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Summary

Ceramic materials are proposed for the immobilisation of actinide bearing materials,
including separated uranium and plutonium oxides. While stocks of uranium and
plutonium oxide are not currently considered as a waste within the UK nuclear materials
inventory, the possibility of this changing in the future cannot be eliminated.

Uranium and plutonium oxides from reprocessing spend nuclear fuel (SNF) have trace
quantities of fission products still associated with them, these are a by-product of the
irradiation of the fuel within the reactors. Fission products vary depending on the reactor
design and irradiation conditions.

The aim of this project was to assess the chemical flexibility of the ceramic materials,
which adopted either the pyrochlore or brannerite phase. Both phases have been identified
within natural minerals to retain radioactive species on time scales, and in conditions,
indicative of those required for long term disposal within a geological disposal facility
(GDF). Studies include:

e Theincorporation of uranium within lanthanum zirconate pyrochlore LaxZr,O- to form
materials of the series Lax>Zr,xUxO7. Synthesis occurred within both air and hydrogen
/ nitrogen atmospheres in order to understand the variation in the average uranium
oxidation state by XANES analysis.

e Analysis of the structural flexibility of the pyrochlore phase through minor variations
in composition, characterised by the ra/rg, ionic radius ratio, of the general
composition CaLn®*M3*4sNb1507, where Ln = La, Nd, Sm, Gd, Ho or Yb and M =
Al, Fe, Cr,ScorY.

e Analysis of the chemical composition dependence to radiation induced damage via in-
situ irradiation studies, at the IVEM-Tandem facility, of materials with target
composition CaL.n®*"FeqsNb1507, where Ln = La, Nd, Sm, Gd, Ho or Yb.

e Analysis of the structural flexibility of uranium brannerite with target composition U;-
xMxTi206 with M= Cr, Fe, Pr, Y or Yb.
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Chapter 1 Introduction

1.1 Introduction

In the United Kingdom nuclear power generation accounts for approximately 18% of the
electricity supplied to the National Grid (end of 2014) [1]. Nuclear power is generated
from the absorption of a neutron within a fissionable element, primarily uranium-235 (U-
235). This causes the U-235 to split into two lighter elements, an excess of neutrons and
energy released as heat. This process is known as fission, an example of the reaction is
shown in Equation 1.1. The heat, as with conventional gas and coal power stations, is

transferred to a steam generator, which itself powers a turbine, generating electricity [2].

220+ n—> BICs+ PRb+ 3in Equation 1.1

1.2  Fission

In order to generate a fission event, very distinct conditions are required, these are
dependent on the target fissionable atom. Within the civil nuclear industry a slightly
enriched U-235, a fissionable isotope of uranium, is used. U-235 natural abundance in
mined ore is found at ~0.7% [2]. The dominate uranium isotope within natural ore is U-
238. Civil nuclear reactors in the UK use uranium enriched to between 2-5% U-235 [3].
This increases the likelihood of fission occurring within the fuel as there is an increased
chance of the neutron interacting with the U-235 over the U-238. The energy of the
neutron determines whether the neutron scatters off of, or is absorbed by, the nucleus. U-
235 fission required a neutron with energy described as a thermal neutron. If a neutron
was absorbed by U-238, U-239 would form. This is an unstable isotope of uranium and
undergoes 2 successive beta minus decays, forming Np-239 and then finally fissionable

Pu-239 (Equation 1.2). Pu-239 is fissionable with higher energy (fast) neutrons.

B B .
238U + in-> 233U - 233INp > 237Pu Equation 1.2



The fission of Pu-239 with fast neutrons is utilised within Fast Reactors. There have been
several small test fast reactors across the UK looking at the next generation (Gen-1V)
reactors utilising this reaction.

In order to optimise the fission reaction, moderators are used. Moderators within a
reactor are designed to control the speed of the neutrons, so that they have optimal energy
to interact with U-235 [2]. This will also limit the number of fissile events with Pu-239.
Some neutrons will have sufficient energy to be considered as fast neutrons, and therefore
able to fission fissile Pu-239. This interaction cannot be eliminated within a fission
reactor. Moderators are often a fluid medium consisting of elements with a small
absorption cross section, such as gas or heavy water. They are designed to slow the
neutrons via scattering, not absorb them. Moderators also serve the purpose of a transfer
medium for heat. This acts as a coolant to the reactor core, as well as transferring heat to
a secondary loop, which is used to ultimately generate electricity via a stream turbine. A
secondary loop ensures no release of radioactive substances can occur [2].

An additional safety feature of the reactor includes the use of control rods [2]. These
are typically vertically inserted so that, in the event of a loss of power, these can be
lowered through the use of gravity. However, there are a vast array of reactor designs and
some do not have vertically inserted control rods. Control rods can be physically inserted
or removed from the reactor core even whilst energy is being generated. The proportion
of the control rods within the reactor core will be dependent on the optimising the fission
chain reaction. The chain reaction is caused by the excess of neutrons released from the
initial fission event. A fission event can release up to 3 neutrons, the rate of this chain
reaction needs to be controlled to ensure the reaction rate is optimised [2].

Fission does not have to be induced, spontaneous fission within an unstable atom is
possible, and it is spontaneous fission which can potentially cause a problem for the long
term storage of large quantities of highly enriched uranium and plutonium material. For
this reason it is advantageous to have a medium which is passively safe and does not

enable the fission reaction to occur [2].

1.3 Radioactive Waste Generation

As with all methods of generating power, waste is produced. Waste produced as a by-
product of nuclear power generation have a radioactive substances associated with them.
If not contained and disposed of correctly, radioactive materials could have a detrimental

effect of the environment and living organisms. In order to ensure the long term safety,



to both the environment and public, the wastes are processed into a suitable package
whose integrity will be maintained for the radioactive elements lifetime. The lifetime is a
description of how long the radioactive material takes to fully decay.

The probability of a decay occurring is described by the activity of the isotope,
Equation 1.3. Where N is the number of radioactive nuclei, No is the number of nuclei at
time (t) zero (t=0), and A is the decay constant. The decay constant is unique for each
isotope of each element, and is a measure of the number of decays in 1 second. The half-
life (tz2) (Equation 1.4) is defined the time in which it takes for the radioactivity of a
particular isotope to half. This shows the expression to calculate the time for the unique

situation where there are half the original radioactive atoms.

N = Nye Equation 1.3
ti/2 = 1n/(12) Equation 1.4

Ideally, radioactive material will be stored underground in a long term geological disposal
facility (GDF), however the current location of this within the UK is yet to be decided.
Assuming the ultimate disposal within a GDF, the radioactive wastes within the UK are
categorised and packaged for disposal. Waste package requirements are dependent on the
category, the categories are summarised in Table 1.1. The Radioactive Waste
Management (RWM), a government body, is in place to offer guidance on the
compatibility of any proposed waste forms with the GDF concept.

The route for lower activity wastes (VLLW and LLW) is defined depending on the
material type. Where an item can be decontaminated, reducing the volume of radioactive
waste, then measures are taken to ensure this is completed. Examples of decontamination
methods include steam cleaning individual items in-situ, or sandblasting at Studsvik,
Workington, a nuclear licensed facility which uses sand blasting in order to remove the
contaminated surface layer of metallic object. Any material which cannot be
decontaminated is sentenced to the Low Level Waste Repository (LLWR) near Drigg.
This is a near surface repository which places either material directly, or within iso-frait
containers, into shallow engineered trenches. The trenches are concrete lined and capped
off to minimise surface exposure. Recently the site has moved to using super-compacting
in order to reduce the volume of material and increase the capacity of the limited space
within the facility. This approach to waste volume reduction is being adopted my nuclear
licensed facilities across the UK for LLW, with the move to super-compacting ILW

material expected.



Table 1.1: Categories for radioactive waste utilised within the United Kingdom as
defined by Radioactive Waste Management (RWM) [4].

Higher ) Heat generating materials due to the energy from the
o High Level ] ] o ]
Activity radioactive decay. Dissipation of this heat needs to be
Waste (HLW) ] ] ) ] )
Wastes taken into consideration during long term disposal.

(HAW)-  Intermediate = Wastes which have activity levels higher than those
Require  Level Waste categorised as LLW however do not have an element of

GDF (ILW) heat to take into consideration for long term disposal.
Waste with radioactive levels which do not exceed
Low Level 4GBq/ falpha (a)) d 12GBq/ fBeta (B)
g/tonne of alpha (o) decay or g/tonne of Beta
Low Waste (LLW)
o or Gamma (y) decay.
Activity ) . )
Very Low Wastes with radioactive levels which do not exceed
Wastes

Level Waste 4MBg/tonne. Specific activity for tritium is not to exceed
(VLLW) 40MBg/tonne.

The long term strategy of highly active waste (HAW) within the UK is yet to be
implemented, however it is recommended for the UK to adopt a long term geological
disposal facility with a co-storage of HLW and ILW [5, 6]. The GDF concept will be a
purposefully designed underground facility with vaults, designed to accommodate
specific HAW packages. The GDF will also offer the solution for the long term disposal
of spent nuclear fuel, if the decision to reprocess within the UK is continued. Currently
the Nuclear Decommissioning Authority (NDA) strategy is designed to reduce the
hazards on individual nuclear licensed facilities through the consolidation of spent
nuclear fuels on the Sellafield or the Capenhurst sites [7]. Where possible the spent fuel
is sent for reprocessing in order to recover the uranium and plutonium asset. Material,
which is not suitable for reprocessing, is stored on the Sellafield site while a decision is
made about alterative reprocessing / disposal strategy for spent fuels inventory.

Nuclear fission can generate large numbers of fission products, and the chemical
composition of these are dependent on the original fuel, as well as irradiation qualities,
such as fuel burn up. Fuel burn up describes the characteristics of fuel (temperature,
reactivity and physical composition) base on how long it has resided within the reactor
core. Each isotope of an element should be considered, but generally a focus is made on
the identification of those which have the potential to be reactive within future processes.

The nuclides of interest, excluding the isotopes of U, Pu, Th, Am and Np, are; Mo-95,



Tc-99, Ru-101, Rh-103, Ag-109, Cs-133, Nd-143, Nd-145, Sm-147, Sm-149, S-150m,
Sm-151, Sm-152, Eu-153 and Gd-155. Within uranium oxide fuel these make up between
25-30% of the waste product inventory of spent nuclear fuel [8].

There are currently two reprocessing facilities in operation on the Sellafield site, the
Thermal Oxide Reprocessing Plant (THORP) and Magnox Reprocessing Plant.

THORRP is situated on the Sellafield Site, Cumbria, and is designed to recover uranium
and plutonium from spent nuclear fuel via a nitric acid dissolver. The fuel is primarily
from the Advances Gas-cooled Reactor (AGR) fleet within the UK. However, it serves
the needs of other metallic fuel reactors where the recovery of the uranium / plutonium is
viable, both within the UK and abroad. Spent Nuclear Fuel consists of 96% uranium, 1%
plutonium and 3% a waste by-product from the fission reaction [9]. The waste by product
consists of a variety of fission products, including long lived fission and / or high activity
products, transition elements and heavy rare earth elements and is produced as a liquor in
THORP. Currently the THORP facility is due to close in 2018 but the NDA, the site
licence holder of Sellafield, has agreed to take liability of all future arising from the UK’s
Magnox and AGR fleets, which extends beyond the closing date of the facility. Currently
there are >3000 tonnes of unprocessed material which could potentially remain in its
current form and either; require packaging in a suitable containment for disposal within
the GDF, or, a new reprocessing facility is to be made available.

Currently the highly active liquor waste from the THROP process is immobilised
through vitrification within a borosilicate glass matrix. This is achieved by mixing the
liquor within a pre-produced glass frit within a calciner to produce the glassy product.
The glassy matrix is then poured into a stainless steel canister and placed into interim
storage in air-cooled vaults within the Sellafield reprocessing plant (Figure 1.1). A glass
material is an amorphous matrix with a disordered structure. When subject to radiation
induced damage, caused through the decay of radionuclides, a minimal effect on a glassy
matrix is observed, although swelling and cracking is possible.

High enriched plutonium and uranium materials which are unsuitable within a
borosilicate system in high concentrations due to their low solubility and the increased
risk of a critical event [10]. A critical event is where fissile material is unintentionally
collected into a mass such that a nuclear chain reaction can occur. Glasses are also have
a slow rate of heat dissipation. The incorporation of heat generating products can also
cause the glassy matrix to devitrify and become unstable. Within a glassy waste form no
control mechanisms, such as neutron absorbing elements or physical separation in a

crystalline unit cell, are in place. For highly enriched actinides, the long range crystalline



ordering of an inorganic ceramic material are now being considered for future HLW
disposal conditioning. This is not only in the UK, but also worldwide, due to their ability
to position cations on distinct cation locations.

Figure 1.1: Images of (left) the canisters in which the glass HLW matrix is poured and
(right) the HLW glass canister stored within the Sellafield reprocessing plant, Cumbria.

The Magnox Reprocess Plant (Sellafield, U.K.) was built to recover the uranium and
plutonium oxides from the Magnox fleet of reactors within the U.K. This is achieved
through the shearing of the fuel in order to remove the magnesium alloy cladding. The
cladding is managed as ILW material, and grout encapsulated within 500 litre drums. The
remaining fuel rod is dissolved in a nitric acid solution in order to extract the uranium /
plutonium asset as a nitrate solution. As with the waste products from THORP the waste
material is transferred for vitrification on the Sellafield site.

Capenhurst offers the facilities to store uranium trioxide (UO3) material as an asset for
the NDA estate, as well as facilities for re-enrich of reprocessed uranium material [11].
This ensures the re-use of the reprocessed stocks through the formation of new fuel. The
enrichment of uranium produces a by-product referred to as tails. Tails consist of uranium
with an enrichment lower than natural abundance with the fission products / actinides
removed with the original spent material [12].

Ceramic materials can withstand notably higher temperatures than glasses before
melting. The properties of ceramic materials are composition and environment (pH and
pressure) dependant, but have the potential to incorporate greater quantities of actinides

including uranium and plutonium when compared to a glass matrix [10, 13].



1.4 Current Issues and Objectives

The nuclear waste inventory for the UK does not include spent nuclear fuel (SNF) or
reprocessed and separated plutonium / uranium oxides, these are considered an asset and
are therefore not included within the waste inventory within Table 1.2 [14]. Additional
sources of radioactive material beyond the civil nuclear industry include: defence,
medical and research / educational facilities.

In addition, there are stocks of exotic fuel from the UK alternative nuclear fuel cycle.
This exotic fuel is predominantly plutonium oxide from both experimental test reactors
and from the production of plutonium for the nuclear weapons programme. The total
expected arising of plutonium within the UK at the end of reprocessing is ~140 tonnes
[15].

Table 1.2: Summary table of 2013 UK Radioactive waste inventory from all sources as
extracted from the 2013 UK radioactive waste inventory white paper [14].

HLW | ILW LLW VLLW | Total
Volume (md) 1080 | 286000 | 1370000 | 2840000 | 4490000
Mass (tonnes) | 2900 | 310000 | 1700000 | 2900000 | 4900000

The inventory is accounted for within the NDA ‘Higher Activity Waste Strategy’ which
defines the use of a GDF [10]. Should the stock of uranium and plutonium oxides, from
across the industries, in the future be re-classified as waste, each source will require a
tailored disposal strategy, along with substantiation of the long term safety and stability
of the material.

Due to the promising properties of ceramic materials for the immobilisation of large
quantities of heat generating actinide materials the objectives of this project include
analysis of; the chemical flexibility of ceramic materials, the accommodation of multiple
cations with the pyrochlore and brannerite structures, and the implications of the natural

decay of the radioactive materials within the crystalline structures is required.

1.5 References

[1] Association WN. Nuclear Power in the United Kingdom. In: 2014.

[2] Wilson PD. The Nuclear Fuel Cycle: From Ore to Waste. Oxford Science
Publications; 1997.



[3] Department for Business EIS, Authority ND. Radioactive Wastes in the UK: A
summary of the 2016 Inventory. In: 2017.

[4] Implementing Geological Disposal. In: Edited by: Change DoEC. Crown; 2014.

[5] CoRWM. Managing our radioactive waste safely: CORWM's recommendations to
Government. In: 2006.

[6] Authority ND. Integrated Waste Management: NDA Higher Activity Waste Strategy.
In: May 2016.

[7] Strategy- Effective from April 2016. In: Edited by: Authority ND. March 2016.

[8] Committee NS, Safety WPONC, Fuel EGOADOSN. Spent Nuclear Fuel Assay Data
for Isotopic Validation; State of the art Report. In: Organisation for Economic Co-
operation and Development; 2011.

[9] Ltd S. Spent Fuel Management: Thorp Reprocessing. In.

[10] Lumpkin GR. Ceramic waste forms for actinides. Elements 2006; 2:365-372.
[11] Urenco takes on Capenhurst site. In: World Nuclear News; 2012.

[12] Ltd T. Capenhurst Nuclear Services | What We Do. In: 2017.

[13] Roy R. Rational Molecular Engineering of Ceramic Materials. Journal of the
American Ceramic Society 1977; 60:350-363.

[14] Authority ND. 2013 UK Radioactive Waste Inventory: Waste gquantities from all
sources. In: Edited by: (DECC) DoEaCC. 2013.

[15] Authority ND. Progress on approaches to the management of separated plutonium-
Position Paper. In: Edited by: (DECC) DoEaCC. 2014.



Chapter 2 Literature Review

2.1 Ceramic materials for actinide immobilisation

Ceramic materials are an oxide based solid, formed through high temperature synthesis.
In nature, minerals and rock formations are found to retain naturally occurring radioactive
species, for timescales indicative of those required for a final geological disposal facility
(GDF). Ceramic materials for actinide immobilisation was first suggested Hatch et al.,
who proposed the retention of radioactive actinides in clay materials [1]. Actinide
immobilisation within ceramic materials is explored due to the crystallinity, which
ceramic materials can exhibit. Crystallinity is defined as a material with a regular array
of atoms, giving rise to long range ordered structure. The regular arrangement of the
atoms within a crystalline structure is described by the lattice parameters. A unit cell of
the structure is the smallest repeatable arrangement, in 3-dimentional space, of the atoms
within the structure. The symmetry of the unit cell defines its space group. Lattice
parameters are described by vectors relative to the X, y, z planes, and are denoted as a, b
and c. The angle between the vectors are denoted as «, £ and y. The vectors and planes of
crystal lattice are described by Miller indices (h, k, I) which are the reciprocals of the
incepts on the a, b and c axis, respectively [2]. The spacing between the planes described
by the Miller indices is defined by the d-spacing (A). The relationship between the Miller
indices and the d-spacing is dependent on the crystal structure, examples of which can be
found in Table 2.1.

Table 2.1: Relationship between the Miller indices (h, k, I) and the d-spacing between
lattice planes for structures with a cubic, tetragonal or hexagonal structure, as taken from
reference [2].

Cubic Tetragonal Hexagonal

1_hz+k2+l2 1_hz+k2 [? 1_4<h2+hk+k2>+12

c?

+ J—
d? a? d? a? c? d?2 3 a?

This regular arrangement can be utilised with highly active species whose critical mass is

low. The critical mass is defined as the minimum mass of fissile material required to

create a sustainable fission chain reaction. Controlling the cation locations within a

crystalline material, and potentially co-locating fissionable cations with neutron

absorbing cations, mitigates of the risk of a critical event occurring. Ceramics are also
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notable difficult to reverse engineer, offering a security advantage as a deterrent for
proliferation. The ceramic composition can be selected based on the source of the material

that requires immobilisation.

2.1.1 Historical ceramic trends

Naturally occurring ceramic materials containing radioactive species have been proposed
since the early 50’s for the immobilisation of radioactive species (actinides) not only
physically but chemically [1].

The use of ceramics as an alternative for calcined HLW waste was suggested by G.J.
McCarthy [3] and R. Roy [4] in the 1970s as an advantageous wasteform over a glassy
matrix, through minor oxide additives, to form a material with a 50-75% waste loading.
This is developed further to enable the inclusion of uranium and plutonium species
without the need for separation, ideal within countries who have chosen not to reuse
uranium / plutonium so have no driver for reprocessing spent nuclear fuel. This required
the development of ceramic materials which are compatible with a varied waste stream
but still able to maintain the physical and chemical properties that are desirable for the
wasteform.

Specific waste streams have tailored chemical compositions for the long term
passively safe immobilisation of plutonium and uranium stocks. An example is the
titanate pyrochlore rich ceramic wasteform for the disposal of impure plutonium stocks
in the U.S.A, tailored primarily by Lawrence Livermore National Laboratory (LLNL). A
chemical composition of Cao.seGdo.22Hfo.23Pu0.22U0.44Ti207 was defined to ensure the long
term criticality risks with the storage of Pu-239 were minimised [5, 6]. This includes the
use of neutron absorbing gadolinium and hafnium as well as uranium-238 to ensure that
the natural decay of Pu-239 to U-235 does not increase the likelihood of a critical event
[5]-

In additional to the exploration of single phase ceramic materials for the
immobilisation of separated actinide materials, A.E. Ringwood et al., at the Australian
National Science and Technology Organisation (ANSTO), pioneered the production of a
synthetic rock (SYNROC) in the 1970s [7]. SYNROC is a multi-component matrix
utilised to simultaneously host several radioactive materials in a single body. The ceramic
phases are chosen depending on the waste stream, thereby selecting the physical and

chemical properties. The radioactive precursor components are additives to a mix of inert
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matrices, which are designed to be thermodynamically stable with each other [7]. Further
discussion of the concept can be found in Section 2.3.1.

Information on the phase and composition of naturally occurring minerals are used to
provide information for synthesised ceramic materials. As well as minerals being older
than defined as required for the GDF, the minerals are often found in environments far
more aggressive than those in a desirable of a GDF [8]. The use of naturally occurring
minerals provides information of a materials long term ability to retain radioactive
species, stability and behaviours[9]. Minerals are found in a metamict state, an amorphous
state of a previously crystalline material, where the long range ordering within the
structure has been lost. Direct analysis of the metamict materials ability to retain the
radioactive species can be made to understand the long term behaviours [10].

Lifting Pintle
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Plenum / Springs

~~
[~

Cladding
A

"Fuel Pellets

KV oid for
Expansion

Plug

Figure 2.1: A schematic (not to scale) of a typical fuel pin designed to accommaodate both
physical expansion of the fuel within the cladding and includes a plenum within the
design designed to accommodate any gases released.

