT, .o (3)

where z is the number of nearest neighbor sites of density N, c is the concentration of ions, al the

distance between the sites and n is the jump frequency given by,

n=noexp(-Ea/ksT), .o 4)



where Ea is the free energy barrier associated with the ion hop between two sites and n0 is the

cage frequency (site frequency) of the ion. The expression suggest that for high diffusivity in

solids,
(1) High density of mobile ions (c),
(2) The availability of vacant sites (that can be accessed by the mobile ions) (1 —c),

(3) Good connectivity among the sites (requiring conduction channels with low free energy (Ea)

barriers between the sites).



Chapter-4 Result and Discussion

This chapter introduces the result of prepared samples and discusses the effect of sintering

temperature on structural, conducting and thermal properties of pyrochore phase Y,Ti,O;.

4.1 XRD Analysis

Figure 4.1(a) and 4.1(b) shows the X-ray diffraction pattern of single sintered YTi and YTi2 at
1450 °C and double sintered YTi and YTi2 samples respectively. In fig. 4.1(a), X-ray of single
sintered YTi depicted that single phase of pyrochlore (Y,Ti,O;) is present after heat treatment.
This phase is indexed with ICDD card number [73-1697]. Peaks are sharp and well resolved
each other. Density of YTi sample is 84% of theoretical density X-ray of sample YTi2 result in
the formation of double phase. One is pyrochlore Y,Ti,O; phase and other is unreacted TiO,
phase. This TiO, phase is index with ICDD card number [75-6234]. Volume fraction of Y,Ti,Oy
and TiO2 is 92% and 8% respectively in single sintered YTi2 sample. Second phase TiO; is
present due to conversion of Ti*® to Ti™. The density of YTi2 sample is 97% of theoretical

density. The sintered sample shows the contraction in lattice parameter in both the sample. As



reported earlier that during heat treatment process some Y** and Ti*" ions occupy the sites
interchangeable in pyrochlore symmetry and their redistribution follows ordered pyrochlore [49].
Figure 4.1(b) shows the XRD pattern of double sintered YTi and YTi2. Double sintered YTi
containing again single pyrochlore phase but density decrease in comparison than single sintered
YTi sample. Double sintered YTi2 also show the presence of pyrochlore Y,Ti,O; and unreacted
TiO,. In this phase volume fraction of TiO, phase is 25% which is more than single sintered
YTi2. Density of double sintered sample decrease comparison of single sintered YTi2. In double
sintered YTi2 sample sintering temperature are 800°C and 1000°C for 12h, but conversion of
Ti*® into Ti** takes at high sintering temperature, so some concentration of Ti** result in

formation of pyrochlore phase and about 25 weight percentage of TiO, remains unreacted.
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Figure: 4.1(a)-XRD pattern of single sintered YTiand YTi2.
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Figure: 4.1(b)-XRD pattern of double sintered YTi and YTi2.

4.2 SEM analysis

The typical micrographs of single sintered and double sintered samples are shown in figure
4.2(a) and 4.2(b), respectively. From fig.4.2 (a), single sintered sample YTi micrograph shows
the fracture surface of pellet. There is no resolved grain boundary. Non uniform distribution of
grains and porosity is continuous. From SEM image of YTi2, we observed there is uniform

distribution of grains and well resolved grain boundary. In figure 4.2(b) As observed in



micrographs, the particles are agglomerated and irregular in shape with variable grain size. It is
common phenomena in ball milled sample. The larger agglomeration is found in Double sintered
YTi2 sample as compared to double sintered YTi sample. Unfortunately, the estimation of
particle size is difficult in the present samples due to agglomeration and lower magnification.
Earlier ball milling duration, the plastic deformation and cold welding are taken place, which
cause agglomeration of particles. The variation of particle size and agglomeration is mainly due
to different mechanism for grinding particle at the different ball milling condition [50]. The grain
size evaluated from the micrograph is in the range of 1 um. It was found that the grains were

homogenously and uniformly distributed over the entire surface of the sample.
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Figure 4.2(a): SEM image of single sintered sample
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Figure 4.2(b): SEM image of double sintered YTi2 sample.