Analysis of radiation damage of ceramic fuels can provide information for the

disposability of actinide materials [11-21]. For ceramic fuels a metal alloy cladding is

used. This is designed to contain any fragments of ceramic fuel which arise due to the

physical radiation induced changes of the material. This also physically separates

individual fuel pellets in an ordered, and maintained, structure. A schematic of a fuel pin
11



is shown in Figure 2.1. Large numbers of fuel pins are arranged within a fuel sub-

assembly, the number and design is dependent on the reactor and fuel type.

2.1.2 Radiation Induced Damage

In order to understand the long term integrity of a ceramic waste form two aspects must
be analysed. Firstly, the long term behaviour of the ceramic within the environment,
focusing on those expected within a geological disposal facility, including the interaction
with the direct facility components. Secondly, the internal effect on the ceramic due to
the inclusion of radioactive isotopes, whose decay leads to radiation induced damage.
There are four sources of radiation damage which can impact upon the ceramic structure
arise due to:

i.  Spontaneous fission of unstable (fissionable) isotopes within the wasteform. This
changes the local environment around the cation within the ceramic lattice, due to a
single cation splitting into; 2 lighter elements, excess neutrons and excess energy.
Excess energy is initially in the form of momentum associated with the new particles.
This is converted to heat as the momentum dissipates through interactions with
further atoms. If the energy provided by the decay is sufficient, an atom can be
displace from the crystalline lattice. The displaced atom rests within the crystalline
lattice, interrupting the regular array of the structure.

ii. Gamma (y) decay. This is a form of electromagnetic energy released from the
stabilisation of a nucleus from a higher energy state to a lower energy state. Gamma
particles are a high energy radiation and are difficult to shield against.

iii. Beta (B) decay. The conversion of a neutron to a proton resulting in the release of an
electron from a nucleus, this electron could be captured within a nucleus resulting in
a beta plus (B*) emission. This is the inverse of a p emission, where a proton converts
to a neutron, with the release of a positron (anti-proton).

iv.  Alpha (o) decay. The ejection of a positively charged helium nucleus, *He?*, which
will readily accumulate electrons from its surrounding environment to form a helium

ion, “He.

Physically, radiation damage can cause cracks and swelling of the material. Damage is
caused by the decay particle released, or by the recoil energy in the parent atom. The
parent atom is the decaying nuclide. The recoil energy within the parent atom arises from
the conservation of momentum where, with no external force, an equal force is exerted

on the parent atom, but in an opposite direction to that of the decay particle. In order to
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be able to determine the effect of the damage on a specific composition the synthesised
crystalline material are experimentally irradiated using ion beams. While all decay
mechanisms will cause damage to materials, the following is to establish, within a
crystalline structure, which causes the greatest damage, and therefore the highest risk to
the integrity of the structure.

Gamma radiation will be able to penetrate the furthest within the crystal lattice. Energy
is transferred to atoms within the lattice as they interact with the electromagnetic
radiation, causing localised damage. Gamma radiation is non-directional, as an
electromagnetic wave the energy is dispersed in equal magnitudes in all directions,
transferring a fraction of the energy to its local environment. This energy dissipates
through the material via vibration of the atoms within the lattice. As there is no mass
associated with a gamma particle, there is minimal recoil energy in the parent atom when
a gamma decay occurs. This also means, as a result of this gamma decay, no decay particle
Is implanted within the structure.

Beta and alpha decay have a different dominating effect within a ceramic material than
gamma due to the fact that the greatest impact of the decay is not from the particle which
is released, but the momentum which is felt within the parent atom.

A beta particle is the release of an electron with a single charge, a low mass (~9.109 x
1073%kg) and low energy. The small mass and energy results very little recoil energy within
the parent atom. The chemical changes, as a result of the beta decay, need to be
accommodated within the lattice.

An alpha particle when released has a greater mass than an electron during beta decay
(~ 6.644 x 10?’kg). An alpha particle is a positive charge helium cation with; 2 neutrons,
2 protons and is missing 2 electrons. In order to stabilise an alpha particle readily captures
electrons from its local environment to become a helium atom. The increased mass of an
alpha particle means that a greater magnitude of energy is released during the decay to
occur. The alpha particle is also larger for the lattice to accommodate. The greater mass
and energy of the alpha particle, relative to the beta and gamma energies, results in a
greater recoil energy exerted on the parent atom. Alpha decay predominantly occurs in
atoms where the ratio of protons to neutrons is most imbalanced, this requires atoms with
large masses including actinides. The recoil energy due to the alpha decaying event within
the parent atom is large, however as the parent atoms are heavy actinides the momentum
is insufficient to displace it from the lattice. The energy in the recoil is sufficient damage
to the localised structure. This includes localised stresses / strains with the material, or

the formation of a vacancy within the lattice due to subsequent displaced atoms. The stress
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/ strain defects and / or vacancies can result in a localised loss of the crystalline ordering
of the atoms, creating an amorphous fraction of material. The accumulation of the damage
can result in a complete loss of the crystalline order throughout the material. An alpha
decay of Pu-239 to U-235 typically equated to 4.5-5.8MeV of energy associated with the
decay particle, and a recoil energy in the parent atom of 70-100keV. The alpha particle
has sufficient energy to penetrate the material, transferring energy and causing damage.
When sufficient energy is lost, so that the alpha particle is unable to penetrate further, a
larger area of damage is formed. The recoil energy, while insufficient to displace the
parent atom from the lattice, has a significant quantity of energy to damage to localised
lattice environment. This typically causes >1000 atomic displacements [22, 23].

The recoil energy in the parent atom due to an alpha decay is identified as the decay
mode which produces the greatest damage. However, by providing energy to the lattice
radiation damage can be reduced, or even eliminated, if the material has sufficient energy
to recover from the damage as it occurs. Additional energy can be provided by heat. The
effects of the induced damage may cause cracking within the surface as a result of
swelling. This increases the reactive surface area of the material, reducing the stability of
the ceramic wasteform. This can accelerate the release of radioactive nuclides when
placed within a potentially aqueous environment, as with a geological disposal facility.
Therefore a materials ability to remain crystalline of the lifetime of the radioactive
isotopes is advantageous. Natural analogues have been identified to contain higher
concentrations of naturally occurring uranium and thorium actinides [15, 24-36]. When
considering the potential long term immobilisation of highly active species, natural
analogues can provide information on the radioactive decay of isotopes, and the damage
to the crystalline structure. This can be used when studying synthesised materials, of

interest to this work ceramic materials with the pyrochlore and brannerite structure.

2.2  The Characteristics of the Pyrochlore Structure

Pyrochlores, of general formula A2B207, are a cubic 2x2x2 superstructure relative to an
underlying fluorite lattice, AO2 [37]. The superstructure arises due to the regular
arrangement of an oxygen (anion) vacancy within the structure at the 8b position (3/8,
3/8, 3/8) position (Figure 2.2). This defines the local coordination environment of the
cations within the structure, as described by space group Fd3m, and creates two distinct
cation sites [37]. These are represented by A and B in the general formula. With respect

to the oxygen anions, the A-site cations are 8 fold coordinated and the B-site cations are
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6 fold coordinated [37]. The distortion in the sites are such that the A-site cations are
coordinated in a distorted trigonal scalenohedron, and the B-site cations are in a regular
octahedron array [38]. The pyrochlore structure comprises of alternating layers of A and
B cations which form a face centred cubic array ordered in the <110> direction [37]. The
unit cell parameter ‘ap’ of the pyrochlore structure is twice that of the fluorite structure,
ar = 2ar, as shown in Figure 2.2. The lattice parameters of the ideal pyrochlore structured
material are all located in special positions. A-site cations are locations on 16¢ (0, 0, 0)
and B-site cations on 16d (1/2, 1/2, 1/2). The anions are located on two positions, the 8a
(1/8, 1/8, 1/8) and 48f (x, 1/8, 1/8) positions [37]. The anion on the 48f position is able to
move about the ideal value of x = 3/8, due to the vacancy in the 8b (3/8, 3/8, 3/8) position.

Both the A and B-sites offer great chemical flexibility, an ideal pyrochlore has a
structure of A2*"B,**07 [37]. However the structure is not only able to tolerate multiple
cations on the A and B-sites, it can also tolerate 8 fold coordinated 2+ cations on the A
site, coupled with 6 fold coordinated 5+ cations on the B site [37]. The structure is able
to accommodate additional oxygen stoichiometry within the order anion vacancy,
however overall the material cannot exceed and oxygen stoichiometry of 8. Although this
can destabilise the structure. The pyrochlore structure is most stable with cations of an
average oxidation of 3+ on the A-site and 4+ on the B-site [37]. This diversity in the
chemical composition of the pyrochlore structure has led to the analysis of over 450
different pyrochlore materials [37]. The pyrochlore structure has been studied and
proposed as a wasteform for highly enriched uranium and plutonium disposition due its
chemical flexibility, tolerance to radiation induced amorphisation and resistance to
dissolution [9, 28, 31, 39-49]. Chemical flexibility is important when looking at the
immobilisation of actinide bearing waste streams which contain a vast range of fission
products.

This flexibility of the pyrochlore structure means that a variety of elements with
different atomic radii and oxidation states can be incorporated within the structure,
although there are limitations in the cation radius on the A and B sites, ra and rg

respectively, see Equation 2.1(a) and (b).

r, =087 —1514A Equation 2.1(a)
rg = 0.40 — 0.78 A Equation 2.1(b)

The ratio of these atomic radii, Equation 2.2, was used throughout to describe the stability
of the phase, and ultimately the likelihood of a composition forming with the pyrochlore
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structure. The description of the position of the 48f oxygen (in the x-direction), Equation

2.3, is also utilised to describe the stability of the B-site co-ordination environment.

A e ¢ ¢ © ¢°
(4 ® 0

48f
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Figure 2.2: (a) 1/8th of the unit cell volume, red are oxygen atoms, green represent the A
cations and blue represent the B cations, a key aspect of the pyrochlore structure is the
oxygen vacancy within the structure, which if occupied the structure becomes a simple
fluorite structure. (b) The fluorite structure, red denotes oxygen anions and black are
cations, a defect fluorite is one where there are vacancies in the structure, they tend to
disordered.

A =146-178 Equation 2.2

B

0.3125 > 48f x oxygen > 0.375 Equation 2.3

For pyrochlore structures at the lower extreme (ra/re<1.46) either a fluorite (AB)4Os or
defect fluorite ((AB)4Oy7) structure is formed, this can also be quantified by the shift in
the 48f oxygen x-coordinate, Equation 2.3. A defect fluorite is a fluorite with and un-
ordered oxygen vacancy such that the average anion occupancy is 7/8" of the anion
locations, and the average cation coordination is 7. In a defect fluorite the A-site cations
arrange into a regular polyhedra cube, and the B site cations into a triagonally flattened
octahedra. A defect fluorite shows the greatest distortion in the structure.

Above the upper boundary (ra/re>1.78) a monoclinic structured material is expected
to form, an example is the layered perovskite structure of composition La>Ti,O7 [50].
This effect can arise if the A site cations is too small or the B site cations are too large for
a stable pyrochlore structure to form.
Electron diffraction images of the material, collected in the transmission electron
microscope (TEM), aid identification of the presence of the pyrochlore. Figure 2.3 shows

the simulated diffraction pattern of the [010] axis of materials with (left) the fluorite
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structure, and (right) the pyrochlore structure, with the interstitial reflections of the

pyrochlore super lattice indicated by the arrow.
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Figure 2.3: The simulated images of the [010] axis of (left) fluorite and (right)
pyrochlore. Indexed on the images are the fluorite structure, and the fluorite reflections
of the pyrochlore, with the superstructure reflections indicted by the arrows.

2.2.1 Natural Analogues

Pyrochlore structured materials are often found in mined ore containing both naturally
occurring radioactive species and rare earth elements (REE), with levels up to 30wt%
UO2, 9wt% ThO. and 16wt% REE>Os [31]. Taking the general pyrochlore formula,
A>B20gY, it can be seen with synthetic pyrochlores the anion Y is taken as oxygen,
although in nature Y could be any of O, OH or F.

Natural pyrochlores can be found with a variety of cations on the A and B-sites (A =
Na, Mg, K, Ca, Mn, Fe, Sr, Sh, Cs, Ba, Pb, Bi, Th, U or REE and B= Nb, Ta, Ti, Zr, Sn,
W, Fe or Al) [51-54]. The natural analogue of a material with the pyrochlore structure
can be taken from zirconolite, ideally CaZrTi2O7. Zirconolite is found in nature to contain
up to 33wt% REE including natural U and Th [28]. Naturally occurring minerals with a
pyrochlore related structure have been analysis to provide information on radionuclide
retention in an environment expected of a geological disposal facility. This includes, but
is not limited to, analysis of the material in aqueous environments [14, 15, 29, 31, 41, 55-
57] and analysis of the resultant structure due to internal decay modes [21, 44, 47, 54, 58-
62].

2.2.2 Promising attributes of the pyrochlore structure

Phases of particular interest include titanate and zirconate pyrochlores, A>Ti>O7 and

AxZr,07, respectively. lon beam irradiation studies on synthesised pyrochlore ceramic
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materials have shown that the tolerance to radiation damage in pyrochlores is dependent
on the chemical composition. Both variations in the A site and B site cations have an
effect on the radiation tolerance of the material.

Varying the lanthanide cation on the A site of titanate pyrochlores, Ln,Ti>O7, Lian et
al. [63] showed how the critical temperature changes with composition. The critical
temperature, Tc, is the minimum temperature at which the material retains the crystalline
structure under irradiation simulation of alpha recoil damage. The lower the Tc, the lower
the energy required to maintain the crystalline structure. This could be interpreted as a
material which is more resistant to damage if the heat from the decay provides sufficient
energy to increase the temperature above Tc. Lian et al. found that as the ionic radii of
the A-site cation increases, from Lu to Sm, in general composition, Ln,Ti>Oz, the T¢ value
increases [64].

Analysis of gadolinium pyrochlore (Gd2B.07) by Wang et al, showed that by varying
the B-site cation (Gd.Ti.O7 and Gd»Zr»07) the response to radiation damage also varied
[47]. The titanate material, with the smaller ionic radii than the zirconium, and hence the
smaller ra/rs value, became amorphous during heavy ion beam irradiated. However,
gadolinium zirconate pyrochlore (Gd2Zr,07) showed greater resistance to radiation
damage, even at temperatures as low as 25K [47]. Based on the results of such
experiments titanate pyrochlores, such as Gd»Ti»O7, containing 10 wt% Pu-239 are
projected to remain crystalline for up to 600 years. Whereas the zirconate equivalent,
Gd2Zr207, would be expected to remain crystalline even when irradiated with a dose
equivalent to that expect to be received over 30 million years [47]. The gadolinium
zirconate pyrochlore is a perfect example of the use of a pyrochlore structure which has
an ra/rg value close to that of a defect fluorite (ra/rs = 1.46) but maintains the crystalline
properties of a pyrochlore structure [47, 65-72].

The x-coordinate position of the 48f oxygen describes the shape of the B-site cations
octahedra, and is used to predict the effect of the heavy ion beam irradiation on the crystal
structure. The less distorted the cations on the B site, described by the shift to lower values
of the 48f oxygen x-position, the less resistant to radiation damage a ceramic is likely to
be as the material is structurally closer to radiation tolerant fluorite.

The effect of radiation damage on a pyrochlore structured materials can exhibit two
effects; 1) a transition from a pyrochlore structure to amorphous material via the
formation of fluorite / defect fluorite phase or 2) direct transition to an amorphous phase.
Irradiation of synthesised materials can provide information on whether an intermediate

phase is formed before the material become amorphous. This can be completed on bulk
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materials, using heavy ion implantation, or on a small sample of the material using a TEM
instrument coupled with an ion beam implanter. In-situ irradiations using the IVEM-
TANDEM facility are used to indicate the long term stability of a structure under
irradiation (Section 3.4.2). The instrument allows for analysis of the crystalline structure
through electron diffraction images at user defined intervals of irradiation, without
changing the sample environment. The use of krypton (Kr) is selected to simulating the
damage cause by the alpha recoil energy within the parent atom. 1MeV doubly charged
Kr is used due the instrument limitations and this it having a similar effect within the
structure as 70-100 keV recoil energy of parent atom as the result of alpha decay.

Typical analysis within the IVEM-TANDEM instrument can be seen in Figure 2.4,
completed by S.X. Wang et al [73]. This shows the effect of Kr?* 1MeV irradiation,
highlighting how the pyrochlore superstructure weakens showing disorder between the
two cation sites and the anion vacancy. The appearance of a halo with the electron
diffraction images indicates a fraction of amorphous material. The intensity of the
amorphous halo increases as the superstructure is lost, resulting in the formation of a
fluorite structure with the amorphous fraction. This continues until such a dose that all
the material is amorphous. An amorphous material here is defined as the point where no
pair of diffraction reflections can be identified within the electron diffraction image
(Figure 2.4(d)).

Figure 2.4: Selected Area Electron Diffraction (SAED) images taken with increase dose
of 1MeV Kr+ irradiation (A) Pyrochlore crystalline structure, (B) Gradual disappearance
of the structure and the formation of amorphous halos (C) The disappearance of the
pyrochlore superstructure leaving the fluorite structure and amorphous halos (D) Fully
amorphous material[73]

2.3 Titanate Ceramic Materials

Although titanate materials do not offer the same irradiation stability over zirconate
materials, titanate ceramics are found in nature to contain large quantities of uranium and

thorium [74]. A titanate ceramic is also a key component within the SYNROC multiphase
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concept [75-77], and is the bases of Lawrence Livermore composition. Developed by the
Australian Nuclear Science and Technology Organisation (ANSTO) and the Lawrence
Livermore National Laboratory (LLNL), respectively. The latter is endorsed by the US
department of energy (DOE) as their preferred wasteform for excess weapons grade

plutonium [5, 6].

2.3.1 Multiphase ceramics systems: Synroc

The multi-component material, SYNROC, is designed to simultaneously host several
radioactive elements from a single varied waste stream, within co-existing phases. The
component materials are determined by the waste stream [78]. There are several
categories of SYNROC depending on the waste stream they are designed for, of interest
to this work is the phase formation in the SYNROC F composition. This sees the
formation of brannerite as an untargeted phase. Brannerite has been identified when
uranium loading is increased within the multiphase synroc material, resulting in
insufficient calcium component oxide available to form the targeted perovskite phase.
The result is the excess UO; precursor reacts with the rutile TiO2, forming UTi20s [76].
The final compositional break down of SYNROC F, as a function of varied UO, wt. %,
is shown in Table 2.2. Analysis on the durability of the SYNROC material with the
presence of brannerite indicated no significant effect on the leach rates, or chemical
durability, when compared to those of SYNROC C, whose leach rate is considered
satisfactory for GDF requirements [76].

The SYNROC concept overcomes the requirement for reprocessing and separating
chemically different elements from spent nuclear fuel. SYNROC is designed to
immobilise varied waste streams including; actinides, rare earth elements, strontium (Sr),
molybdenum (Mo), caesium (Cs), barium (Ba) and noble metals [7, 78, 79]. However,
the interfaces between the different compositions, and the long term stability of the
material, needs to be understood. The multiphase assemblage of SYNROC is a unique
solution, which is difficult to directly compare to natural analogues of ceramic materials.
This limits the information available on the long term stability of the interfaces between
the phases of the materials, required for long term disposal in the GDF.

Two phases of interest for the immobilisation of separated uranium and plutonium oxides,
and heavily utilised within SYNROC are a pyrochlore structured material and the

brannerite structure.
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Table 2.2: The table shows the percentage of each of the 5 phases present in the
composition where the UO- precursor is varied [76].

Wt.% UO:
30 35 40 45
Pyrochlore  69% 77% 71% 76%
Hollandite = 13% 14% 10% 13%
Rutile 4% 5% 15% 7%
Perovskite = 14% 4% 0% 0%
Brannerite = 0% 0% 4% 4%

2.3.2 Brannerite Structure

The brannerite mineral, (U*,REE,Th,Ca)(Ti,Fe*",Nb)2(O,0H)s, particularly titanate
brannerite, (U**,REE,Th,Ca)Ti.Os has been seen to be a suitable candidate for hosting
actinides, highlighted through its formation in Synroc. Brannerite structure, a titanate
based ceramic which becomes amorphous when subject to radiation [32, 36, 80, 81].
However, brannerite can contain high concentrations of uranium and thorium actinides,
therefore is useful to study in order to develop materials that can contain similar levels of
actinides [82].

Ideal brannerite is an ATi2O¢ (A = U, Th, Ce) monoclinic structure with space group
C2/m. The natural structure is based on layers of TiOg edge sharing octahedra linked by

AOQgs octahedra, for example UTi20s (Figure 2.5).

Table 2.3: X-ray lattice parameters (A) of brannerite structures with composition ATi2Oe,
where A = U, Ce, and Th from [74, 83, 84], respectively.

A a(A) b (A) c (A) B (°)

Ce 9.8146(5) 3.7022(2) 6.7720(4) 118.69(1)
U  9.812(2) 3.7697(6) 6.9253(9) 118.957(6)
Th 9.822(5) 3.824(2) 7.036(5) 118.84(5)

The brannerite structure is stabilised through the inclusion of uranium, thorium or cerium
on the A site of the titanate material. The refined crystal structure of the A site cations
within the brannerite structure can be found in Table 2.3. lonic radii information for the

cations are summarised in Table 2.4 [64, 74, 83, 84].
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Figure 2.5: The Brannerite structure view down the [010] axis both (left) showing the
cations and anions and (right) showing the interaction between the edge sharing TiOs
octahedra (blue) linked by the UOs octahedra (green) for ideal brannerite UTi>,0¢

2.3.3 Natural Analogues

Brannerite is a naturally occurring mineral known to contain radioactive species. Mined
minerals for the recovery of uranium are often identified with the brannerite phase [74].
Uranium brannerite, ideally UTi20s, has been identified to contain high concentrations of
UO., making it ideal for mining to achieve high uranium yields for extraction [74]. The
chemical flexibility of the structure can be identified from the variable compositions of
the ore, with substitutions of Ca, Th, Pb and REE on the uranium A-site and transition
metals such as Fe and Al on the titanium B-site [10, 32, 74, 80, 85-88]. The ores are found
in a metamict (amorphous) state due to the alpha recoil damage from the uranium and
thorium within the material [32]. The once crystalline structure can be synthesised in
order to understand the short term behaviour of the material and properties due to recoil
damage [32, 81].
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Table 2.5: A summary of ionic radii information for cerium, uranium, plutonium and
thorium as extraction from Shannon (1976) [64].

lon Charge Coordination lonic Radius (A)

Vi 1.01

VI 1.07

Vil 1.143

3 IX 1.196

X 1.25

Ce XII 1.34
VI 0.87

. Vil 0.97

X 1.07

XII 1.14

3 Vi 1.025

Vi 0.89

VI 0.95

4 Vil 1.00

IX 1.05

XII 1.17

U 1 VI 0.76
VI 0.84

I 0.45

W, 0.52

6 VI 0.73

VI 0.81

Vil 0.86

3 VI 1.00

. VI 0.86

PU VI 0.96
5 VI 0.74

6 V[ 0.71

Vi 0.94

VI 1.05

IX 1.09

Th) 4 X 1.13
X 1.18

XII 1.21

2.4  Project Aims

Both the pyrochlore and brannerite structures offer chemical flexibility, with natural

minerals identified to container varied cations and large fractions of uranium and thorium.

Studies of the chemical flexibility of the two phases are conducted as part of this thesis

in order to provide information on the materials ability to tolerate varied waste streams.

This would be particularly important should the decision to dispose of uranium and
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plutonium stock piles, as well as spent nuclear fuel, be taken within the UK or abroad. To
address this shortfall this thesis looks at:

e Analysis of the structural flexibility of the pyrochlore phase of the general formula
AZ*A3*B15°"Bos"O7 in order to understand the structural response of the phase with
varied compositions.

e Analysis of the compositional dependence of radiation induced damage of materials
with target composition CaL.n®*"FeosNb1sO7, where Ln = La, Nd, Sm, Gd, Ho or Yb.

e Exploration of the uranium oxidation state when incorporating of uranium within
lanthanum zirconate pyrochlore La,Zr,O7 to form materials of the series LaZr>.xUxO7.

e Analysis of the structural flexibility of uranium brannerite with through the

substitution of Cr, Fe, Pr, Y or Yb cations in target composition U1-xMxTi20s .
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Chapter 3 Analytical Techniques

3.1 X-ray diffraction

Powder X-ray diffraction (XRD) analysis was used throughout in order to determine the
crystalline phase assemblage of materials. While a complete introduction to X-ray
diffraction theory is impractical, here the basic principles of XRD, and the setup of the

diffractometers used are discussed.

3.1.1 Basic principles of X-ray diffraction for crystalline materials

X-ray diffraction (XRD) uses the interaction between electromagnetic radiation and
atoms of a material to determine the materials structure. This requires electromagnetic
radiation with a wavelength comparable to the scale of the structure being analysed.

In order to produce X-rays a cathode ray tube must first be heated in order to produce
elections. These electrons are then accelerated by a voltage towards a target material.
When the electrons have sufficient energy, an electron is dislodged from the inner shell
of an atom of the target material, resulting in an atom with an excited state. X-rays are
produced when an electron from a higher energy state drops down to a lower energy state
to fill the created vacancy, returning the atom to its ground energy state. These X-rays are
characteristic of the target material. For a target material of copper (Cu) metal, two
wavelengths, ideal for crystal structure analysis, are observed from the K shell
(Ka1=1.5408A and Koz=1.5443A). As the wavelengths are similar, but the two peaks
distinguishable, they are referred to as a Ko doublet [1]. The intensity of the K emission
lines are dependent on the acceleration voltage used of the electrons. A minimum energy
is required for the electron to be dislodged from the target material, this is termed the
threshold energy. Above the threshold energy the wavelength remains constant, but the
intensity increases.

For XRD analysis a monochromatic beam of a single energy is desirable. To achieve
this a monochromator is used to remove the unwanted energies. For a Cu target, a
germanium (Ge) monochromator is used to remove any X-rays that do not have a
wavelength of the Ko1=1.5408A.

A crystalline material is defined by a regular arrangement of atoms in 3-dimensional

space with a repeatable unit cell. The crystal structure is described by the lattice
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parameters. These consist of the crystallographic axis of the unit cell which describe the
minimum repeatable structure (in angstroms, A) in 3-dimemsional space (a, b, c).
Coupled with definition of the angles (in degrees, °) between the axis, termed «, S and y.
Atomic positions relative to the a, b and c axis are described as fractional coordinates
along the respective lengths using the notation of (x, y, z). Planes of the unit cell describe
the connection between the atoms of a unit cell, and vary depending on the crystal
structure. Planes are described by Miller indices (h k ), which have both direction and a
fixed angle of 90° between them [2]. The Miller indices are proportional to the reciprocal
of lattice vectors, and therefore describe the intercept of the plane on the axis. Miller
indices use the notation of (h k I). The lattice vectors describe the line from the origin of
the unit cell to the Miller indices point [1]. Negative indices are written as a number with
a bar above. When vectors are related by symmetry then the indices are bounded within
angular brackets, <h k I> [3].

Planes within a crystal structure are repeatable, this arises due to the long range
ordering of the reoccurring unit cell, from the arbitrary position of the origin of the crystal
structure. The sets of planes are equally spaced relative to each other, this is termed the
d-spacing [3]. The relationship between the plane indices (h k 1) and the d-spacing is
dependent on the crystal structure symmetry, described by the crystal system, examples
can be found in Table 3.1 [2, 3]. There are 7 crystal systems (cubic, tetragonal, hexagonal,

orthorhombic, monoclinic and triclinic). All crystalline materials adopt one of the systems

[3].

Table 3.1: Relationship between the Miller indices (h k I) and the d-spacing between
lattice planes for structures with a cubic, tetragonal or hexagonal structure [2].

Cubic Tetragonal Hexagonal
1 hR+k*+012 1 h+k* 1P 1_4<hz+hk+k2>+l2

c2

d? a? d? a? c2? d?z 3 a?

When the wavelength of the incident X-rays (from the source) are smaller than the d-
spacing within the target crystal structure, information on the atomic positions can be
interpreted from the interactions. The X-rays are diffracted from the planes of atoms
within the structure. The deflection of the incident X-rays is measured as 26 due to the
movement of the detector through 260, see Figure 3.1. The combination results in specific
characteristics of the material being reflected in the diffracted X-rays [2]. The angle and

intensity of the diffracted X-rays provide information the atom placements enabling
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identification of the structure of the material. This is described by the Bragg equation
(Equation 3.1).

nA = 2dsing Equation 3.1

Where the wavelength of the incident X-rays, A (A), is defined by the instrument, and the
diffracted angle 0, is interpreted from the data collected. The diffracted angle is
characteristic of the constructive interference of the X-rays as they scatter off of the planes
in the crystal structure. This enables the calculation of the d-spacing (d) within the crystal
structure, which is constant between planes of a crystalline material. XRD analysis of
powdered materials results in the measurement of multiple crystals, at various
orientations, which enables the diffraction from multiple planes, as described by Table

3.1, depending on the crystal structure [2].

/ Detector Bank

Figure 3.1: Schematic of the geometric arrangement of the Stoe Stadi P in transmission
mode. In incident X-rays pass through a thin film of material dispersed on a film using
PVA glue. The deflection of the X-rays from the incident beam gives rise to the 20 angle.
The detector bank simultaneous collects data from multiple scattering events.

3.1.2 X-ray Diffraction Instruments Used

Several instruments are used for X-ray analysis in this thesis, below is the specifications
of each machine.

3.1.2.1 STOE- Image Plate and Stadi P Diffractometer

The STOE- Image Plate (IP) and STOE-Stadi P Diffractometer (PSD) both use a copper

target, with electrons accelerated at 40.0 kV.
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The Cu-STOE-IP works in transmission geometry where the sample is rotated to
minimise the effect of preferential orientation, which could potentially be created by the
sample preparations. Fitted with a germanium-111 (Ge-(111)) monochromator, an intense
X-ray beam with a single wavelength of Ko1=1.5408A is produced, with a smallest
possible step size of 0.2° 20. Finely powdered samples were glued to acetate films and
placed in the sample holders. Initial characterisation was performed in transmission mode
on a STOE Image Plate diffractometer operating at a working voltage and current of 40kV
and 35mA, respectively. The curved detector simultaneously collects data between ~6° <
20 <125° for ~7 minutes. This measurement is repeated 8 times in order to improve the
counting statistics.

For materials, which were not analysed by neutron diffraction analysis, analysis on the
Cu Stoe PSD diffractometer was completed. The Cu Stoe-PSD was a position sensitive
detector also using a Cu source and Ge-(111) monochromator with operating conditions
of 40kV and 40mA. The detector collects at a single 260 angle, for defined period of time,
before moving in defined step sizes through a 26 range. The source and receiving slits are
fixed at 6mm.

The advantage of this instrument over the Cu Stoe IP is that it can collect over a wider
range of angles, ~3° < 20 < 130°, with a high degree of resolution (FWHM ~0.08° 20).
The set up conditions for the instrument used a step size of 0.03 over ~5° <260 < 80°. The
collect time was material dependant on the absorption of the elements within the

composition.

3.2 Scanning electron microscopy and energy dispersive spectroscopy

Scanning electron microscopy uses electrons, under vacuum, to image the surface of a
material. Back-scattered electron (BSE) images highlight contrast within the surface of
the material, indicating either a surface which is uneven, or a multiphase assemblage with
different chemical compositions [4]. Energy dispersive X-ray spectroscopy (EDS) is used
to provide localised chemical information, providing quantitative information on the
cation elements present within a particular target area.

Materials were analysed on a Hitachi TM3030 instrument, a table top SEM / EDS
analysis instrument. This was operated under a low vacuum, at a voltage of 15keV, with
a working distance of 8.5mm. EDS analysis was completed through the Burker Quantax
70 software. Calibration of the TM3030 instrument was completed using copper standard

to ensure regular instrument and detector calibration.
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3.2.1 SEM and EDS Theory

A tungsten filament was used to generate electrons. The electrons were then accelerated
by a magnetic field, whose voltage can be varied, dependant on the instrument. The
intensity of the incident beam of electrons is increased through the use of condenser lenses
to focus the beam, before interacting with the material surface [5]. The electrons of the
incident beam interact with the sample surface, producing several signals including:

secondary electrons, back scattered electrons and X-rays, see Figure 3.2 [5].

Electron Source

Backscattered Electrons /

X-rays / EDS Detector Detector

Secondary Electrons /

/ Detector

Sample Croés Section

|
[
v Transmitted Electrons

Figure 3.2: Schematic of the electron interactions within a scanning electron microscope
(SEM), including secondary and back scattered electrons with detectors and X-rays and
corresponding EDS detector indicated.

The interaction with the surface of the material results in the release of secondary
electrons. Secondary electrons interact with a scintillator-photomultiplier system,
emitting light. A charged metal grid accelerator is used to attract the secondary electrons,
increasing the electron energy. This results in an increase in the number of interactions
detected, and a higher intensity of data is observed. As the electrons interact with the
scintillator the light is emitted. The emitted photons are converted into pulses of electrons
and amplified [6].

Secondary electron images enables analysis of the microstructure of the materials surface.
The surface topology is highly dependent on the preparation technique. Various

preparation techniques were utilised for analysis.
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1. Materials were synthesised, cold pressed uniaxially, and sintered to form a
dense solid. The sintered pellet was then cut to ensure a flat surface with
parallel sides, polished to a 1 micron optical finish. After polishing pellets were
thermally etched to aid emphasis of the grain structure. After thermal etching
the pellet was mounted onto a metallic stub using silver paint as the adhesive.

2. Materials were synthesised, cold uniaxially pressed, and sintered to form a
dense solid. The sintered pellet was then mounted in an epoxy resin, cured, and
polished to a 1 micron optical finish. Thermal etching could not be completed
due to the resin, so instead the surface was washed with isopropanol alcohol to
remove any dirt accumulated on the sample during polishing. Silver paint was
used to aid charge dissipation on the sample surface prior to analysis.

3. Powdered material was dispersed on a carbon, double sided adhesive disc,
which itself was mounted on a metallic specimen mount. This preparation
technique does not ensure a flat surface for analysis, however for radioactive
compositions, with minimal material, it enabled analysis without the
destruction of large quantities of material within an epoxy resin mount.

Back scattered electrons are produced from the elastic scattering of the incident electron
beam, providing information on the elements they interact with, shown in the contrast of
the image generated. This enabled identification of the atomic composition of the material
and the phase assemblage. The phase assemblage is determined by the contrast between
grains within the image. A single contrast indicates a material with comparable reflection
energies, interpreted as a material with a single phase assemblage. Cations with a higher
atomic number have a greater scattering effect on the energy of the incident electron. The
energy is directly proportional to the brightness in the image [5]. Therefore a material
with a higher atomic number appears brighter within the image.

Where powders were analysed as dispersed powder on carbon adhesive surface
different heights of grains would also vary the contrast in the back scattered electron
diffraction images therefore analysis was completed on large grains which have a flat
surface to aid the identification of multiple phases through contrast.

The X-rays are emitted when the incident electrons ionise an electron from the inner
shell of an atom within the material, this is promptly replaced by an electron from a higher
energy shell in order to fill the vacancy [7]. The energy of the X-ray emitted is
characteristic of the atom, and is detected by the energy dispersive X-ray spectrometer.
Collecting atom information using Energy Dispersive X-ray Spectroscopy (EDS) can be
coupled with information gather by the BSE detector to determine the average
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composition of a material, or where a multiphase assemblage is identified, the

composition of the individual phases.

3.3  Neutron Diffraction

Neutrons have a mass (mn) of 1.675 x 102" kg and are charge neutral. Through providing
energy to the neutron it can be utilised to determine atomistic and magnetic structures of
solid, liquid or gaseous materials [8]. The De Broglie equation, Equation 3.2, relates the

velocity (v) and the wavelength of the neutron (A) through the Planck constant (h).

A= Equation 3.2

mnv

The neutron wavelength is required to be of similar order of magnitude as the spacing
within the crystal structure for analysis [8, 9]. Neutrons are scattered by the atomic nuclei
within the crystalline structure. Each elemental isotope has a scattering and absorption
length which is characteristic of the nucleus. The scattering length of neutrons is not

linearly dependant on the nuclei [10].

3.3.1 Neutron diffraction theory: ISIS spallation source

A spallation source utilises the interaction of protons with a heavy-metal target in order
to produce neutrons [11]. In detail, as taken from [12] H" ions are produced by an ion
source and are accelerated by a radio frequency quadrupole accelerator. This divides the
H- ions into bunches [13]. The H bunches are then transferred to a linear accelerator
(linac) until they have a speed of ca.37% of the speed of light [12]. The linac consists of
four 10m long tanks which use a copper liner as an electromagnetic resonator to
progressively accelerate the H bunches [12]. The ions then pass into a synchrotron where,
upon entry, thin aluminium foil remove the electrons in order to produce a proton beam,
which undergoes further acceleration. The synchrotron has a 163 meters circumference,
and after 10,000 circuits the protons have reach a velocity of ~84% of the speed of light,
and an energy of ~800MeV [12]. During the circuits the protons divide into two bunches,
which both are extracted from the synchrotron by magnets into a tungsten target. The
interaction between the protons and the tungsten target produces neutrons through
spallation. Spallation is the process by which, upon bombardment of protons, sufficient

energy is provided to drive neutrons off of the target atoms [12]. The neutrons require

37



moderation in order to enable the analysis of material, this is provided by a hydrogen
moderator. Neutrons then travel to instruments around the source, including the high

resolution powder diffractometer (HRPD).

3.3.2 High resolution powder diffractometer (HRPD), ISIS, Oxford.

Neutron diffraction analysis was completed on powdered samples on the High Resolution
Powder Diffractometer (HRPD) at the ISIS spallation source, which utilises time of flight
neutrons[12]. HRPD is the highest resolution powder diffractometer in the world, housed
approximately 100 meters away from the target material [12]. The fixed distance, L (m),
between the source and the detector, enables quantification of the velocity (v (m/sec))
through direct measurement of the time (t (sec)) it takes the neutron to travel the distance,
Equations 3.3. Substituting this into the De Broglie equation (Equation 3.2) and the Bragg
equation (Equation 3.1), Equation 3.4 is formed in order to relate the velocity of the

neutron to the relative position (0) of the planes within the crystal structure.

Equation 3.3

=— = 2dsinf Equation 3.4

The key characteristic of time of flight (TOF) neutrons is that the neutrons arrive at the
sample chamber at different times [14]. This enables analysis of the crystal structure
through multiple planes, quantified by the d-spacing, due to the variable wavelengths [8].
The resolution in d-space is inversely proportional to the path length, L, therefore longer
distance provides higher resolution [15].

The HRPD instruments has three banks of detectors: the back scattered detectors, the
90° detectors and low angle detectors. The back scattered detectors have the greatest
resolution, Ad / d ~ 4 x 10, and have been used to analyse the spacing between 0.7-2.4A
[15]. The 90° detectors can distinguish between neutrons and non-neutron event, such as
gamma (y) rays [13]. The low angle detectors enable analysis of long d-spacing within
the crystalline structure, allowing for the identification of any long range ordering within
the structure [13].

For data collection the samples have been loaded into vanadium cans. Vanadium has a

low coherent scattering value with neutrons within a temperature range of 2-1273K [16].
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This means that the can does not contribute any Bragg reflections of significant intensity
to the neutron diffraction pattern.

Rietveld fitting of structural models to the data was completed using the GSAS software.
Background removal was completed and refined parameters of the crystalline structure
established [17, 18].

3.3.3 The Rietveld Method

The Rietveld method provides information on the structural properties of a material using
powder diffraction data [17]. In this thesis, powder diffraction data was acquired from
XRD or neutron diffraction analysis, where instrument access was granted. The
reflections of the powder diffraction describe the underlying crystal structure. The quality
of refinement is based on comparing a model of the ideal structure to the acquired data,
taking information from the reflection shape, height and width [17]. The basic principle
of the Rietveld method analyses the fit between the experimentally gathered data and the
proposed model of the crystalline structure. The model is subsequently refined in order
to improve the fitting [17].

The quality of the fitting is obtained by minimising the residual (Sy) simultaneously
between all data points (i) [17]. This is completed using Equation 3.5, where the
difference between the intensity of the observed data point (y.i) and the calculated data

point (yci) is multiplied by the weighting factor (w;i, the reciprocal of yoi) [17].

Sy = Ziwi Woi = Yei) Equation 3.5

In order to minimise the residual a complex mathematical procedure is adopted by the
GSAS software, the details of which are beyond the scope of this thesis.

The key parameters, which are refined in order to improve the fit in Rietveld analysis
for this work, are summarised in Error! Reference source not found. [17].

The quality of the fit after an iteration of refinement is best quantified by the
parameters x*> and Rwp. Rwp (Or WRp) is the weighted profile R-factor and provides
information on the quality, or goodness, of the fit including the function of the residual
(Equation 3.5) [19]. ? is a statistical value which describes the ratio between Rwp and
Rexp, Where the Rexp parameter describes the value of Ry if only counting statistics are
considered within the fitting [19]. Rwp alone could be increased due to unindexed
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reflections within the powder diffraction pattern. Similarly ¥ can be artificially small if
the error within the counting statistics (Rexp) are greater than the weighted profile of the
model (Rwp) [17]. In order to analysis the fit of the model a magnification of the fitting at
low d-spacing is included within figures to enable identification of any systematic errors

within the peak fitting. This could be due to incorrect space group or refined structural

parameters.

Table 3.2: Key parameters refined during the Rietveld method.

Instrument | The features of the collected powder diffraction which are due to the

parameters | instrument set up are included in the refinement to ensure that their
effect is eliminated.

Profile The shape of the profile due to contributions from the instrument and

asymmetry / | the sample preparation are varied. The profile functions are dependent

parameters | on the powder diffraction technique (XRD or neutron diffraction).

Background | The background intensity is modelled and the contribution to the

function observed data (yoi) calculated.

Absorption | Refinement of the element effects on the data point intensity.

Scale factor

Allows the intensities of the calculated data points to vary to provide a

better match to those experimentally observed.

Unit cell Lattice parameter (a, b, and ¢) and angles (o, S and y) refinement.

parameters | Atomic coordinate positions, which the crystal structures symmetry
allows to vary, described using Wyckoff notation (h k I).

Thermal The thermal parameters describe vibration of the crystalline lattice,

parameters | which in turn describes the volume in which the atom can occupy while

still maintaining the refined crystal structure. Ideally all thermal
parameters would be nearly spherical (isotropic), however the
elongation along one axis (high Uis, values) shows an anisotropic
behaviour. Large Uiso values could be the result of the refined atomic
positions being assigned to incorrect atoms, highlighting disorder

within the structure.

3.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to gain crystallographic data on key

zone axis of structures using Select Area Electron Diffraction (SAED) patterns. TEM

40



analysis requires materials to be electron transparent. The electrons interact to provide
information on the atomic positions within the material. Materials were prepared by
crushing within a pestle and mortar and dispersed within ethyl alcohol. Holey carbon
copper grids were used to collect material held in suspense within the alcohol.

A high voltage (typically 100-300 kV) is applied to a tungsten filament in order to produce
a beam of electrons. The electron beam is focused through a series of electromagnetic
lenses. The condensed and focused beam of electrons is then passed through the fine
grains of powdered material. Electrons are either scattered off the material or transmitted
through. The un-scattered electrons are mechanically Fourier transformed in order to give

rise to an image below the sample using a photographic film or CCD camera.

3.4.1 Technai G2 F20 XT, Institute of Transuranium Elements

The Technai G2 F20 XT instrument, at the Institute for Transuranium Elements (ITU)
(Karlsruhe, Germany) is modified to enable TEM analysis of radioactive materials. This
includes the addition of a dedicated glove box for loading and unloading the samples into

the instrument.

Electron Microscopy Laboratory

Materials Research Unit

Transmission Electron Microscope (TEM)

TEM point resolution (nm) 0.25

TEM line resolution (nm) 0.102
Information limit (nm) 0.14

Extended resolution (Truelmage) 0.14
TEM magnification range 22 x - 930
STEM HAADF resolution (nm) 0.23
STEM magnification range 150 x - 230 Mx
Maximum tilt angle with tomography holder +70°
EDS energy resolution 134.6 eV

Spot drift 1 nm.min!