4.3 Electrical Conductivity study

The conductivity of samples is shown in figure 4.3(a) and 4.3(b). The total resistance of sample
was calculated from the point of intersection of cole-cole semicircle plot at the real axis. The

conductivity was calculated using the following formula:

Where [ is the thickness of the pellet and A is cross section area of the pellet. As temperature
increasing the resistance of sample drops, this is manifestation of high temperature ionic
conduction. In other words, the conductivity in Y,Ti,O7 phase should be arised due to thermally

activated hopping conduction of the oxide ions in oxidizing atmosphere. The present sample



clearly shows two linear regions. The activation energies of both regions are calculated by linear
square fitting of Arrhenius plots. The activation energy along with conductivity is given in table
1. The activation energy of single sintered YTi sample is slightly higher than YTi2. It is also
observed that the conductivity (3.34 x10° S/cm) of YTi2 sample is one order higher than YTi
(7.63 x107 S/cm). The higher conductivity might be attributed due to presence of Ti**/Ti*"
mixed state in this sample. The mixed state of B ions may cause higher disordering in the system
and is responsible for higher ionic conductivity. Figure 4.3(b) shows the combined conductivity
graph of double sintered YTi and YTi2. The activation energies of both samples are calculated
by linear square fitting of Arrhenius plots. The activation energy along with conductivity is given
in table 1. From the study of activation energy and conductivity value we observed that very low
energy is required for movement of ion due to low density of double sintered sample with
respective to standard density. Conductivity of both samples is observed 2.99x10™ S/cm. It is
observed that the magnitude of Z' decreases with the increase in both frequency as well as
temperature indicating an increase in a.c. conductivity with the rise in temperature and
frequency. The values of Z' for all temperatures merge above 10 kHz. This may be due to the
release of space charges as a result of reduction in the barrier properties of material with the rise
in temperature, and may be a responsible factor for the enhancement of a.c. conductivity of

material with temperature at higher frequencies.
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Figure-4.3(a): Combined Arrhenius plot of single sintered YTiand YTi2.
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Figure-4.3(b): Combined Arrhenius plot of double sintered YTiand YTi2.



4.4 Thermal analysis

Figure 4.4(a) shows the DTA of single sintered YTi and YTi2 respectively. During heat
treatment, rearrangement and redistribution of cations and oxygen ions take place in ball milled
samples. Density of single sintered sample is nearly to theoretical density so energy slightly vary
with temperature. This process convert ball milled sample in to ordered pyrochlore systems. In
fig. 4.4(a) exothermic peaks are observed after 800°C. This peak reports convession of
disordered pyrochlore to ordered pyrochlorre [24]. Figure 4.4(b) shows the DTA of double
sintered YTi and YTi2 samples respectively. There is sharp energy loss in both samples because
density is very low comparable to theoretical density. As temperature is increased atoms are
reoriented, due to low density reorientation process become fast and energy loss is high with

temperature.
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Figure 4.4(a): Combined DTA of single sintered YTiand YTi2.
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Figure 4.4(b): Combined DTA of double sintered YTi and YTi2.

4.5 Particle size analysis

Figure 4.5(a) and 4.5(b) shows the variation in particle size with ball milling time of double
sintered YTi and YTi2 sample. From fig. 4.5(a), Yttrium oxideY 03 is hydrophilic and TiO; is
hydrophobic in nature. After 1 hour of ball milling particle size is found to be 216.5 nm. Balls
have an impact on each other so plastic deformation and cold welding is taking place inside the
vial. Further 5 hours ball milling causes cold welding because thermal energy produces heat.
Particle size decreases due to cold welding mechanism and reached 155.5nm. Further 5 hours of
ball milling, result in the formation of pyrochlore phase and some crystal lattice energy is
released. So particle size increases and reached 254.2 nm up to 10 hours ball milling. After 10
hours ball milling particle size decreases due to compression in lattice parameter after releasing
energy. After 20 hours ball milling larger amount of thermal energy transfer to the material.