Resolution EELS (ZLP) 0.6 eV imaging

Tecnai G2 F20 XT

Figure 3.3: Information slide as provided by The Institute of Transuranium Elements, a
European Commission facility, Karlsruhe, Germany.

Materials were loaded on a copper holey carbon grid by suspending finely crushed
particulate within ethyl alcohol and submerging the grid. The copper grid was then

mounted into a double tilt sample holder and loaded into the microscope through glove
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box to glove box transfer. The instrument was operated at 200keV in diffraction mode to
determine the crystalline structure of the materials. Due to the nature of the facility only
official images released upon request can be used for the instrument, the unmodified

image is included within Figure 3.3.

3.4.2 Hitachi H-9000NAR TEM (IVEM-Tandem), Argonne National Laboratory

Radiation damage, as a result of the decay of radioactive isotopes, was experimentally
simulated at the Intermediate Voltage Electron Microscopy (IVEM) TANDEM facility.
The IVEM-TANDEM facility at Argonne National Laboratory (ANL) was used to
irradiated a selection of materials, analysed using the attached Hitachi 9000-NAR
transmission electron microscope, with an accelerating voltage of 300kV. This is fitted
with a Danfysik ion implanter at a 30° angle to the electron beam, used to irradiate the
materials. The ion beam uses 1 MeV Kr?*ions with a flux of 6.125 x 10* ions cm?sec™.
The samples, prepared by loading crushed powders, suspended in ethyl alcohol, onto
holey carbon films on a copper grids. For high temperature experiments, temperatures
>500°C, a molybdenum grid was used due to the evaporation of the copper grid at 820°C
[20, 21]. A single tilt specimen holder was used. However, due to the shadowing effect,
caused by the ion beam entering the TEM instrument at a 30° angle to the electron beam,
the tilt on the specimen holder was fixed at 15° angle. A schematic of this can be found
in Figure 3.4.

lons were implanted into samples with enough energy, or mass, to displace atoms
within the structure. This simulates the effect of recoil energy within the parent atom of
an alpha-decay events, which have an energy of 70-100 keV [22].

The instrument enables incremental addition of fluence (ions per unit area, ions cm)
until the material is fully amorphous. The fluence required to form a fully amorphous
material is termed the critical amorphisation fluence (Fc). Amorphisation here is defined
using selected area zone axis diffraction pattern, where no pair of Bragg reflections are
visible in the diffraction image of an amorphous material. The IVEM-Tandem instrument
enables this to be determined experimentally, at specific temperatures (T). The
extrapolation of the Fc at zero Kelvin is noted by Fco. The loss of crystallinity of the
material during incremental addition of fluence enables identification of the
destabilisation of the crystalline structure of the material under irradiation. The

application of variable temperatures during the analysis enables the effects of temperature
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on damage / recovery to be described. Equation 3.6 was developed by Weber et al. to

describe the relationship of fluence and temperature [23-25]:

fe = - Equation 3.6
c 1_exp[(Ea/kb)<%_ %)] qguation

Where the critical temperature (Tc) is defined as the temperature at which the recovery
rate and the damage rate are equal. At temperatures in excess of T¢ the material recovers
the crystalline structure during this analysis, irrespective of fluence and the radiation
induced damage. The energy required for recovery is denoted as the activation energy
(Ea), and described the thermal energy for the recovery of damage in the material (in eV).

Finally k,, is Boltzmann’s constant (8.617 x 10° eV K™).

Electron Beam Electron Beam

lon Beam

Ion Beam

e
e

Sample

Sample

Scanning Area:

(’//< / ) i e
\\v \\_

Electron Beam Ion Beam Electron Beam Jon Beam

Figure 3.4: Schematic of the ion beam and electron beam set up within the Hitachi 300kV
TEM and ion beam accelerator at Argonne National Laboratory.

The variable temperature of the sample is selected and held prior to irradiation, in order
to determine the effects temperature on the recovery of the material. This is completed by
electrically heating or cryogenically cooling the sample stage within the microscope.

For analysis, five individual grains are selected and electron diffraction images taken

throughout irradiation in order to analysis the effect of increasing irradiation. The electron
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beam is turned off during irradiation, and vice versa, in order to ensure interaction kinetics

between electron and ion beam are eliminated.

3.5 X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) uses synchrotron X-rays, an electromagnetic
energy, to excite electrons from electron shells within an atom [26].

Each atom consists of neutrons (with a zero charge) and protons (with a positive
charge) in a dense nucleus. A nucleus is surrounded by orbitals of electrons (with a
negative charge), termed shells. Shells have a defined electron occupancy, with innermost
orbitals populated first, and referred to as core electrons, which have the lowest energy.
Electrons fill orbitals in order of increasing energy. Electrons in the outermost electron
shell are termed valence electrons. Electrons closer to the core shell are more tightly
bound to the atom, termed the electron binding energy. The energy required to remove an
electron is dependent on the electron binding energy.

Synchrotron X-rays are used to induce the photoelectric effect, where X-rays are
absorbed by an electron within the core of the atom [26]. This results in the excitation of
the electron, which moves to an unoccupied higher energy orbital. The hole within the
core is re-occupied by an electron from a higher orbital, either by the decay of the excited
electron or by another higher orbital electron [26]. This is coupled with the release of an
X-ray equivalent to the energy difference between the two orbitals. The energies are
characteristic of the atom, and therefore the X-ray energy released is dependent on the
element [26]. A schematic of the first three shells of an atom (K, L and M) is shown in
Figure 3.5. Each shell can be further subdivided (Table 3.3) and each sub-shell has a
unique characteristic energy [27].

Specifically XAS measured the linear absorption confident, w(E), as a function of
energy, collected in transmission mode [26]. When an electron is released from the shell
the w(E) will rapidly increase, this is referred to as the leading or absorption edge. This
occurs when the energy of the incoming X-ray corresponds to the energy of the shell of
the analysed atom. X-ray Absorption Near Edge Spectroscopy (XANES) is the analysis
of the absorption edge of the u(E) data. The value of Eg is used to describe the absorption
edge, where Eo is the inflection point of the first derivative of the collected energy

spectrum [26].
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M Shell (3s,3p,3d)

L Shell (2s,2p)

Figure 3.5: Schematic representation of the electron configuration of the K and L shells
surrounding the nucleus. The M shell contains 18 electrons, although not drawn in this
diagram.

X-ray absorption near edge structure spectroscopy is used to provide information on an
elements oxidation and coordination within the material [28]. Figure 3.6 is an example of
the data collected using this technique, highlighted is the XANES data region.

For completeness the Extended X-ray Absorption Fine Structure (EXAFS) region
provides information on the atomic distances within the structure, as well as coordination

number [26]. However, the EXAFS region was not analysed in this thesis.

Table 3.3: Examples of electron shell and sub-shell electron numbers.

Sub-shell

Shell Name | Sub-shell Name |~ maximum number | Sel maximum

electrons
of electrons

K 1s 2 2

25 2
L 2 6 8

3s 2
M 3p 6 18

3d 10

3.5.1 XANES Experimental set up

Analysis of the uranium average oxidation quantified throughout this thesis is defined
from analysis of the U L;-edge XANES data. Data were collected in transmission mode
using a finely ground specimens dispersed in polyethylene glycol to achieve a thickness

of one absorption length. The data was acquired on beam line X23A2 of the National
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Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL), Upton
(USA). The experimental apparatus consisted of a radiation hutch, ion chambers for
transmission and fluorescence measurements, sample translation stage and adjustable
(horizontal and vertical) exit slits. The beam line can operate between 4.9 — 30 keV, using
a Si (311) monochromator crystal, with a resolution of 2 x 10 and a flux of 1 x 10%
photons per second. The spot size of 25 mm (horizontal) x 1.0 mm (vertical) and a total
angular acceptance of 4mrad was used. Data analysis was performed using the programs
Athena, Artemis and Hephaestus [29]. Data acquisition was performed by Dr Martin
Stennett.
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Figure 3.6: A complete XAS Spectra with the XANES and EXAFS regions highlighted.
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Chapter 4 Systematic substitutions of the

calcium niobate pyrochlore system

4.1 Introduction

The long term performance of a ceramic material must be demonstrated in a variety of
situations for the immobilisation of actinide materials. One aspect of this is the analysis
of the structural flexibility of the ceramic phase. | have completed this through minor
variations in composition of the general pyrochlore composition Cal.n®*M?3*sNb1.507,
where Ln = La, Nd, Sm, Gd, Ho or Yband M = Al, Fe, Cr, Scor Y.

When considering a geological disposal facility (GDF), the physical and chemical
alterations to the wasteform from the local environment must be understood. To inform
this the physically development of the material with time requires analysis. Radiation
induced damage is a mechanism by which the material can be physically altered therefore
simulation of the damage has been completed on materials with target composition
CaLn®*FeosNb1507, where Ln = La, Nd, Sm, Gd, Ho or Yb. Other mechanisms which
contribute to physical changes within the material include: the leaching of radioactive
species in ground water, chemical alteration of the materials due to both the natural and
engineered environment. In terms of the long term evolution of the material due to the
radioactive nature of the cations they are designed to retain this is compositional and
structurally dependant.

Pyrochlore materials have been studied historically as a potential waste form for the
immobilisation of radioactive species such as uranium and plutonium. Analysis of a wide
range of chemical compositions in a variety of environments have been completed within
the field, showing great potential for the materials. This includes studies on the corrosion
behaviours in natural and simulated environments [1-9], the material properties with
varying chemical composition [10-24], and when subject to high levels of radiation [25-
40].

Naturally occurring minerals with a pyrochlore, or pyrochlore related structures, have
been identified to retain radioactive species for time scales comparable to those required
for the GDF [41-46]. The minerals are found in a metamict state which is a radiation
induced amorphous state of a previously crystalline material [47]. Studies on these

materials provide information which can be utilised to help underpin the criticality safety
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case of highly active species post closure in the GDF. An appreciation of the development
of the material with time is required. The behaviour of pyrochlore structured materials
can be placed into two broad categories; those that transition from crystalline to
amorphous state or, those that transition from a crystalline to amorphous state via an
intermediate crystal structure. Information from naturally occurring pyrochlores can be
utilised to provide information on the long term behaviour of materials which transition
directly from a pyrochlore to amorphous state [48-50].

The pyrochlore structure, of general composition A2B207, has space group Fd3m.
This is a superstructure described relative to the fluorite subcell, AO2 with space group
Fm3m [51]. The superstructure arises from the formation of a regular array of oxygen
vacancies in the (3/8, 3/8, 3/8) coordinate position, creating a structure with two distinct
cation sites, denoted as A and B [51]. The two sites are defined by their coordination
environment, such that A-site cations are 8-fold coordinated whereas the B-site cations
are in 6-fold coordination [51]. The crystallographic positions for the pyrochlore structure
are defined and restricted, with the exception of the oxygen on the 48f position (x, 1/8,
1/8) where the ordered anion vacancy permits flexibility in the 48f oxygen x-coordinate
[51]. The potential for the relaxation of the 48f oxygen due to the anion vacancy enables
the accommodation of variable cation sizes within the structure, however as a result the
structure distorts [51]. The shift in the 48f oxygen x-position can be utilised to predict the
distortion and the structural response. For a crystalline material with a pyrochlore
structure the 48f oxygen x-parameter is described by Equation 4.1 [27]:

0.3125 > 48f oxygen x-parameter > 0.3750 Equation 4.1

An ideal pyrochlore structure (x=0.3125), general formula A2B.07, consists of a corner
sharing BOe octahedra edge sharing with A cation distorted cubic polyhedra, the exact
shape of these are defined by the shift in the 48f oxygen x-parameter [52]. At x=0.3750,
the BOs octahedra are distorted to form a triagonally flattened octahedra, in response the
A-site polyhedron becomes a regular cubic polyhedra, typically indicative of a fluorite
structure [27]. When a defect fluorite structure, (AB)4Oy, is identified it would indicate
disordering of the cations across the A and B sites. The two cations mixed across the A
and B site with an average coordination of 7 and the presence of an oxygen vacancy leads
to the formation of a defect fluorite. The consequence of disorder within the defect fluorite
structure means specific A and B cation locations are not defined. An advantage to the

use of a ceramic material is the ability to identify the cation ordering within the structure.
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This is important when trying to ensure a material is passively safe within the GDF. This
is achieved by selecting a ceramic composition which immobilises radioactive cations
with neutron absorbing rare earth elements.

This work looks at the formation and structural analysis of 24 new pyrochlore
compositions, based on the systematic substitutions of calcium niobate pyrochlore, to
form the target compositions CaLnMosNb1507 where Ln= La, Nd, Gd, Sm, Ho or Yb and
M = Al, Fe, Sc or Y. A selection of these with target compositions CaLnFeosNb1507
(where Ln = La, Nd, Gd, Sm, Ho or Yb) have been subject to in-situ irradiation at the
IVEM-Tandem Facility, Argonne National Laboratory, Chicago (see Section 3.4.2 for
full experimental set up). The facility includes a transmission electron microscope (TEM)
coupled to an ion beam accelerator, this enables the use of heavy ion bombardment while
examining the structural response using electron diffraction analysis. By incrementally
increasing the fluence to the material, the changes in the crystalline structure in a high
radiation environment were documented and the effect with chemical composition was
studied.

The likelihood of a material forming the pyrochlore structure is governed by the ra/rg
ratio, the ratio of the atomic radii on the A and B sites. [27]. Generally the ionic radii ratio
is applied to pyrochlores of general composition A**B,**O7. The materials studied here
have the general composition A**A%*B15°*Bos>* Oy, therefore the extent to which this is
appropriate to predict the material formation is unclear [53]. The difference in the cation
size and the effect on the polyhedra of the pyrochlores structure can be described by the
tolerance factor, Equation 4.4 [54].

The tolerance factor is determined from the derived formula of the unit cell parameter
(Equation 4.2) [55], and the description of the XA4 polyhedra of the pyrochlore structure
(Equation 4.3) [56].

_ 8 (Ra+Ro)? .
a = 505[143373(Ry + Ro) — 0.42931 G4 | Equation 4.2
i Equation 4.3
t, = A et RO quation 4.
t = 1.43373 — 042931 (F4222) Equation 4.4
RB+R0

The values for the ra/rs values and the tolerance factor, t, values for the measured
compositions are included in Table 4.2. The range of tolerance factors for a pyrochlore
material falls within the range 0.84 <t <0.98 [54].
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The design of the waste form can be explored while simultaneously tuning the ra/rg ratio
of the material by variations in the rare earth element (REE). For pyrochlores of
composition A2**B2*"Oy7 these values generally fall within the range ra/rs = 1.46 — 1.78.
Beyond the lower boundary (<1.46) a fluorite, with general crystalline structure (AB)4Os,
or defect fluorite structure with generic structure (AB)4O7, is expected to form. Above
the upper boundary a monoclinic structure is expected to form, this has a layered
perovskite type structure, for example LaxTi2O7 [57].

4.2  Experimental Methods

Materials were prepared from carbonate and oxide precursors according to the
stoichiometric masses in Tables 4.2(a)-(d), measured to 3d.p. Chemical reagent
information for the precursor materials can be found in Table 4.1.

Batches of 10 grams were homogenised using a Fritsch Pulverisette 7 planetary mill
for 4 minutes, at approximately 300 rpm. This was completed in a sailon milling pot
containing spherical sialon milling media. The homogenised material was then cold
isostatically pressed and reacted by solid state reaction in air at 1450°C with a dwell time
of 48 hours, and heating and cooling rates of 5 °C min'tin alumina crucibles.

Table 4. 1: Chemical reagent information of the carbonate and oxide precursors.

Chemical Reagent Chemical Formula | Supplier Purity (%0)
Calcium Carbonate CaCO3 Sigma Aldrich >99.00
Niobium (V) Oxide Nb20s Sigma Aldrich >09.90
Lanthanum (111) Oxide La203 Sigma Aldrich >99.99
Neodymium (I11) Oxide Nd203 Sigma Aldrich >09.99
Samarium (111) Oxide Sm203 Sigma Aldrich >09.99
Gadolinium (111) Oxide Gd.03 Sigma Aldrich >09.99
Holmium (111) Oxide H0203 Sigma Aldrich >09.99
Ytterbium (111) Oxide Yb203 Sigma Aldrich >09.99
Aluminium (I11) Oxide Al2O3 Sigma Aldrich >99.00
Scandium (111) Oxide Sc203 Sigma Aldrich >99.00
Iron (111) Oxide Fe20s3 Sigma Aldrich >99.00
Yttrium (I11) Oxide Y203 Sigma Aldrich >09.99
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Table 4.2: Tables (a)-(d) show the weighed stoichiometry’s of materials utilised for the
synthesis of the ceramic compositions, generally CaLnMos Nb1s507 where Ln= La, Nd,
Sm, Gd, Ho or Yb and M= Al, Sc, Feor Y.

(a) CaLnAlos Nb150O7

Ln MassCaCOs(g) Mass Ln203(g) Mass Al20s(g) Mass Nb20s (g)
La 2.052 3.339 0.523 4.087

Nd 2.029 3.411 0.517 4.042

Sm 2.005 3.492 0.511 3.993

Gd 1.977 3.581 0.504 3.938

Ho 1.948 3.677 0.496 3.880

Yb 1.918 3.775 0.488 3.819

(b) CaL.nScos Nb1507
Ln MassCaCOs(g) Mass Ln203(g) Mass Sc203(g) Mass Nb20Os ()

La 2.015 3.279 0.694 4.013
Nd 1.993 3.350 0.687 3.970
Sm 1.969 3.430 0.678 3.922
Gd 1.943 3.518 0.669 3.870
Ho 1.914 3.613 0.659 3.813
Yb 1.885 3.711 0.649 3.755

(c) CaL.nFeos Nb1507
Ln MassCaCOs(g) Mass Ln203(g) Mass Fe203(q) Mass Nb2Os (g)

La 1.993 3.243 0.795 3.969
Nd 1.972 3.314 0.787 3.927
Sm 1948 3.394 0.777 3.881
Gd 1.923 3.481 0.767 3.829
Ho 1.895 3.576 0.756 3.774
Yb 1.866 3.673 0.744 3.717

(d) CaLnYos5Nb1507
Ln MassCaCOs(g) Mass Ln20z(g) Mass Y203 (g) Mass Nb2Os (g)

La 1.929 3.140 1.088 3.843

Nd 1.910 3.210 1.077 3.804

Sm 1.888 3.288 1.065 3.760

Gd 1.863 3.374 1.051 3.711

Ho 1.837 3.468 1.036 3.659

Yb 1.810 3.564 1.021 3.605
4.3 Results

4.3.1 Scanning electron microscopy and energy dispersive spectroscopy

Micro-structural and micro-chemical analyses was performed on pellets of material
polished to a 1um optical finish, on the Hitachi TM3030 SEM (see section 3.2 for
instrument set up). Images were collected in backscattered electron (BSE) imaging mode
to determine phase purity. Semi quantitative energy dispersive X-ray spectroscopy (EDS)

provided information on the ratio of cations present in each phase identified within the
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material. The data was collected at 30,000x magnification at 5 different points within the
BSE image. The reported composition is an average of the 5 measured point
compositions. Where a multiphase composition was identified within the BSE image then
the composition of each phase was determined using the average composition of 5
measured points. The technique utilises scattered X-rays in order to ascertain chemical
information of the material [58]. Information from the scattering of X-rays from the
anions (in this case oxygen) within the structure is limited due to the dominance of X-
rays scattering from heavy cations, therefore anion content cannot accurately be
determined. The oxygen stoichiometry has been calculated under the assumption that the
material is charge neutral, with both trivalent lanthanides (Ln) and transition metals (M),
divalent calcium and pentavalent niobium cations. The chemical compositions, including
inferred oxygen content, for all materials are summarised in Table 4.3.

For each composition BSE and secondary electron images have been collected. Figure
4.3 shows materials of target composition CaLnFeosNb1sO7, where Ln = La, Nd, Gd,
Sm, Ho or Yb. The contrast within the BSE images defines areas with variable average
atomic numbers, this can be inferred as multiple phases of the assemblage of the material.
A lack of variation in the contrast of the BSE image is indicative of a material containing
only a single phase assemblage. Secondary electron images, and BSE images for other
samples (whose compositional analysis is included within Table 4.3) can be found in
Appendix A.

EDS analysis generally showed all the materials were chemically homogeneous.
Three of the samples prepared contained additional phases which were identified (Figure
4.1). Cation ratios were measured for each phase using EDS analysis. The target
composition CaLaAlosNb1507 showed the presence of 3 phases; all phases were present
in apparently equal amounts. For the target composition CaHoYo5Nb1507, phase A was
found to be the predominant phase within the material, within minor contributions from
phase B. For material with target composition CaYbYosNb1507 a secondary phase was
identified within the phase assemblage but in such small quantities that it was not possible
to isolate the phase for EDS analysis. Calculated values for the ra/rg ratio and the tolerance
factor for the single phase materials are included within Table 4.2. The ra/rg ratio and the
tolerance factor for multiphase materials was calculated using the target compositions in
order to establish if this provides information as to why the material was unable to form
a single phase pyrochlore. The values calculated for the multiphase compositions did not

indicate that these materials would sit outside the pyrochlore stability range. The phase
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assemblage of multiphase materials was studied by X-ray diffraction and neutron
diffraction (Sections 4.3.2 and 4.3.3, respectively).

Figure 4.1: SEM secondary electron and back scattered images of materials with (a) and
(b) showing target composition CaLaAlosNb1 507, (c) and (d) showing target composition
CaHoYo5Nb1507 and (e) and (f) showing target composition CaYbYosNb1507.

In addition, the series materials with general composition CaLnCrosNb1507 (where Ln=
La, Nd, Sm, Gd, Ho or Yb) were reacted, however, despite numerous attempts single
phase material could not be synthesised, these results are included within Appendix A to

support this chapter of work.
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Table 4.3: Semi-quantitative EDS results as collected. Oxygen stoichiometry was
inferred from the assumed valence of cations (Ln** / Ca?* / Nb®") charge compensation
within the oxide material. *Values calculated using idealised target compositions.

g?):g;gsition Composition- as determined by EDS ralrs Eblerance
actor
Al Series
A - Cay.43(5)La050(6)Al1.17(5)Nbo.68(7)Os.64(39)
CaLaAlosNb1507 B - Caiasis)Lao2s@)Alo.13)Nb1.47(14)049346)  1.86* 0.89*
C - Cao.os)Lai.13a1)Alo.06(1)ND1.44(11)O5 47(47)
CaNdAlosNb1 507 Cau.08(5)Ndo.99(10)Al0.492)ND1.52(3)07.10(31) 1.87 0.90
CaSmAIlosNb1sO7  Cai.141)SMuooe)Alos3)Nb1.665)07.5034) 1.75 0.90
CaGdAlosNb1507 Ca1.0410)Gd1.01(11)Alo.51(2)ND1.56(6)07.22(45) 1.75 0.90
CaHoAlosNb1 507 Caz.1012)H00.92(10)Al0.57(6)ND1.43(5)06 91 (49) 1.78 0.91
CaYbAlosNb: 507 Ca1.05111) YDb1.01(7)Alo51(2)ND1.49(9)O6.92(47) 1.76 0.91
Sc Series
CalaScosNb1507 Cai.08(2)La1.01(8)SCo.49(1)ND1.42(9)O6 88(38) 1.87 0.89
CaNdScosNb1 507 Cau.183)Nd1.009)SCo.54(1)ND1.52(11)O7.29(46) 1.77 0.90
CaSmScosNb1sO7  Ca1.083)SMo.97(10)SCo.52(1)ND1.42(11)O6.87(47) 1.74 0.90
CaGdScosNb1507 Ca1.133)Gd1.00(10SCo.49(2)ND1.45(11)O6.99(49) 1.79 0.90
CaHoScosNb1507 Cau.12(4)H01.02(11)SCo.50(1)Nb1.46(11)O7.05(49) 1.75 0.90
CaYbScosNb1sO7  Caizie) YDos7a2)SCosazND15100)O72561)  1.69 0.91
Fe Series
CalaFeosNby507 Cau.06(4)La1.08(10)F€0.68(10)ND1.48(6)O7.40(49) 1.76 0.90
CaNdFeosNb1 507 Cau.038)Ndo.93(11)Fe0.492)ND1.63(10)O7.24(53) 1.61 0.92
CaSmFeosNb1 507 Ca0.94(10)SMo.99(11)F€0.49(1)ND1.51(5)O6.94(41) 1.65 0.92
CaGdFeosNby.507 Ca.047)Gd1.01(9)F€0.492) ND1.58(4)O07 24(34) 1.68 0.90
CaHoFeosNb1sO7  Can.es(9)HO1.06(6)F€0.50(2)ND1.57(4)07.25(31) 1.64 0.92
CaYbFeosNb1507 Ca1.01(11) Y01.04(8)F€0.54(5)ND1.56(5)O7.28(43) 1.60 0.92
Y Series
CalLaYo5Nb1507 Cau1.06(10)La0.95(11) Y 0.54(4)ND1.53(4)O7.02(43) 1.56 0.92
CaNdYosNDb1507 Ca.02(4)Ndo.96(10) Y 0.49(2)ND1.53(6)07.02(37) 1.55 0.92
CaSmYosNb1.507 Ca.90(12)SMo.93(11) Y 0.49(1)ND1.40(5)O6 58(43) 1.50 0.93
CaGdYosNDb1507 Ca1.03(10G1.03010) Y 0.51(2)ND1.47(2)O6.97(33) 1.60 0.92
CaHOYsNby<O7 A - Ca1.233)H00.64(7) Y 0.44(3)ND1.38(10)O6.30(43) L5 0.3+
B - Cau.35(3)H00.71(7) Y 0.534)ND1.63(11) O7.29(47)
CaYbYos5Nb1507 Can.99(8)Ybo.98(4)Y 0.542)Nb1.49(6)O7.00(32) 1.44 0.94
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Figure 4.2: SEM images of samples with target composition CaLnFeosNb1 507 where Ln
= La for images (a) and (b), Ln = Nd for (c) and (d), Ln = Sm for (e) and (f), Ln = Gd for
(9) and (h), Ln = Ho for (i) and (j) and Ln = Yb for images (k) and (I). Images on the left
are the secondary electron images and the right hand side showing the back-scattered
electron micrographs of compositions.
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4.3.2 X-ray Diffraction

Characterisation using X-ray diffraction was completed on the STOE STADI P, Image
Plate (IP) diffractometer with a Cu Koz radiation (A=1.5408A) source, operating with a
working voltage and current of 40kV and 35mA, respectively (see section 3.1.2.1 for full
instrument details).

X-ray diffraction (XRD) describes the crystalline structure by elastic scattering of
incoming X-rays on planes of the crystalline structure [59]. X-rays are insensitive to
anions within the structure [59], so quantification of the 48f oxygen position of the
pyrochlore structure was not determined via this technique. When the electron density of
the cations on the A-site are comparable to the electron density of the cations on the B-
site the X-rays are scattered similarly[51]. Due to this interaction mechanism XRD is
susceptible to being unable to distinguish between cations on the A and B sites, and hence
unable to identify the pyrochlore ordering. The intensity of the associated pyrochlore
supercell reflections are quantified by the difference in the electron density between the
two sites. For all materials the difference between the electronic density of the A and B
sites have been calculated, see Table 4.5, from values summarised in Table 4.4. A small
difference between the electron density means that the cations scatter the X-rays similarly

and cannot be distinguished from one another.

Table 4.4: Electron density and ionic radii values for rare earth elements (REE) and
transition metal cations taken from [60, 61]. Scattering and absorption cross sections for
each element with thermal neutrons are also included as taken from [61].

lonic Coherent Absorption cross
lon Charge Radii Electrons Scattering section for 2200 M/s
(A) Length (barn) neutrons (barn)
La 1.160 54 9.66 8.97
Nd 1.109 57 16.60 50.50
Ln  Sm 34 1.079 59 39.00 5922.00
(virn Gd 1.053 61 180.00 49700.00
Ho 1.015 64 8.42 64.70
Yb 0.985 67 23.40 34.80
Al 0.535 10 1.50 0.23
M Fe 34 0.645 23 11.62 2.56
(Vl) Sc 0.745 18 23.50 27.50
Y 0.900 36 7.70 1.28
Ca 2+ 1.120 20 2.83 0.43
Nb 5+ 0.640 41 6.26 1.15
0 2- 1.400 8 4.23 0.0002
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Any cation ordering present is therefore not observed due to the effectively zero intensity.
This may result in the material being identified as having a fluorite cell, although this is
not confirmation that the pyrochlore superstructure is not present.

XRD analysis provided initial structural information for the materials, an example of
the experimental data for general compositions CaLnFeosNb1507 (where Ln= La, Nd,
Gd, Sm, Ho or Yb) are shown in Figures 4.3. In general, all materials are indexed with
the pyrochlore supercell, space group Fd3m, full XRD data can be found in Appendix A.
The reflections of the crystalline structure within Figure 4.3 have been indexed with
respect to the pyrochlore cell. Reflections indicative of the pyrochlore structure have been
highlighted through the use of an arrow. Minor additional intensities were identified but

could not be indexed to an additional phase.

Table 4.5: The electron density differences calculated between the cations expected to
reside on the A and B sites, Za and Zg respectively, of each of the target compositions.
Quoted are the valence shell for the cations as substituted on the B site within the
structure.

Target Composition  Electron Number Difference M Cation

Valence Shell
CalLaAlos Nb1 507 13.0
CaNdAlgs Nb1507 14.5
Al CaSmAlos Nbys07 15.5 3p
CaGdAlos Nb1507 16.5
CaHoAlp 5 Nb1507 18.0
CaYbAlos Nb1507 19.5
CalaFeos Nb1s507 6.5
CaNdFeo 5 Nb1507 8.0
Fe CaSmFeos Nb1507 9.0 3d
CaGdFeo 5 Nb1507 10.0
CaHoFeo 5 Nb1507 115
CaYbFeos Nb1507 13.0
CalLaSco5 Nb1507 9.0
CaNdSco5 Nb1507 10.5
S CaSmSco.s Nbys07 115 3d
CaGdScos5 Nb1 507 12.5
CaHoSco5 Nb1507 14.0
CaYbScos Nb1507 15.5
CalLaYos Nb1s507 0.0
CaNdY s Nb1507 15
vy CaSmYo.s5 Nb1507 2.5 Ad
CaGdYos Nb1507 3.5
CaHoYo:5Nb1507 5.0
CaYbYos5Nb1s507 6.5

59



09

CaLnFeo,SNb1.507 g
s N o
2 = $2 & L | L
| | | g Yb
LLA = A U Al Ho
Ho
k . l J_A A W) N Gd
Gd
v Y JL A P ) l Ju -l u L
\ | Sm
. ‘| Sm
Nd Nd
- ,{ T i S
\ La
A A ~ A A_ u L La
L] I L] I T I L] l T I L] l L] I T I L] l L I T l L] l L] I L] ' L] l L l L] I L] ' ' IA—‘ '
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 37 34 36 38 40

Figure 4.3: X-ray diffraction data for materials with target compositions CaLnFe0.5Nb1.507, where Ln= La, Nd, Sm, Gd, Ho or Yb, Reflections
indicative of the pyrochlore superstructure are highlighted by the arrow in the figure. (Right) magnification of the (311) pyrochlore reflection within the

materials.



4.3.3 Neutron Diffraction

Neutron diffraction analysis enabled both the identification of the two distinct cation sites
and analysis of the 48f oxygen position. This is due to the fact that the neutrons scatter
directly off the nucleus of the atom. This also means that neutron diffraction is sensitive
to locating both cations and anions within the material. Scattering cross sections (Table
4.4) show the comparative scattering cross section of oxygen with heavier lanthanide (Ln)
cations. This enables analysis of the shift in the 48f oxygen x-parameter with the
compositional variations. The highly absorbing nature of gadolinium and samarium rare
earth elements (REE) in a neutron rich environment is an advantage when discussing the
long term passively safe storage of actinide materials. However, as a result neutron
diffraction analysis could not be completed on materials containing these cations, and

they have therefore been excluded from neutron diffraction measurements.

4.3.3.1 Lattice parameter analysis

Accurate structural analysis requires the use of a high resolution technique such as
neutron diffraction. Analysis was completed on the High Resolution Powder
Diffractometer (HRPD) instrument at I1SIS, Harwell. Time of flight (TOF) neutron
diffraction data were acquired at room temperature in a cylindrical vanadium can with a
15mm diameter. The collection chamber is evacuated prior to analysis, this reduces the
probability of neutrons scattering prior to interaction with the sample. Rietveld refinement
analysis was completed on data collected using the backscattered detector which has a d-
spacing range of ~0.6-4.6A (TOF 30-230ms) and a resolution (Ad/d) of up to ~5 x 10,

The pyrochlore structural model has been refined in GSAS to fit the data collected [62,
63]. An example of the fitting of the model to the data achieved is shown in Figure 4.4.
This is representative of all materials identified to have a single phase assemblage. The
neutron diffraction patterns can be found in Appendix A. Refined structural parameters
are summarised in Table 4.7. The refinement has been taken from the theoretical model
of composition (CaNd)>**Nb®*,0y7, values have been included in Table 4.6 [64]. Cation
sites with shared occupancy have had their thermal parameters constrained to be equal
due to sharing the same crystallographic site.

Analysis of the samples within Table 4.5 show that as the ionic radii of the substituted
cation A-site decreases, the a-parameter decreases. Figure 4.5 shows the change in the
refined cell for materials with target compositions CaL.nFegsNb1 507 where Ln = La, Nd,
Ho or Yb.
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The pyrochlore structure is cubic, and described entirely by a single lattice parameter (the
a-parameter) and the x-parameter of the 48f oxygen. Figure 4.5 shows refined neutron
diffraction data of the materials with compositions Ca(Ln)FeosNb1507 (where Ln = La,
Nd, Ho, or Yb). This indicated that as the size of the lanthanide decreases, between 1.16
A (La) and 0.985A (Yb), the unit cell contracts. Further analysis of the variation in the
refined parameters as a function of chemical composition for all materials can be found
in Section 4.3.3.2.
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Figure 4.4: Rietveld refinement fitting to neutron diffraction data collected on the sample
CalaFeosNbosO7 on the High Resolution Powder Diffractometer (HRPD). The figure
shows the pyrochlore model fitted to the data. The difference trace is also shown within
the figure to highlight the quality of the fit (actual-calculated). Insert: Magnification of
low d-spacing to highlight the fitting quality.

For a cubic system, the position in d-space of the reflections are related to the unit cell

parameter by Equation 4.5:

Equation 4.5

Where h, k, | are the miller indices of the reflections. This describes the relationship
between the a-parameter and d spacing in the crystal structure of a cubic cell; as the a-

parameter is reduced, there will be a systematic decrease in the d-spacing.
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Reference material for the refinement was taken from Istomin et al. [64] of composition
CaNdNb207, a material with a refined pyrochore structure. All compositions were refined
from the starting parameters of the CaNdNb2O7 material, including multiphase materials.
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Figure 4.5: Rietveld refinement fitting of neutron diffraction data collected on the Fe
series, compositions Ca(La, Nd, Ho or Yb)FeosNb1507 on the High Resolution Powder
Diffractometer (HRPD) collected at ISIS, Harwell.

4.3.3.2 Tuning the structure through the ra/rg ratio

By systematic substitution on both the A-site and B-site it is possible to tune the
pyrochlore structure. All materials synthesised with a single phase pyrochlore structure
have been analysed. As a function of composition, analysis of the variation in the a-
parameter (Figure 4.6 and Figure 4.7) and the 48f oxygen x-parameter (Figure 4.8) have
been conducted.

The ra/rg ratios were calculated based on the measured composition which was
obtained from the EDS analysis in Table 4.3. Trends have been extracted from the
analysis of single phase materials only; multiphase materials were excluded from the
analysis. The pyrochlore structure has the general formula A3*2,B*",0; and is stable when
the ra/rg ratio is within the range, 1.46-1.78. For materials with general composition
AZ*A3*B15°"Bo 5" Oy the ralrs ratios from compositions may not follow the same trend,

with materials synthesised here falling within a ra/rs range of 1.50-1.87. The mixed cation
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site occupancy, resulting in the need to take an average ionic radii / charge to represent
the A and B sites, may not be compatible with the ionic radius ratio range. EDS analysis
showed a single phase material with a ra/rg ratio out width of the boundary. Alternatively,
the tolerance factor, which describes the polyhedra of the pyrochlore structure (Equation
4.4) was used. This established if the ionic radii on the A and B-sites would result in the
distortion of the polyhedra indicative of the pyrochlore structure (Table 4.3).

Analysis of the a-parameter (Figure 4.6) shows the correlation between the ra/rg ratio
and the a-parameter. Similarly, Figure 4.7 shows the correlation between the tolerance
factor and the a-parameter. Both of these indicated a dependence on the B-site cation (M=
Al, Sc, Fe, Y). Included in Table 4.5 are the valence shells of the B-site cation, it is noted
that Fe and Sc have the same valence shell. Figure 4.6 shows elements iron and scandium,
both with a 3d valence shell, following the same linear trend when describing the
relationship of the a-parameter to ra/rs. A similar trend was identified in Figure 4.7,
however, generally as the size of the cation on the A site decreases (lanthanum to
ytterbium), the tolerance factor increases and the a-parameter decreases.

The same relationship between 48f oxygen x-parameter (Figure 4.8) and ra/rg ratio is
not observed. There is a discrete linear relationship and an increase in the 48f oxygen x-
parameter is seen with an increase in the ra/rg ratio. Materials with a larger A-site cation
and smaller B-site cation have the largest 48f oxygen x-parameter; materials with the
smallest A-site cation and the largest B-site cation have the smallest 48f oxygen x-
parameter.

The linear relationship between the lanthanide, the a-parameter and 48f oxygen x-
parameter have been used to calculate approximate structural parameters of the
gadolinium and samarium containing materials. This was calculated with consistent metal
cation (Al, Fe, Sc, or Y) in order to ensure the crystallographic changes are solely down
to the change in the A-site cation. This has been calculated assuming, with a singular
change within the composition, the a-parameter and 48f oxygen x-parameter will behave
linearly (as shown in Figures 4.6, 4.7 and 4.8). Figure 4.9 shows the relationship for the
Fe containing materials, with Table 4.7 summarising the calculated values for all
compositions.

It is noted that the error within the ra/rg values is a product of the error in the measured
cation ratios from EDS analysis and the error within the ionic radii value (taken from
Shannon [60]). The error was not included within figures which use the ra/rg values as

these dominate the graph.
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Figure 4.6: A graph of the ra/rg ratio plotted against the a-parameter of materials as
refined from the Rietveld refinement of the pyrochlore model to High Resolution Powder
Diffractometer (HRPD) data using the GSAS software. The error within the a-parameter
are to small to be seen on the scale of the figure.
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from the Rietveld refinement of neutron diffraction data.
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L9

Table 4.6: Unit cell parameter ‘a’ and 48f oxygen X-position, and structural parameters Uiso and bond lengths, as determined from neutron diffraction
analysis of data collected on the HRPD instrument. Rietveld refinement was performed using the GSAS software package. The errors for the parameters
are as determined using standard deviation estimations in the results calculated by the GSAS software[62, 63]. Reference material is taken from [64].

Uiso (X100A2) Bond Length (A)

a-parameter = 48f-O x- ? A-O1 A-O2 B-O2
Ln M A) parameter wRp Ca&Ln M&NDb O1 02 x2) x6) x6)
La 10.32(2) 0.3429(3) | 1.101 0.060 | 7.79(3) 1.61(1) 1.56(2) 1.60(1) 2.597(2)  2.234(1) | 1.966(1)
Nd Al 10.351(2) 0.3430(7) | 2.774 0.066 | 1.06(2) 1.08(2) 1.06(1) 0.50(4) 2.609(1)  2.241(1) | 1.969(3)
Ho 10.259(1) 0.3428(5) | 2.275 0.047 | 1.17(2) 1.20(3) 1.14(2) 0.63(3) 2.570(3)  2.221(1) | 1.960(2)
Yb 10.229(1) 0.3427(6) = 2.171 0.051 | 1.19(2) 0.90(2) 0.93(1) 0.47(3) 2.559(4)  2.215(1) | 1.956(2)
La 10.417(1) 0.3428(4) | 2.670 0.049 | 1.29(2) 1.00(2) 0.97(2) 0.66(3) 2.611(3)  2.255(1) | 1.989(2)
Nd Fe 10.413(5) 0.3428(7) | 3.488 0.064 | 1.14(5) 0.87(4) 1.01(3) 0.73(4) 2.611(5)  2.255(1) | 1.989(3)
Ho 10.326(3) 0.3425(1) | 2.592 0.043 | 1.08(2) 1.01(2) 1.13(2) 0.65(3) 2.572(3)  2.236(1) | 1.981(2)
Yb 10.297(1) 0.3425(5) | 3.190 0.054 | 1.41(2) 1.07(2) 1.29(1) 0.86(3) 2.560(4)  2.229(1) | 1.978(2)
La 10.549(2) 0.3428(5) | 2.338 0.055 | 1.17(3) 0.87(3) 1.07(3) 0.60(3) 2.649(4)  2.284(1) | 2.012(2)
Nd Sc 10.483(1) 0.3427(4) | 3.188 0.047 | 1.14(2) 1.06(1) 1.266(9) 0.696(3) 2.621(3)  2.270(1) | 2.006(2)
Ho 10.396(6) 0.3425(3) | 1.259 0.055 | 1.02(4) 0.88(2) 1.39(2) 0.50(4) 2.592(6)  2.251(1) | 1.998(3)
Yb 10.363(1) 0.3424(6) | 2.469  0.053 | 1.46(3) 1.04(2) 1.72(3) 0.72(4) 2.567(5)  2.244(1) | 1.996(3)
La 10.633(8) 0.3425(9) | 2.476 0.051 | 1.12(2) 1.14(2) 2.69(2) 0.50(4) 2.648(6)  2.302(1) | 2.041(4)
Nd v 10.560(9) 0.342(1) 2.152 1 0.048 | 1.21(5) 0.69(5) 2.94(6) 0.29(6) 2.609(1) 2.286(1) | 2.038(5)
Ho - ,
Yb See Appendix A

Reference | 10.437 0.3259 - - 1.7 0.8 1.1 1.0 2.590 2.260 2.008




Table 4.7: Calculated 48f oxygen x-parameter and a-parameter for samarium and
gadolinium containing materials from linear fitting of measured materials, graphs within
Appendix A. *These fittings have been calculated from two data point only and therefore
no standard deviation is presented.

Ln M a—pal(’zr;eter 48f oxygen x-

parameter

sm 1035209 0.3429(5)
Gd 10.326(9) 0.3429(5)
sm o 105() 0.3426(3)
Gd 10.4(1) 0.3426(3)
smo . 104(3) 0.3426(5)
Gd 10.4(3) 0.3425(5)
sm, 10517 0.3422

Gd 10.480 0.3421

4.4 In-situ irradiation of materials with  composition
CalLnFeosNb1507

Radiation damage in target compositions CaLnFeosNb1507 (where Ln = La, Nd, Sm, Gd,
Ho or Yb), as a result of the natural decay of radioactive species, has been experimentally
simulated. The aim of this work is to establish the response of the materials due to the in-
situ irradiation with a single change in the A-site cation. lons were implanted into samples
with enough energy to displace atoms within the structure. This simulates the effect of
recoil energy within the parent atom of an alpha-decay event, which typically have an
energy of 70-100 keV [65].

The fluence (ions per unit area, ions cm™?) required to render a material fully
amorphous, termed the critical amorphisation fluence (Fc), has been determined
experimentally at specific temperatures (T). The extrapolation of the Fc at zero kelvin is
denoted as Fco. Though incremental addition of fluence the change in the crystallinity of
the material is monitored using electron diffraction, until a fully amorphous material is
identified. Amorphisation here is defined as the point at which no pair of Bragg reflections
are visible in the selected area zone axis diffraction pattern. This indicates a complete loss
of crystalline ordering. The effects of temperature on damage / recovery are described by
Equation 4.6, as developed by Weber, Wang and Meldrum [66-68]:

E = Feq Equation 4.6

€ 1—exp[(Ea/kb)<%_ %)]
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Where Tc, the critical temperature, is defined as the temperature at which the recovery
rate is equal to the damage rate. Hence, above this temperature the material remains
crystalline even when subjected to radiation induced damage. The activation energy for
recovery is denoted as Ea (thermal recovery of the material in eV), and k, is Boltzmann’s
constant (1.381 x 102 m? kg s2 K1). For the data analysed here, Tc, Fco and Ea were
determined using least square numerical analysis of the obtained Fc and T results, Table
4.8.