There is reorientation of atoms so particle size increase upto 40 hours ball milling. From fig.4.5



(b), sample YTi2 is stiochiometric mixing of Y03 and Ti,O3. Y,03 and Ti,O3; both are
hydrophilic in nature. After 1 hours ball milling, particle size is 523.2nm. After 5 hour of ball
milling, some heat is arising which make strong bonding in constituents component subsequently
powder become adhesive and particle size increases and reaches 674.2nm. Further 5 hour of ball
milling, no significant transformation in particle size. After 10 hours of ball milling, there is no
new phase formation so due to cold welding mechanism adhesion of powder increases. Particle
size increases and reaches 730.3nm. Further during 10 hours of ball milling, pyrochlore phase
formed. During phase formation crystal energy is released which makes the powder hydrophobic
and plastic deformation mechanism taken place. So after 20 hours ball milling particle size
decreases and found to be 610.5 nm. Further 20 hours of ball milling, more impact of balls on
powder produce more heat which makes the powder hydrophobic. There is no compression force
among the particles and particles are dispersed. Particle size decreases and reaches 426.5 nm as

shown in figure 4.5(b).
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Figure 4.5(a). Particle size vs. Ball milling time.
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Figure 4.5(b). Particle size vs. Ball milling time.

Table-1: This shows the activation energy, thermal expansion coefficient and conductivity.

Sample name Temperature Activation Thermal Expansion Conductivity
Range(°C) energy (eV) Coefficient(x10°®) S/cm™
Single sintered T > 660 0.61 8.389 1.95x10°
YTi
Single sintered T >680 0.59 8.212 2.23x10”
YTi2
Double sintered T > 660 0.17 8.343 2.99x10™
YTi
Double sintered T > 680 0.18 8.405 2.98x10™

YTi2




Table-2: This shows Density and lattice parameter of single and double sintered sample.

sample Experimental Relative density (%) Lattice
density(gm/cc) parameter(A)
Single sintered YTi 3.88 84.3 9.90
Single sintered YTi2 4.81 97.1 9.97
Double sintered YTi 1.87 40 10.15
Double sintered YTi2 2.80 62 10.02




Chapter-5 Future Work

The challenges of meeting rapidly growing demand for cleaner energy will require developing
new high-temperature, high-performance ceramics with outstanding properties that are sustained
under long-term service in severe environments. . lonic conduction in ceramics has become a
major field of research. As society searches for alternatives to fossil fuels, many have turned to
hydrogen as an alternate. Recently different pyrochlore materials are synthesized by different
routes. A very few reports are appeared in the literature where pyrochlore have been synthesized
by thermo mechanical route. As mention in the literature, higher disordering can be in corporate
in pyrochlore structured material which may lead to higher ionic conductivity at lower
temperature. The high ionic conductivity materials can be used as a solid electrolyte in solid
oxide fuel cells. Solid Oxide Fuel Cells (SOFC) take advantage of converting chemical energy
directly to electrical energy, which offers a clean and abundant source of fuel. To further
improve the efficiency of SOFCs, a detailed understanding of the mechanism of ionic conduction
is necessary. On the other hand, the Yittria Stabilized Zirconia (YSZ) electrolyte generally
operated at about 1000°C, where ionic conductivity reaches the required high level. However
such high temperature needs high fabrication cost and degradation of cell components. To reduce
the operating temperature of solid oxide fuel cell (SOFC) systems, recently alternate electrolyte
materials are investigated. We will continue to synthesize doped Sr and Ca samples of varying
composition and thermal history, as well as ordered model compounds, to better understand the
relationships between atomic structure and conducting properties. We will also continue our new

work on other oxide ion conductors, such as doped bismuth and cerium oxides.
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