4.4.1 Experimental Set Up

Samples of material were irradiated at the IVEM-TANDEM facility, Argonne National
Laboratory, using a Hitachi 9000-NAR transmission electron microscope (TEM),
operating at an accelerating voltage of 300kV, coupled to a Danfysik ion implanter. The
sample stage of the TEM was able to electrically heat or cryogenically cool samples to a
specific temperature prior to the analysis. A 1 MeV Kr?*ion beam with a flux of 6.125 x
10 ions cm? sec was used for the irradiations. Samples were prepared by loading
crushed powders onto holey carbon films supported by a copper grid for analysis at low
temperature. A molybdenum grid was used at high temperatures >800K. This was in order
to prevent copper contamination on the sample. Controlling and maintaining the
temperature during irradiation ensured that the thermal kinetics of recovery in the material
were stabilised.

The Danfysik ion implanter was angled at 30° to the vertical to the electron beam, with
the sample stage angled at 15°, reducing the shadowing effect and maximise the area
which the ion beam and electron beam both interact on the sample surface (see Figure
4.10).

Analysis was performed on individual grains, with electron diffraction images taken
on each of the selected grains at incremental steps during the irradiation. An example of
this can be seen for a single grain of CaGdFeosNb1507 in Figure 4.11. The response of
five individual grains in each sample were studied at each temperature. Data in Table 4.8
shows the average fluence at which all 5 grains became amorphous, with the errors
reflecting the standard deviation in the values. During irradiation the electron beam was
turned off to ensure any interactions between electron and ion beams were eliminated.

Similarly, electron diffraction images were taken in the absence of the ion beam.
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Figure 4.10: (Not to scale) Schematic image of the Danfysik ion beam and Hitachi 300kV
TEM electron beam set relative to the sample stage.

4.4.2 Material Analysis

Electron diffraction images were collected on axis which enabled the identification of
both the fluorite subcell and pyrochlore supercell, Figure 4.11 shows the [331]r zone axis
of material with target composition CaGdFeosNbisO7. The fluorite sub-lattice is
identified by the F subscript in the annotated TEM image. The presence of sharp
reflections, such as those labelled in Figure 4.11, indicate the presence of the ordered
fluorite substructure. These reflections describe the reciprocal lattice of the general
fluorite matrix, Gr. They are surrounded by additional sharp reflections highlighting an
ordered cation / anion super-lattice, indicative of the pyrochlore super cell. These

b

additional reflections are described using the modulation vector ‘q’, relating the
additional scattered energy to the underlying super-lattice through the use of Gr £ g. The
sharp reflections indicated by the arrows in Figure 4.11, are at the Gr + 1/2(2-20)*
pyrochlore super lattice positions, as observed down the [331]r zone axis. Prior to

irradiation electron diffraction analysis on multiple grains was completed. This confirmed
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that the material being analysed had the pyrochlore structure, and this was identifiable in
the fixed sample holder position. For imaging quality the transmitted beam has been
shielded to aid the visibility of the long range structure reflections. A loss of intensity in
the reflections indicates the likely loss of ordering in the crystal structure. The appearance
of a halo around the primary transmitted reflection is consistent with the formation of
amorphous material, as shown by Wang et al. [69]. A complete loss of crystal structure
Is identified by a lack of paired Bragg reflections, this is associated with a critical fluence,
Fc. Fluence is increased in order to monitor the structural development as a functions of
induced damage. Analysis of the materials respective electron diffraction patterns
highlight that as damage is induced, the crystal structure is replaced by a region of
amorphous material. Damage induced in a crystalline material with the pyrochlore
structure can result in either a loss in the reflections related to the pyrochlore super lattice
and a pyrochlore to fluorite transition occurs, or a complete loss of crystallinity with a

direct pyrochlore to amorphous transition [11, 26, 70-73].

Table 4.8: Critical fluence calculated from an average of 5 individual grains of each
composition.

Target Critical Fluence (x 10* ions cm) at indicated
Composition temperature (K)

300K 500K 900K 1050K
CalLaFeosNb1507 2.44 + 2.34 + 5.38 + 9.69 +

0.31 0.47 0.63 0.72

300K 500K 1000K
CaNdFeosNb1507 3.69 + 6.25 + 7.88 +
0.31 0.63 1.38

300K 500K 700K 900K  1000K
CaSmFeosNb1 507 331+ 3.94 + 444 + 10.30+ 16.60

0.56 0.31 0.31 1.25 1.88

300K 500K
CaGdFeosNb1507 250 + 2.94 +

1.25 0.31

350K 400K 500K 600K 700K
CaHoFegsNb1507 3.13 % 2.75 + 413+ 1050+ 16.30

0.63 0.75 0.63 1.41 1.33

300K 400K 450K 500K 575K 650K
CaYbFegsNb1507 3.13 % 479 + 3.75+ 500 6.75+ o

0.31 0.63 0.63 1.25 1.25

Analysis of materials CaLnFeosNb1s507 (where Ln = La, Nd, Sm, Gd, Ho or Yb) showed

a transition from a pyrochlore to amorphous structure without an intermediate fluorite

71



structure. This was identified by the weakening of the reflection intensities
simultaneously (pyrochlore supercell and fluorite), and the formation of an amorphous
halo.

In-situ irradiation analysis was completed on samples of material with target
compositions CaLnFeosNb1 507 (where Ln = La, Nd, Gd, Sm, Ho or Yb). Materials were
all irradiated first at 300K, the progression (step size) of the temperature (T) varied
depending on the materials response to the irradiation at 300K. The critical fluence at
each temperature was determined, see Table 4.8. The critical temperature, Tc has been
extrapolated from the curve fitting for the systems where Ln = La, Sm, Ho or Yb using
Equation 4.6. The variables Ea, Tc and Fco are shown in Table 4.9 for the fitted curves in
Figure 4.12. Critical temperature values (Tc) were calculated by taking a tangent to the
vertical part of the fitted curve. The critical fluence at T=0K (Tco) has been calculated by
taking a tangent to the horizontal part of the curve.

Figure 4.13 shows the structural changes, as a function of composition, described using
the refined parameters within Table 4.6, as a function of the critical temperature. The a-
parameter and the 48f oxygen x-parameter for the Sm containing sample have been taken
from the calculated parameters in Table 4.7. It can be seen that there is a small correlation
between the a-parameter and the critical temperature determined for the materials. With
an increase in the a-parameter a corresponding increase in the critical temperature was
observed. However, there is minimal variation in the 48f oxygen x-parameter and

therefore no correlation with the critical temperature.

Table 4.9: Critical temperature (Tc¢), critical fluence at zero kelvin (Fco) and activation
energy (Ea) as calculated for target compositions CaLnFeosNb1 507 (where Ln= La, Sm,
Ho, or Yb).

48f

Target Measured _ a-parameter Fco(ions
Composition ral/rs OXygen X (A) Te (K) cm?) Ea(eV)
parameter

CalaFeosNbisOr 176  0.3428(4)  10.417(1) 15%9 2.24 (27) %5
CaSmFeosNbisO;  1.65  03428(7)  10.4(3) 1102 351 (30) 220

(15) 4)
CaHoFeosNbisO; 164  0.3425(1)  10.326(3)  755(9) 2.79(25) 0.15(2)
CaYbFeosNbisO; 160  0.3425(5)  10.297(1) ?1802) 3.68(22) 0.24(4)
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Figure 4.11: [311] zone axis diffraction pattern from a grain of CaGdFeosNb1.507 with
irradiation transitions at a constant temperature of 300K. Images show the effect on the
crystalline structure in the electron diffraction images within increasing fluence (ions cm-
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Figure 4.12: Critical temperature (Tc) curves for materials of target compositions
CalLnFeosNb1 507 (where Ln= La, Sm, Ho, or YD).
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Figure 4.13: The critical temperatures of the measured sampled plotted as a function of
48f oxygen x-position values with linear line of best fit included.

4.5 Discussion

Materials with target composition CaLnMo.sNb15O7, where Ln = La, Nd, Sm, Gd, Ho or
Yb and M = Al, Sc, Cr, Fe or Y, were synthesised through solid state reaction of oxide
and carbide precursors. Generally, materials where M= Al, Sc, Fe and Y formed a single
phase assemblage with a crystalline structure indicative of a pyrochlore. This was initially
confirmed by XRD and EDS analysis (Table 4.3). Under the assumption that the calcium
and lanthanide (Ln) are located on the A-site, of the pyrochlore general formula A2B.0y,
and the metal (M) cation and niobium on the B-site, the ra/rg ionic radius ratios have been
calculated for the measured compositions (Table 4.3). A ra/rg ratio range of 1.46-1.78
would be expected to adopt the pyrochlore structure. However, these materials have an
ideal composition of A*A%*B;5°"Bos>*07, S0 may not be defined by this stability range
for the radius ratio of the pyrochlore structure. Materials with a single phase assemblage
were analysed within the ra/rg ratio range of 1.50-1.87, beyond the expected range. The
ra/re values of 1.87 were defined for materials with compositions
Ca1.08;5)Ndo.99(10)Alo.a92)Nb152(3)O7.1031y  and  Cag.os@)Lar.o1e)SCo.49(1)Nb1.42(9)O6 85(38).
Analysis by SEM / EDS, XRD, and neutron diffraction shows them to have an assemblage
of a single phase pyrochlore. Structural refinement, completed on high resolution neutron

diffraction data collected for all materials showed a good fit could be achieved to the
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pyrochlore structural model, including materials with an ra/rg values of 1.87;
Ca.08(5)Ndo.99(10)Al0.492)Nb1 523)07.1031) and Ca1.08(2)La1.01(8)SCo.49(1)Nb1.42(9)O6 83(38) (Table
4.5). This indicated that the hypothesis that the family of materials with general formula
AZ*A3*B;15°"Bos°" 0y, are not wholly described by the ra/rs ratio, used to describe the
pyrochlore range of general formula A%*,B**,07. This highlights the chemical flexibility
of the pyrochlore structure, even beyond the ionic radius ratio, ra/rs and emphasised the
structural ability to accommodate multiple charged cations on a single crystallographic
site.

The ra/rs value has been used as a descriptor of the structural stability in analysis of
the a-parameter (Figure 4.6) with composition. The tolerance factors of the pyrochlore
structure (Equation 4.5) are included within Table 4.3. Tolerance factors are also used to
describe the stability of the pyrochlore structure, with Figure 4.7 highlighting the use of
the tolerance factor to describe the change in a-parameter with composition. A similar
trend within the a-parameter data was observed for both ra/rg and the tolerance factor.
However, the range of calculated tolerance factor values for all materials, while within
the defined range (0.84-0.98), was narrow (0.89-0.94) therefore the ra/rg value was used
going forward [54]. The linear relationship between the a-parameter and the ra/rg (Figure
4.6), as a function of the variable B-site cation, cannot be explained with the available
information. However, the refined 48f oxygen x-parameter, as a function of ra/rg, did not
exhibit the same relationship with the B-site cation (Figure 4.8). A single linear
relationship was identified in Figure 4.8 with the 48f oxygen x-parameter and the ra/rs
value. There is a seemingly direct relationship between the increase in the ra/rg ratio, and
an increased value of the 48f oxygen x-parameter. This shows that there is shift towards
a deflect fluorite (x>0.3750) with increased ra/rg value, away from the ideal pyrochlore
value at x=0.3125 with smaller B-site M-cation and larger A-site Ln-cation.

Attempts were made to refine a structure indicative of a pyrochlore to the neutron
diffraction data of the multiphase materials with target compositions; CaLaAlosNb1 507,
CaHoYo5Nb1507 and CaYbYosNb1s507.

The refined structural parameters for the material with target composition
CalLaAlosNb1507, were indicative of a pyrochlore material. The inclusion of a secondary
pyrochlore structure did not improve the statistics of the fitting. No reflections within the
crystalline structure remained unindexed. In addition to this, the Uiso values for the A-site
(Ca and La) was notably larger than those refined for the other analysed materials (Table
4.6). The Uiso values are a measurement of the volume of the scattering density of an
atom, a larger rare earth cation, such as the lanthanides (La, Nd etc.), will occupy a greater
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volume. During refinement the Uiso value is an indicators of the stability of the cation
within the defined position. The smaller the value then the more accurate the definition
of the cation location. The large Uiso value for target composition CaLaAlosNb1s507
highlights the instability of the cation sites explained by the multiphase material observed
in SEM analysis.

Rietveld refinement of the pyrochlore structure to the neutron diffraction data of
multiphase materials with target compositions CaHoYosNb1507 and CaYbYosNb1s507,
indicated a secondary phase not modelled by the pyrochlore supercell. This was seen by
a series of weak unindexed reflections within the data. However, a series of attempts to
identify the additional phases(s), including the use of the Inorganic Structures Chemical
Database (ICSD), were unsuccessful. It was therefore decided that the structural
parameters for the materials with target compositions CaHoYosNbis07 and
CaYbYosNb1s507were to be excluded from both Table 4.5 and subsequent analysis of the
data. This was based upon the fact that the composition of the materials did not show the
structural stability of the pyrochlore structure as desired.

In addition to the target compositions CalLaAlosNb1s07, CaHoYosNb1sO7 and
CaYbYosNb1507, materials with general composition CaLnCrosNb1 507, where Ln = La,
Nd, Sm, Gd, Ho or Yb, were synthesised. Despite numerous attempts a single phase
assemblages was not formed, analysis of these materials are within Appendix A.

45.1 Discussions on the in-situ irradiations of CaLnFeosNb1s507 materials

In-situ irradiations were completed on systematically substituted iron containing
materials, CaLnFeosNb1507 where Ln= La, Nd, Sm, Gd, Ho or Yb. This was completed
in order to analysis the response of the materials to radiation damage, simulating the recoil
of the parent atoms during alpha decay. Composition was described using the refined
structural parameter, the a-parameter, and the x-position of the 48f oxygen, as determined
through GSAS analysis of neutron diffraction data, Table 4.6. The critical temperature
(Tc) parameter was used to represent the materials response to the irradiation and was
determined for materials where Ln = La, Sm, Ho or Yb (Figure 4.12). Where Tc is defined
as the temperature at which there is sufficient energy for the material to not exhibit any
radiation induced damage, defined as the loss of the long range ordering within the
crystalline structure. Instrument availability limited the number of materials which could
be analysed, as such insufficient statistical data was collected to determine the T¢ for

neodymium and gadolinium containing materials.
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Analysis showed that as the a-parameter increased, so does the critical temperature
(Figure 4.13). However, Figure 4.13 highlights despite the variation in the a-parameters
of the materials there is minimal variation in the 48f oxygen x-parameter, and therefore
minimal trend as a function of the critical temperature. Within the literature there are few
comparative studies with systematic A-site lanthanide substitutions. With none found for
direct comparison, analysis of general materials with the pyrochlore supercell, irradiated
at the IVEM-Tandem facility, are used to understand the effect of changes in the chemical
composition with Tc [11, 37, 38, 40, 74, 75]. Results show that with a decrease in the
average ionic radii on the A-site (decreasing the ra/rg ratio), of the general pyrochlore
formula A2B207, the critical temperature is reduced. Similarly, studies analysing an
increasing in the size of the average ionic radii on the B-site of the pyrochlore structure
(decreasing the ra/rg ratio), was also found to have a tendency to reduce the critical
temperature [38]. In terms of the ra/rs ratio, Figure 4.9 highlights the increase in the a-
parameter corresponds to an increase in the Ln ionic radii, which in turn indicates a
decrease in the ra/rg ratio. This indicates that the data here is consistent with that observed
elsewhere.

The shift in the 48f x-parameter is minimal. The 48f oxygen is coordinated by two B
site cations and two A site cations [33]. Therefore it would be expected that by varying
the size of the average ionic radii of the A-site, through changing the lanthanide cation,
there would be a shift in the x-parameter in order to accommodate the larger cation. The
minimal changes in the refined 48f oxygen x-parameter indicate stability in the 8a oxygen
vacancy, which is coordinated by four B site cations which remain unchanged in the
materials. The irradiations show that the pyrochlore supercell is maintained throughout
the irradiation of all materials until the crystalline structure is lost, with no intermediate
fluorite phase observed (Figure 4.11). The comparable 48f oxygen x-position indicate
stability in the 8a oxygen vacancy, which gives rise to the ordering in the A and B site
cations, in all materials. This is a possible explanation for the consistency in the response
of the materials despite the changes in the ra/rs ratio values and the changes in the Tc
values.

This information will support the wider objective to understand and enable the long
term prediction of a materials response to radiation damage when incorporating actinide

species for geological disposal.
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4.6 Conclusions

The chemical flexibility of the pyrochlore structure, general formula, A.B>07, was
analysed through the tuning of the ra/rg ionic radius ratio. This was achieved using the
general  formula A**A¥B%*(sB°*1507, with chemical compositions of
Ca2*Ln**M%4sNb%* 1507, where Ln = La, Nd, Sm, Gd, Ho or Yb and M = Al, Sc, Fe or
Y. Materials were largely synthesised with a crystallographic structure indicative of a
pyrochlore. The ra/rg ionic radius ratio, for materials analysis by EDS analysis (Table
4.3), showed the measured compositions provided a ra/rg ionic radius ratio range of 1.50
to 1.87, where a single phase pyrochlore material was synthesised. Materials were
synthesised beyond the theoretical ra/rg ionic radius ratio range (1.46-1.78). This is
attributed to the fact that the theoretical range of the ra/rg values were established from
pyrochlores with the genera formula A3*,B*",05.

Analysis of the refined parameters, from the Rietveld refinement of neutron diffraction
data collected on the HRPD instatement, ISIS (Table 4.6) have been analysed as a
function of the ra/rg ionic radius ratio (Figure 4.6). The unit cell a-parameter of the cubic
superstructure was found to increase linearly with increasing lanthanide (Ln) substitution,
when the M-cation remains constant. The relationship of between the 48f oxygen x-
parameter and the ra/rg ratio is not dependent on the lanthanide (Ln) or metal cation (M),
and a single linear relationship is seen, Figure 4.8.

In-situ irradiation of materials with target composition CaL.nFeosNb; 507, where Ln =
La, Nd, Gd, Sm, Ho or Yb was completed at the IVEM-Tandem facility, Argonne
National Laboratory. A direct relationship was found between the ra/rg ionic radius ratio
and the critical temperature, Tc. Where Tc is defined as the temperature at which
sufficient energy is provided to eliminate the loss of the crystallinity from the radiation
induced damage. With decreasing ra/rg the critical temperature reduced. It was also
observed, during in-situ irradiation experiments at the IVEM-Tandem facility that all
materials transitioned directly from a material with pyrochlore crystalline phase to an
amorphous material, with no intermediate phase identified. This was determined through
the simultaneous disappearance of the pyrochlore supercell with the fluorite reflections,
and the formation of an amorphous halo.

4.7 Future Work

Further work for this chapter should be undertaken in the following areas:
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e Completion of the in-situ irradiation work on the samples with target composition
CaNdFeosNb1 507 and CaGdFeosNb1507.

e Further studies on the material response with variation of the B site cation in
CaL.nMosNb1s507 where Ln= La, Nd, Sm, Gd, Ho or Yb and M = Al, Sc and Y, in
order to further understand the effect of the chemical variation on the materials
response to in-situ irradiation of pyrochlores with general composition
A A3 B3, 5B 507. This will also enable confirmation of the pyrochlore supercell

via TEM analysis.
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Chapter S Uranium Substituted

Lanthanum Zirconate Pyrochlores

5.1 Introduction

Lanthanum zirconate pyrochlores, La>Zr.O7, with a general formula A2B.0O7 and space
group Fd3m, have been studied as a potential disposal matrices for nuclear materials, as
part of a wider zirconate family of materials [1-21]. This includes a number of studies on
the radiation tolerance and the chemical flexibility of the lanthanum zirconate material,
as an analogue to the incorporation of actinides [6, 7]. It is interesting to note that whilst
the substitution of an actinide on the A-site of the structure [2, 22] have been investigated,
there has been little work on the incorporation of actinides on the B-site. This work
focuses on developing an understanding of the solid solubility of uranium on the B-site
of the lanthanum zirconate pyrochlore. Through analysis of the uranium oxidation state,
as a function of processing atmosphere, combined with elucidation of structural changes
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
This has direct relevance to both the disposal of uranium oxide but also tetravalent
actinide species such as Pu** where U*" is an active analogue.

The general pyrochlores structure, A2B207, has a cubic 2x2x2 superstructure relative
to an underlying fluorite, AO,, cell with space group (Fm3m) [23]. The superstructure,
space group Fd3m, is formed through the creation of a regular array of oxygen vacancies
yielding a structure with 2 distinct cation sites, denoted as A and B [23]. With respect to
the oxygen cations, the A cations are 8-fold coordinated and the B cations are 6-fold
coordinated. The lattice parameters of the ideal pyrochlore structure material are all
located on special crystallographic positions, with the exception of the oxygen on the 48f
position (X, 1/8,1/8), where the ordered anion vacancy at (3/8, 3/8, 3/8), the 8b position,
enables flexibility in the 48f oxygen x-position [23]. Section 2.2 includes further
information on the pyrochlore structure.

The ratio of the atomic radii of cations on the A and B sites (ra/rg), can be used to
predict the likelihood of a composition forming the pyrochlore structure. For pyrochlore
structures to form the radius ratio (ra/rs) is bound by the range of 1.46 - 1.78 [9]. Beyond
the lower boundary a fluorite ((AB)4Os) or defect fluorite structure ((AB)407) is expected

to form [9]. A defect fluorite is a disordered fluorite with at least 2 cations randomly
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arranged and un-ordered oxygen vacancy. Above the upper boundary a monoclinic
structure is expected to form, this has a layered perovskite structure, for example La>Ti2O7
[24].

LaxZr>07 has a ra/re value of 1.611, which lies well within the bounds of a pyrochlore
structure. From inspection of the ionic radii values given in Table 5.1, it can be
hypothesised that with increasing substitution of uranium onto the B site of the La>Zr»-
xUxO7 pyrochlore structure the ra/rg value would decrease. The decrease will be
dependent on the oxidation state of the uranium, this effect, for the materials synthesised
here, is highlighted in Table 5.6.

Table 5.1: Table of ionic radii according to Shannon Radii database, ‘X’ indicates
coordination/charge combination not found within the literature. [25]

lon Zr La U Pu
Charge 4+ 3+ 4+ 5+ 6+ 3+ 4+ 5+ 6+
VI | 0.72 - 089 076 073 086 074 071 1

Coordination
VIII - 1.16 1.00 - 0.86 | 0.96 - - -

Uranium substitution is complicated by the fact that it can exist in a number of different
oxidation states. In this work the uranium precursor was in the oxide form of UQs.
Hexavalent uranium, UQO3, is found to have a greater solubility than other uranium forms,
including tetravalent UO> and triuranium octoxide U3Og. Due to the decision to prepare
the materials using a sol gel method, in order to encourage intimate mixing of the
precursor materials prior to reacting, UO3z was ideal for dissolution. Different processing
atmospheres were employed to investigate the effect of uranium oxidation state and
inclusion of the cation in the pyrochlore structure. In order to accommodate cations of a
higher valance state than the tetravalent zirconium on the B-site, the structure must be
able to charge compensate. This could include the addition of oxygen, possibly in the
ordered anion vacancy within the structure, however this could result in the loss of the
pyrochlore structure.

Radiation damage studies have been completed on zirconate pyrochlores, of the
general composition A2Zr,0O7. Of particular interest to this work is the studies reported
by Lianetal [1, 6, 7], which considered the effect of changes in A-site cation on radiation
damage recovery. It was shown that with neodymium (Nd), samarium (Sm) and

gadolinium (Gd) on the A-site of a zirconate pyrochlore, the materials did not became

86



amorphous when subject to heavy ion irradiation. Instead the crystalline structure loses
the ordering within the oxygen vacancies resulting in a transition to a fluorite structure.
This was maintained, even when subject to 1.5 MeV Xe+ irradiations at room temperature
(293K) a level of 7dpa, 7.3dpa and 36dpa, respectively [7]. In contrast, the lanthanum
containing analogue became amorphous when subject to irradiation under the same
conditions. The LaxZr.O7 phase showed that, the material transitioned from pyrochlore,
to a defect fluorite, finally to an amorphous material. However, analysis completed at
slightly elevated temperatures of >310K, the crystalline structure was retained,
irrespective of the dose. Both HLW and actinides produce heat, this means that materials
bearing HLW / actinides with sufficient heat energy available, should maintain a
crystalline structure. However the long term behaviour, once the heat has dissipated,
requires analysis for the lifetime of the GDF facility. The temperature required to provide
sufficient energy to enable a material to retain its crystallinity is referred to as the critical
amorphisation temperature (T¢). Above this temperature there is enough thermal energy
provided for recovery from the damage caused by the irradiation process. The critical
amorphisation dose, Dc, the dose where the material is fully amorphous, at room
temperature of the sample LaxZr,O7 was ~5.5dpa [7]. A transition from a crystalline to
an amorphous material, when insufficient thermal energy is available, offers the
advantage that the long term behaviour, and end state, can be inferred through the analysis
of naturally occurring zirconate materials found within rock formations containing
uranium and thorium [26]. See section 2.2.1 for naturally occurring analogues with the
pyrochlore structure. In summary, these results suggest that, after 10* years, the original
pyrochlore structure is lost and an amorphous material is formed yet the radioactive
species are still retained. Naturally occurring materials with the pyrochlore structure also
exhibit good resistance to leaching [26-30]. A secondary phase as the end state within a
waste form would have to be subject to extensive studies to determine the response to
long term storage in a geological environment. The Lian et al. study [6] also showed that
the material became more resistant to irradiation as the ra/rs ratio decreased, with
decreasing A cation size. The substitution of uranium for zirconium in lanthanum
zirconate will decrease the ra/rg ratio and therefore could potentially have a positive effect
of the recovery mechanisms within the material, although this is beyond the scope of this

work.
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5.2 Experimental Method

5.2.1 Material Synthesis

A sol-gel method has been adopted in order to ensure a homogeneous mixing of the
precursor oxides prior to high temperature synthesis. All oxide precursors, UOs and
La>O3, were measured according the relevant stoichiometry after drying at 600°C in air
overnight. As ZrO; is insoluble in acid, ZrO(NQO3), was used. Chemical reagent

information for the precursor materials can be found in Table 5.2.

Table 5. 2: Chemical reagent information of precursors.

Chemical Reagent Chemical Formula | Supplier Purity (%)
Uranium trioxide UOs - -
Zirconium (1V) . .

Oxynitrate Hydrate ZrO(NOgz)2.xH20 Sigma Aldrich >09.99
Lanthanum (I11) Oxide | La,O3 Sigma Aldrich >99.99

Materials were measured according to the stoichiometries within Table 5.3. Zirconium
oxynitrate hydrate stoichiometry is calculated from the required quantity of zirconium
oxide (ZrOz). The water fraction within the zirconium oxynitrate hydrate is determined
through heating 1g of ZrO(NOs3)..xH20 to 1000°C for 12 hours to form ZrO>. The final
product is weighed and the fraction of water lost calculated.

In order to ensure a homogeneous product is formed all the precursors were dissolved
in a combination of de-ionised water and nitric acid. The ZrO(NOs). was initially
dissolved in 10ml of de-ionised water on a magnetic stirring plate. Once the ZrO(NOs):
had dissolved, the La,O3 was dissolved in 5ml of de-ionised water and 1ml nitric acid (69
%). The UOs was also dissolved in 5ml de-ionised water and 1 ml nitric acid and
combined with the La>Oz solution, prior to all three solutions being mixed. An excess of
ammonia was added, forming a yellow ‘gel’ precipitate. The pH of the solution was
tested to ensure the solution was highly alkaline (pH 14) and then the precipitate was
filtered under vacuum using a Buchner flask and a 0.45 micron filter paper. Once filtered
the solid precipitate was dried overnight at 100 °C to remove any excess moisture. Finally
the dry precipitate was ground in a pestle and mortar and quantities of loose powder,
~0.5g, were fired at 1400 °C under different atmospheric conditions. Materials were

formed in a hydrogen / nitrogen atmosphere with flowing H2/Nz2, in a tube furnace for 4
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hrs with heating and cooling rates of 3 °C min™. Materials were also formed in an air
atmosphere in a muffle furnace for 4 hrs with heating and cooling rates of 5 °C min™.
Materials were prepared with target composition Lax(Zr>-xUx)O7+s, with 0.1 <x <0.9
in hydrogen / nitrogen atmosphere, and with 0.1 < x < 0.6 in air. These materials were
initially characterised using the STOE-PSD X-ray diffractometer, followed by scanning
electron microscopy and energy dispersive X-ray spectroscopy completed on the Hitachi
TM3030, full experimental set up can but found in Section 3.1.2.1 and 3.2.1, respectively.
Further analysis was completed using X-ray absorption Near Edge Spectroscopy
(XANES) to determine the average uranium oxidation state and Transmission Electron

Microscopy (TEM) to analysis the pyrochlore supercell.

Table 5. 3: Stoichiometry of precursour materials utilised for the synthesis of the ceramic
compositions where Laz(Zr2xUx)O7+5, with 0.1 <x <0.9.

X La20s UOs ZrOz ZrO(NOs3)2.xH20
0.0 0.5694 0.0000 0.4306 1.1333
0.1 0.5536 0.0486 0.3978 1.0468
0.2 0.5387 0.0946 0.3667 0.9650
0.3 0.5246 0.1382 0.3373 0.8875
04 0.5112 0.1795 0.3093 0.8140
0.5 0.4984 0.2188 0.2828 0.7441
0.6 0.4863 0.2562 0.2575 0.6776
0.7 0.4748 0.2918 0.2334 0.6143
0.8 0.4638 0.3257 0.2105 0.5539
0.9 0.4533 0.3581 0.1886 0.4962

53 Results

5.3.1 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

SEM/ EDS analysis was conducted on the Hitachi TM3030 microscope, see Section 3.2.1
for instrument set up. Materials were ground after formation and cold uniaxially pressed
within a dedicated glove box. They were then sintered in their respective atmospheres
and mounted within an epoxy resin. The resin was allowed to set for 24 hours within a
fume cupboard. The materials were initially polished using an 800 grit silicon carbide
paper, working to a 2400 grit paper. Finally a 3 and 1 micron polishing paper is used to

achieve a 1 micron optical finish. Images were collected in back scattered electron (BSE)
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diffraction mode prior to elemental analysis using the energy dispersive X-ray

spectroscopy (EDS) within the instrument.

5.3.1.1 Materials formed in an air atmosphere
Semi-quantitative EDS analysis was completed on all materials to determine the cation
composition at 30,000x magnification. A lack of variation in the contrast (grey scale) for
materials LaxZrx)UxO7+5 (0.1 < x < 0.5), Figure 5.1(a)-(e), is indicative of a material with
a single composition. It should be noted that porosity/cracks within a sintered material
under the EDS analysis will show as black areas. The black regions within Figure 5.1 and
Figure 5.2 are a combination of pores and cracks within the surface.

The material with target composition Laz(Zr1.4Uo6)O7+s, Figure 5.1(f), showed two
distinct variations in the contrast, labelled ‘1’ and ‘2°, indicating two distinct
compositions within the material. Semi-quantitative EDS analysis has been completed on

both of these phases in isolation, see Table 5.4.

a) ' b & : s (C) K+
o AL e lg S JO
X,, . ‘./ \",
e, OF
f " ' > “' s :
-
20um, PR 20pm R . s &
(d) '-r B e ’ 4D 27
g v - -4 /
> \ s > 4 ,.\’ <_2
4 2 e A ;
e : - V i i \
20pm f 20pm e 4§ ‘hm ‘-

Figure 5.1: Back Scattered Electron (BSE) diffraction images of materials of the system
LaxZroxUxO7+5, where x = 0.1 to 0.6, (a)-(f), respectively. These materials were formed
in a muffle furnace with an air atmosphere.

In general the semi-quantitative EDS results, Table 5.4, showed a close correlation to the
target compositions, with the exception of the material with the target composition
LaxZr14Uo607. A two phase assemblage for material with target composition
La2Zr1.4Uo0607 was observed, Figure 5.1(f), dominated by the phase highlighted ‘2°, with
minor contributions from the phase highlighted ‘1°. To show the material has the correct

ratios of cations an average composition from the bulk of this material was measured
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using EDS analysis, with the resultant composition of Laz.os@2)Zr1.351)Uos81)07+5

measured, showing the correct stoichiometry of precursor oxides were reacted.

Table 5.4: Semi-quantitative results from EDS analysis using the back scattered detector
of the Hitachi TM3030 instrument for compositions in the system LaxZr,.xUxO7-+s5, where
x = 0.1 to 0.6, formed in an air atmosphere. For compositions (a)-(e) the oxygen
stoichiometries were inferred from measurement of the U Lz edge during XANES
analysis of average uranium oxidation state, and summarised within Table 5.12. Taking
the oxygen for both phases in (f) from the oxygen as measured by XANES of the bulk
material.

Target Composition Semi-Quantitative EDS
(@  La2Zr19Uo.107+5 Laz.102)Zr1.87¢2)U0.100)07.19(2)
(b)  La2Zr18Uo207+5 Laz.013)Zr1.752)Uo0.20)07.11(2)
()  La2Zr17Uo307+5 La2.053)Zr1.72(2)U0.32(1)07.46(2)
(d)  La2Zr16U0407+5 Laz.112)Zr1.58(1)U0.38(1)07.42(3)
(&) LaxZrisUos07+5 Laz.0s(2)Zr1.51(1)U0.48(1)07.45(3)

1- Laz.9a)ZrossaU152(1)0s.2(1)
() LaxZr1.4Uo607+5 2- La1.941)Zr1.51(1)Uo.531)07.40()
Bulk- Laz.06(2)Zr1.351)U0.58(1)07.39(8)

Overall, the results indicate that single phase material of a composition comparable to
that of the target composition is formed up to and including the substitution of x=0.5, or
25% substitution of uranium for zirconium. Above this solid solution limit, the structure
de-stabilises and a second, uranium rich, minor phase is formed. The upper limit of the
substitution can be described by the boundary 0.5 <x < 0.6 in LaxZr>-xUxO7+5. The oxygen
content reported in Table 5.4 was calculated under the assumption that cation / anion
adopt their usual oxidation state, with uranium adopting the bulk oxidation state defined
by XANES, Table 5.12, including for target composition La>Zr1.4Uo6O7+5. The structural
analysis of the materials have been confirmed using X-ray diffraction analysis, see Figure
5.4.

5.3.1.2 Materials formed in a hydrogen / nitrogen atmosphere

Phase assemblage has been analysed through the use of SEM / EDS on all compositions
formed in a hydrogen / nitrogen atmosphere. A lack of contrast in Figure 5.2 highlights a
single phase material has been formed in compositions up to, and including, the
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substitution of x=0.8, with target composition LaxZr12UogO7+5. Full compositional

analysis by EDS are reported in Table 5.5.

Table 5.5: Semi-quantitative results from EDS analysis using the back scattered detector
of the Hitachi TM3030 instrument for samples of composition system LaxZr>.xUxO7+3,
where x = 0.1 to 0.9, formed in a hydrogen/nitrogen atmosphere. The oxygen
stoichiometries were defined from the average uranium oxidation state, measured by U
L3 edge XANES analysis, as summarised in Table 5.13 and Table 5.14,

Target Composition Semi-Quantitative EDS
(@ LaxZri9Uo107+5 La2.19(3)Zr1.91(2)U0.08(1)O07.33(1)
(b) LaxZri8Uo207+5 Laz.17(3)Zr1.83(2)U0.15(1)O07.38(3)
() La2Zri7Uo307+5 Laz.13(2)Zr1.741)U0.26(1)O07.40(4)
(d) LaxZri6Uo407+5 Laz.16(2)Zr1.591)U0.36(1)07.46(7)
(e) LaxZrisUos07+s La1.992)Zr1.49(1)U0.491)07.28(7)
() La2ZriaUoeO7+s Laz.02(2)Zr1.441)Uo.57(1)O07.51)
(@) LaxZri3Uo707+s Laz.16(2)Zr1.27(1)U0.64(1)O7.51)
(h)  La2Zri2Uog07+5 La1.94(2)Zr1.201)U0.81(1)O7.4(1)
1- Lays12)Zr0.29(1)U2.203)08.4(3)
(i)  LaxZriiUog07+s 2- Lao.13(4)Zr0.892)U0.98(1)07.5(2)

3- Laz.135)Zr0.241)U0.632)06.77(9)

The variation in the contrast exhibited in the BSE images of the target composition
La>Zr11Uo0907+s5 evidenced a multiphase assemblage in Figure 5.2(i), three phases,
denoted as phase 1, 2 and 3 from the EDS investigation. Semi-quantitative EDS analysis
was performed at 30,000x magnification for all materials, including the three regions
distinctive in contrast seen within Figure 5.2(i), the results are summarised in Table 5.5.
The average composition of the material with target composition LazZr1.1Uo907+s (i.e€.
covering all three regions of contrast) was measured by EDS to be
Laz.01(4Zr1.132)Uo.892)07.5¢1), again in line with the target stoichiometry. The oxygen
stoichiometry of the compositions summarised in Table 5.5 were estimated from
determination of the bulk uranium oxidation state by the U Lz edge XANES analysis (see
Figure 5.9 and Table 5.14).

The crystallographic structure of these phases were explored using X-ray diffraction,

as summarised in Section 5.3.2.2.
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Figure 5.2: Back scattered electron diffraction image (a)-(i) for composition La>Zr.
xUxO7+5 with x=0.1- 0.9, respectively. The black areas within the images are indicative of
porosity / cracks within the surface. EDS on the surface of (i) indicates the formation of
3 phases closely mixed, these have been labelled as Phase 1, 2 and 3.

5.3.2 X-ray diffraction

X-ray diffraction (XRD) analysis was performed in transmission mode on a STOE-PSD
diffractometer, using a Cu Kou radiation (A=1.5408 A) source operating at a working
voltage and current of 40kV and 35mA, respectively. Sample preparation was performed
within a dedicated fume cupboard. Finely powdered samples were glued to acetate films
and placed into the relevant STOE sample holder. Data were collected between 4.00 <26
< 94.00° with a step size of 0.02, total collection time was ~ 1.5 hours per sample. A
model of a pyrochlore structure was fitted to the data, and refined using the GSAS graphic
user interface [31, 32], an example of the quality of the fitted model is in Figure 5.3. The

complete set of refinement data are included as Appendix B.

5.3.2.1 Materials formed in an air atmosphere
X-ray diffraction was completed on the 5 single phase materials, for compositions up to,

and including, the substitution x=0.5, and the multiphase system, as determined by SEM,
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with x=0.6. Figure 5.4 shows the X-ray diffraction patterns acquired for the composition
range 0.1 <x < 0.6. The diffraction patterns were indexed using the pyrochlore supercell
(Fd3m, a = 2af) with the diagnostic supercell reflections highlighted by an arrow. The
insert in Figure 5.4 shows the pyrochlore (111) reflection, highlighting the changes in the
intensity of this reflection with increased uranium substitution. It can be seen that as the
substitution of uranium increases the intensity of the pyrochlore supercell reflections
decreases. The intensity of the pyrochlore supercell in XRD reflections are sensitive to
the difference in the electron density of the each of the A and B sites of the A2B>07
structure. Assuming the A site to be exclusively occupied by La and the B site to be
exclusively occupied by the Zr and U, then the difference in electron density, reduced
from 36 electrons at x = 0.0, to near 0 electrons at x = 0.6 (Table 5.6). Consequently, the
intensity of the pyrochlore supercell reflections decreases monotonically with increasing
uranium content (x). The absence of appreciable intensity the super cell reflections of
compositions x = 0.5 and x = 0.6, could be interpreted as a transformation from the
pyrochlore to a defect fluorite structure. In fact, electron diffraction, which is a more
sensitive probe of small differences in the A and B site electron density, confirmed the
presence of the pyrochlore supercell reflections in material where x = 0.5, as discussion
in Section 5.3.1.1.

Table 5.6: Electron density difference between the ideal A and B site cations within
composition Laz(Zr2-xUx)O7+s across the two extreme charges of U** and U®*, with the
possible U residing within the middle of the two.

Difference of Electron Density

between the A and B sites ra/rs Range
Composition, x U4 us*

0.0 36 1.611

0.1 30.8 31 1592 1.610
0.2 25.6 26 1.574  1.609
0.3 20.4 21 1.556 1.608
0.4 15.2 16 1.538 1.607
0.5 10 11 1.521 1.606
0.6 4.8 6 1.505 1.604
0.7 0.4 1 1.488 1.603
0.8 5.6 4 1.472  1.602
0.9 10.8 9 1.456 1.601

For the material with substitution x=0.6, the supercell pyrochlore reflections did not have
an appreciable intensity in the XRD patterns, see Figure 5.4 insert. Close inspection of
the XRD pattern of the composition x = 0.6, revealed the reflection full width at half

height to be greater than for the composition x = 0.5. This suggested the presence of
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multiple phases, of distinct composition, consistent with SEM / EDX data, Figure 5.1(f).
The chemical composition of each of the component phases was quantified through the
use of EDS, see Table 5.4. These compositions were utilised for the refinement of the
pyrochlore structure, therefore it was possible to calculate the electronic density
differences between the A and B sites and the ra/rg ratios for the refined compositions,
see Table 5.7.

Table 5.7: Electronic density difference calculations for the bulk phase assemblage, as
identified using BSE, and the components identified in Figure 5.1(f), for the target
composition LaxZr1.4Uo607+5, and the corresponding range of ra/rg values. Calculations
made under the assumption that as the lanthanum orientates on the A site and the uranium
and zirconium on the B site at the ratios determined by EDS, see Table 5.4.

Difference of Electron Density

Semi-Quantitative EDS between the A and B sites ra/rs Range
U+ us+
0 1- Laz.osyZrossny)U1.52(1)Os.2(2) 46.3 48.8 1.287 1.495
2- Lag aa)Zris11Uos31)07.4004) 3.8 4.8 1.444 1.527
BULK  Laz.os2)Zr1.351)U058(1)07.39(2) 11.6 12.76 1.606 1.712

Table 5.8: Unit cell parameters and thermal, Uiso, parameters as refined in the GSAS
software from x-ray diffraction data collected on the Stoe PSD instrument for materials
of general composition LazZr2xUxO7+5with 0.1 <x <0.6 and formed in an air atmosphere.
*1 as taken from reference [33].

Uiso

X a (A) 48f O-x 2 wRp La(A?) zr&U(A?) 0:& 0:(A?

007  10.779(1) 0.331(1) - - - -
0.1  10.812(1) 0.332(1) 1.002 0.120 2.246(1) 1.701(1) 2.796(4)
02  10.812(1) 0.335(1) 1.014 0.142 3.085(1) 3.142(1) 3.325(4)
03  10.821(2) 0.336(2) 0.945 0.201 3.204(2) 2.734(2) 3.585(6)
04  10.832(1) 0.336(2) 1.208 0.152 2.770(2) 2.239(2) 3.453(6)
05  10.827(4) 0.340(2) 0.996 0.146 2.113(2) 2.667(2) 3.701(6)
061 10.833(5)  0.354(1) - - -

06: 10836(2) 03425 092 0232 - -

The refined parameters from the GSAS software for the fitting of the pyrochlore model
to the data are summarised in Table 5.8 for the single phase compositions LaZr2>-xUxO7+s
0.1 <x < 0.5 formed in air. The a-parameter and the 48f oxygen x-position have been
refined for both phase 1 and 2 in the x=0.6 composition. The a-parameter for the air
formed materials, in Table 5.8, generally show an increase in the a-parameter with an
increased substitution of uranium. The 48f oxygen x-parameter also shifts to higher values

with increased substitution of uranium, see Figure 5.5.
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Figure 5.3: The refinement model of material with ideal composition La>Zr1.9Uo.1O07+5
formed in an air atmosphere. The pyrochlore models has been refined to the data using
the GSAS software. The model fitted is shown in the purple trace, the quality of the fitting
to the data are shown by the observed minus calculated difference trace (black).
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PSD instrument on samples of the system LaxZr2xUxO7+s with 0.1 <x < 0.6 formed in an
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reflection.
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The isotropic thermal parameters of the U and Zr cations, which were assumed to share
occupancy of the B site, were constrained to be equal. The isotropic thermal parameters
of the oxygen within the structure, O1 and O, were also constrained to be equal. This was
due to the interaction of X-rays, in powder XRD analysis, only weakly scattering by the
oxygen anions within the structure, and therefore unable to distinguish between the two
anion sites.

The refined bond lengths in Table 5.9 generally show a linear response to the increased
substitution of wuranium. Independent from the general trend is Phase 1,
Laz.942)Zr0.551)U152(1)08.2(1), i the x=0.6 composition. With Phase 1 the La-O; length has
contracted at a greater fraction to the pure lanthanum zirconate than other materials. Phase
1 is a uranium rich material, where uranium is expected to situate on the B-site. The B-

site bond length, B-Oy, is greater than the general trend within the data.
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Figure 5.5: Linear relationship observed between the 48f oxygen x-parameter and the a-
parameters, as refined in Table 5.8 for single phase pyrochlore materials of the system
LaxZroxUxO7+5 with x=0.1 - 0.5 formed in air. The fraction of uranium is as measured by
EDS analysis.
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Table 5.9: Key bond lengths for materials with target composition LaxZr,xUxO7 formed
in an air atmosphere, as refined from Rietveld analysis of the XRD data. “As taken from
reference [33].

Length (A)

Bond La-O1 La-O2 B-O2
Bond Multiplicity (x2) (x6) (x6)

0.0° 2.643 2.338  2.099
< |01 2.635(8)  2.341(2) 2.108(5)
S |02 2610(7)  2.341(2) 2.124(5)
= |03 261(1)  2.343(2) 2.129(8)
S los 261(1)  2.345(2) 2.133(9)
€ 105 258(1)  2.344(1) 2.15(1)
O 106 256(3)  2.346(7) 2.23(2)

0.6 2.580(8)  2.346(3) 2.163(6)

5.3.2.2 Materials formed in a hydrogen / nitrogen atmosphere

Figure 5.7 shows the XRD patterns of compositions fabricated in a 5% Hz / N2
atmosphere. The pyrochlore supercell reflections, highlighted by an arrow, were
generally of a very weak intensity, with the (111) reflection apparently absent. Figure
5.7(b) shows, as an example, the (311) reflection. The decrease intensity of the supercell
with increasing content of uranium (x). Unit cell parameters from the refinement of the
pyrochlore structure for each composition, as taken from the EDS analysis in Table 5.5,
are summarised in Table 5.10, with bond lengths determined by the refinement
summarised in Table 5.11.

Considering the composition La2Zr1.1Uo.907+5, a model of a pyrochlore structure could
not be fitted to the data, however, a model using the fluorite sub cell was successfully
refined to the data. To improve the fit, and considering the observations in the BSE / EDS
data, Figure 5.2(i), a phase assemblage with 3 individual fluorite structures were fitted to
the data, the a-parameters of which are included within Table 5.10. In order to compare
the lattice parameter of the fluorite structures which make up the phase assemblage of
x=0.9, to that of the pyrochlore super cell, the a-parameters are reported as 2ar (where
ap=2ar).

Summarised within Table 5.11 are the bond length from the Rietveld refinement of the
pyrochlore model fitted to the X-ray diffraction data. Unlike the materials formed in air,
there is only a weak linear relationship in the 48f oxygen x-parameter, and no linearity of
the calculated bond lengths. However there is a linear relationship in the a-parameter,
with increased uranium the a-parameter increases indicating a constant increase in the

unit cell volume (V=a®), see Figure 5.6.
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In general, as seen with the air formed materials, when uranium is substituted into the
composition the B-O. bond length increases compared to the reference material,
LaxZr.07. The La-Oy length has also contracted from the same reference and the La-O>

bond length is similar but slightly larger than the reference.

Table 5.10: Unit cell parameters and thermal, Uiso, parameters as refined in the GSAS
software from X-ray diffraction data collected on the Stoe PSD instrument for materials
of composition LaxZr,xUxO7+s with 0.1 < x < 0.9 and formed in a hydrogen/nitrogen
atmosphere. Composition with x=0.9 has been fitted using a fluorite structure, however
for comparison the lattice parameter has been doubled. " as taken from reference [33].

Uiso X 100

X a (A) 48fO-x  y2 WwRp La(A) zZr&UAY) 0:&0:(AY

0.0" 10.779(1) 0.331(1) - - i
0.1 10.808(2) 0.334(1) 0.951 0.133 1.470(1) 1.722(1) 1.957(5)

02 10.818(2) 0.332(1) 0.999 0.149 2.110(1) 1.879(2) 1.575(5)
0.3 10.837(2) 0.338(2) 0.915 0.140 2.017(2) 1.960(2) 2.590(5)
04 10.851(2) 0.345(3) 0.889 0.128 1.210(2) 2.189(2) 4.296(7)
05 10.843(3) 0.335(2) 0.997 0.125 1512(2) 2.283(3) 1.581(7)
06 10.863(2) 0.344(3) 0.878 0.118 1.341(2) 2.420(2) 3.046(7)
0.7 10.896(3) 0.339(3) 0.876 0.251 3.225(4) 0.892(3) 1.568(14)
08 10.891(3) 0.342(2) 0.791 0.335 1.947(2) 6.316(3) 8.035(12)
09: 10522(6) - - - -

0.9, 10.488(6) - 0.881 0.296 - - -

093 10.456(12) - - - -
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Figure 5.6: Relationship observed between the 48f oxygen x-parameter and the a-
parameters, as refined in Table 5.8 for single phase pyrochlore materials of the system
LaxZrxUxO7+s with x=0.1 - 0.8 formed in a hydrogen / nitrogen. The fraction of uranium
is as measured by EDS analysis.
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Figure 5.7: (a) X-ray diffraction of materials from the system LaxZr>xUxO7+s with x=0.1-0.9 formed in a reducing hydrogen/nitrogen
atmosphere and (b) the magnification of the (400) and (331) pyrochlore reflections area highlights in (a) and their development with increasing
substitution of uranium up to, and including composition LaxZr12Uo807+5. The material with composition LazZr1.1Uo907+5 has been modelled
to a fluorite structured material using the GSAS software. The fluorite indices are highlighted in red with the ‘F’ fluorite subscript.



Table 5.11: Key bond lengths for materials with target composition La>Zr2-xUxO7 formed
in a hydrogen/ nitrogen atmosphere, as refined from Rietveld analysis of the X-ray
diffraction data. *As taken from reference [33]

Length (A)
Bond La-O: La-O2 B-O2
Bond Multiplicity (x2) (x6) (x6)
0.0* 2.643 2.338  2.099
0.1 2.623(10) 2.340(1) 2.114(6)
< 0.2 2.639(9)  2.342(1) 2.108(6)
S 0.3 2.601(12) 2.346(1) 2.138(8)
'z 0.4 2.553(19) 2.349(1) 2.177(13)
=3 0.5 2.624(16)  2.348(1) 2.126(10)
S 0.6 2.563(20)  2.352(1) 2.174(14)
0.7 2.616(32) 2.359(1) 2.150(21)
0.8 2.580(80)  2.358(1) 2.170(50)

5.3.3 X-ray Absorption Near Edge Structure Spectroscopy

X-ray Absorption Near Edge Structure (XANES) analysis was completed in transmission
mode on the X23A2 beamline at the National Synchrotron Light Source (NSLYS),
Brookhaven National Laboratory (BNL), USA. Finely ground specimens were dispersed
in polyethylene glycol to achieve a thickness of one absorption length, full experimental
set up can be found in Section 3.6.1.1. Target energies to observe the U Lsz-edge were
selected in order to provide information on the average oxidation state of the uranium
within the compositions. This was completed through the comparison of materials to
standards CaU®"0s, Uos**YosTi20s and U*Ti,Os with known oxidation states of
uranium; U%*, US* and U**, respectively [34]. The comparison of the absorption edges of
the materials was made. An absorption edge is where there is a sharp rise within the pu(E)
value, at a particular energy, Eo, due to interaction of the incident X-rays with an
electronic shell of the probed atom. Eo was determined as energy at half of the normalised
intensity of the w(E) data, this value was calibrated and corrected through the use of the
yttrium K-edge of Y203 as a reference material, collected simultaneously with the data.
The energy at half the height of the normalised intensity was selected due to the differing
coordination environments of the uranium within the standards compared to the measured
materials, artificially effecting the position of the Eq value. A true Eq value quantifies the
maxima of the first derivative of the u(E) data. Background removal and normalisation
of the data to u(E)=1 was performed using the Athena Programme [35].
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Analysis of XANES data can be used as a fingerprint to quantify the uranium oxidation
state. The full shape of the peak is both determined by the oxidation state and the
coordination environment of the absorbent element. The target site of the uranium within
the pyrochlore material, the B-site, is a 6-fold coordinated site, this will influence the
shape of the peak of the p(E) curve. The crystal structure of the uranium in U*Ti,Oe, the
U** standard, and U o5Y05Ti2Os, the U>* standard, dictate that the uranium has a 6-fold
coordinated local environment, whereas the uranium for the U%* standard, CaU®*Qs, is
found in an 8-fold coordination environment. The linear deconvolution feature of the
Athena software enables the proportions of U**, U>* and U®* within the materials to be
calculated from the standards could have been utilised [36]. However, the standards
would be required to have the same coordination environment of the target element in
order to provide an accurate analysis. For this reason the alternative methodology of using
the energy at half the height of the normalised intensity for Eo values, to approximate the

average oxidation state of the uranium species within the materials was used.

5.3.3.1 Materials formed in an Air Atmosphere

Figure 5.8 show the XANES data for the U Ls-edge of materials with ideal compositions
LaxZr>xUxO7+s (X=0.1-0.6) formed in an air atmosphere. Each data set has been
normalised to an absorption edge step of u(E)=1.

The XANES data within Figure 5.8 were utilised to ascertain the Eo values,
summarised in Table 5.12, showing the change in uranium oxidation state with increasing
substitution. As the fraction of uranium in the ideal compositions increases the oxygen
stoichiometry required to charge balance the material increases.

For the air formed materials, the average uranium oxidation state >5.5, this is evidence
that uranium oxidation state is dominated by U®* with an average uranium oxidation state
formed from a combination of either U** or U®* with U®*. Therefore, a partial reduction
in the average uranium oxidation state was effected, despite the materials being formed
in air where oxygen was readily available.

For composition x = 0.6 has an average uranium oxidation state has been calculated
on the bulk material (Table 5.7). The XANES technique is unable to distinguish between
the two phases, therefore analysis of the oxygen stoichiometry for multiphase material,
based on the cation stoichiometries measured by EDS analysis (Table 5.4), was completed
under the assumption that the uranium oxidation state of each phase is equivalent and
represented by the XANES measurement. Oxygen stoichiometries for the multiphase

material (Table 5.12) have been calculated based on the average uranium oxidation state
102



of the bulk material. However, the refined XRD analysis (Figure 5.4), indicates a
secondary phase with the structure of a pyrochlore (Table 5.8). The pyrochlore structure
would be unable to accommodate an oxygen stoichiometry >8, therefore this suggests
that the average uranium oxidation state is not representative of both phases within the

material.
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Figure 5.8: X-ray Absorption Near Edge Structure (XANES) data of the uranium
completed on all samples of composition series Lax(Zr2-xUx)O7 formed in air up to and
including x = 0.5. Data reduction was performed using the Athena software. Data from
uranium standards for U**, U>* and U®* are also shown.

For composition x = 0.6 has an average uranium oxidation state has been calculated on
the bulk material (Table 5.7). The XANES technique is unable to distinguish between the
two phases, therefore analysis of the oxygen stoichiometry for multiphase material, based
on the cation stoichiometries measured by EDS analysis (Table 5.4), was completed under
the assumption that the uranium oxidation state of each phase is equivalent and
represented by the XANES measurement. Oxygen stoichiometries for the multiphase
material (Table 5.12) have been calculated based on the average uranium oxidation state
of the bulk material. However, the refined XRD analysis (Figure 5.4), indicates a
secondary phase with the structure of a pyrochlore (Table 5.8). The pyrochlore structure
would be unable to accommodate an oxygen stoichiometry >8, therefore this suggests
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that the average uranium oxidation state is not representative of both phases within the

material.

Table 5.12: Summary of the uranium oxidation state for each composition formed in an
air atmosphere, as determined from the linear fitting of the Eo values extracted from the
Athena fitting of the data.

N Eo energy U average oxidation Qxygen
Target composition (&V) state —calculated Stoichiometry

(error) (error)

Laz(Zr1.9Uo.1)O7+5 17158.8 5.97(13) 7.19 (1)
Laz(Zr1.8Uo0.2)O7+5 17158.7 5.93(13) 7.11(2)
Laz(Zr1.7Uo3)07+5 17158.6 5.88(13) 7.46(2)
Laz(Zr1.6Uo0.4)O07+5 17158.3 5.75(13) 7.42(3)
Laz(Zr1.5Uos5)07+5 17157.9 5.57 (13) 7.42(3)
1 8.2(1)

Laz(Zr14Uoe)O7+s 2 17157.8 5.53 (13) 7.40(4)
bulk 7.39(4)

5.3.3.2 Material formed in a Hydrogen / Nitrogen atmosphere

Figure 5.9 show the XANES data collected on the U Ls-edge for materials of ideal
composition LaZr,xUxO7+5 (x=0.2, 0.4, 0.6 and 0.8) formed in a reducing
hydrogen/nitrogen atmosphere. Each data set has been normalised to pu(E)=1.

The energy value at u(E)=0.5 was used to approximate the average oxidation state of
the uranium species within the material using measured standards as comparison.
Analysis of the measured compositions average uranium oxidation state, and the
corresponding oxygen stoichiometry for the measured compositions (Table 5.5), can be
seen in Table 5.13.

Due to restrictions on the instrument schedule not all materials formed in a
hydrogen/nitrogen atmosphere have been investigates by U Lz XANES, just alternate
compositions. In order to gain information on the non-measured materials the calculated
uranium oxidation states for the measured materials were plotted against uranium
substitution level (Figure 5.10) to establish a linear line of best fit. The uranium oxidation
state of non-measured materials have been estimated from the equation of this line of best

fit in Figure 5.10. The calculated values are quoted within Table 5.14.
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Figure 5.9: X-ray Absorption Near Edge Structure (XANES) data fitting of the Uranium
completed on alternate materials of composition series Lax(Zr.xUx)O7 formed in
hydrogen/nitrogen, up to and including x=0.8, using the Athena software. The figure
includes the fitting for U**,U°* and U®* standards, as measured and used to quantify the
oxidation state of the samples.

Table 5.13: Summary of the uranium oxidation state for each measured composition
formed in a hydrogen/nitrogen atmosphere, as determined from the linear fitting of the Eo
values extracted from the Athena fitting of the data. The oxygen stoichiometry has been
calculated from the measured compositions within the EDS analysis, Table 5.5.

Target Eo Energy | Average U Oxidation = Oxygen Stoichiometry
composition (eV) State (error) (error)
Laz(ZrisUo2)O7+5 ~ 17158.1 5.66(4) 7.38(3)
Laz(Zr1.6Uo4)O7+5 ~ 17157.6 5.44(4) 7.46(7)
Lax(Zr14Uo6)O7:s | 17157.3 5.31(4) 7.5(1)
Lax(Zr12Uos)O7:s | 17156.9 5.13(4) 7.6(2)

For materials formed in a hydrogen / nitrogen atmosphere there is an inverse relationship
between the increased uranium substitution and the average uranium oxidation state
measured. This results in a non-linear relationship between the oxygen stoichiometry
required to charge balance the compositions. As the fraction of uranium (x) increases for
the hydrogen / nitrogen formed materials, then Eq values generally shift closer towards a
lower average uranium oxidation states. The calculated oxidation states for the higher

substitutions of uranium (x=0.6 and x=0.8 in H2/N2) have a calculated average uranium
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oxidation state close to U°*. This shows that under a reducing atmosphere a greater
fraction of the uranium must have reduced from U®*, to equate to the lower average

oxidation states.

Table 5.14: Calculated uranium oxidation state based on the linear fitting of the measured
uranium average oxidation state and the inferred oxygen stoichiometry within the
structure.

Average U Oxidation =~ Oxygen Stoichiometry

X State (calculated) (calculated)

0.1 5.69(3) 7.33(1)
0.2 5.64(3) 7.34(2)
0.3 5.55(3) 7.40(4)
0.4 5.47(3) 7.41(5)
0.5 5.37(3) 7.28(7)
0.6 5.31(3) 7.42(9)
0.7 5.25(3) 7.5(1)
0.8 5.12(3) 7.4(1)
1 8.4(3)

2 7.5(2)

0.9 3 5.06(3) 6.77(9)
bulk 7.5(1)
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Figure 5.10: Linear fitting of the uranium oxidation state as a function of uranium
fraction, as measured in the EDS analysis for general composition Lax(Zr2-xUx)O7-s.
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5.3.4 Transmission Electron Microscopy

TEM investigations were completed on single grains of material, ground from the bulk
composition and mounted on a holey carbon-copper grid, the full experimental set up can
be found in Section 3.4.1.

Electron diffraction images were collected using the Technai G?> F20 XT TEM
instrument at The Institute of Transuranium Elements (ITU), Karlsruhe, Germany.
Analysis was completed on the [110]r and [112]r zone axis in order to enable the
identification of the pyrochlore superstructure on the fluorite sub-lattice, whose cell is
identified by the F subscript in the annotated TEM images. The presence of sharp Bragg
reflections, such as those labelled in Figures 5.11 and 5.12 for the air and hydrogen /
nitrogen formed materials, respectively, indicate the presence of the ordered fluorite
substructure. These reflections describe the reciprocal lattice of the general fluorite
matrix, Gr. These are surrounded by additional sharp intensities highlighting a
cation/anion super-lattice. These additional intensities are described using the modulation
vector ‘q’, relating the additional scattered energy to the underlying super-lattice through
the use of Gr£q. The presence of the sharp intensities at Gr £ %2(001)* positions, observed
down the [110]r zone axis, and Gr = %2(111)* positions, observed down both the [110]r
and [112]r zone axis, as shown in Figures 5.11 and 5.10, are indicative of the presence of
the pyrochlore superstructure. Due to time constraints on access to the instrument the full
set of electron diffraction patterns could not be collected but a representative example

have been analysed.

5.3.3.1 Materials formed in an air atmosphere

For the air formed materials, electron diffraction data from samples with target
compositions LaxZr.xUxO7-+5, with x=0.1, 0.3 and 0.5 was collected and analysed. Figure
5.11 (a) and (b) show a typical [110]r and [112]r zone axis diffraction pattern for the
materials with ideal composition LazZr1.9Uo.107+5 (x=0.1) formed in an air atmosphere.
Indexed are the fluorite sub-lattice of the structure with the presence of sharp reflections
at positions Gr + %2(111) highlighted with the arrows in (a) and (b) and the G £ %2(001)
intensity highlighted with the arrow in (a), indicating the presence of the ordered
pyrochlore superstructure. Similar super lattice reflections, indicated by the arrows, are
observed in all analysed materials, up to, and including, substitution of x=0.5, with ideal
compositions LazZr17Uo307+s and LazZr1sUosO7+5 also shown in Figure 5.11. The

intensity of the pyrochlore supercell reflections highlighted appear to be consistent
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relative to the fluorite reflections indexed. The definition, or sharpness, of the pyrochlore

supercell reflections are also retained.

Figure 5.11: Electron diffraction images, indexed with respect to the fluorite
substructure, of materials from the series LaxZr.xUxO7+s formed in air atmosphere with
(@) [110]r and (b) [112]F zone axis diffraction patterns for La2Zr19Uo.107+5, (c) [110]¢ and
(d) [112]F zone axis diffraction patterns for La>Zr1.7Uo.307+5, (€) [110]r and (f) [112]F zone
axis diffraction patterns for LazZr15Ug507+s.
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5.3.3.2 Materials formed in a reducing hydrogen/nitrogen atmosphere

Figure 5.12 shows images collected from the materials with composition La>Zr>-xUxO7+s,
with x=0.2, 0.4, 0.6 and 0.8 formed in a hydrogen / nitrogen atmosphere. Electron
diffraction images have been collected on the [110]rand [112]r zone axis. Indexed within
the images are the fluorite sub-lattice of the structure. The presence of sharp reflections
at positions Gr £ %2(111) highlighted with the arrows on both axis and the Gr + %2(001)
intensity highlighted with the arrow on the images of the [110]r axis, indicates the
presence of the ordered pyrochlore superstructure. Similar super lattice reflections,
indicated by the arrows, are observed in all the materials analysed, up to and including
substitution of x=0.8, as shown in Figure 5.12(g) and (h). The definition, or sharpness, of
the pyrochlore diffraction reflections are retained throughout the compositions and the
ratio of the intensity of the indexed fluorite cell to the highlighted pyrochlore supercell

appear constant.

5.4 Discussion

5.4.1 Discussions on Air formed Materials

Materials with the general composition LaxZr>.xUxO7+s where 0.1 < x < 0.6, were formed
in an air atmosphere, and have undergone crystallographic and chemical analysis. The
diffractions patterns at x < 0.5 were indexed to the pyrochlore super cell. For target
composition LaxZr2-xUxO7+5 Where x = 0.6, a multiphase assemblage was identified using
back scattered electron microscopy, coupled with EDS analysis. EDS analysis showed,
in general, a close correlation between the measured and target compositions for all
materials. It was also identified that for the materials formed in air it is shown that the
upper limit for a single phase uranium substituted lanthanum zirconate material, LaxZr»-
xUxO7+5, IS defined by the boundary 0.5 < x < 0.6. Confirmation of the pyrochlore
supercell was possible on all single phase materials, with no indication of cation disorder
within the TEM images (Figure 5.11).

For target composition LaxZr1.4Uo607 a two phase assemblage was identified, with the
major phase, Phase 2, having a composition defined as Lai.g41)Zr1.51(1)Uo.53(1)O07.40(2). This
is comparable to the composition measured for the target material LaxZr15Ugs07, at
Laz.o62)Zr1.51(1)Uo0.48(1)07.45(3), full EDS compositional analysis for all the materials formed
in an air atmosphere can be found in Table 5.4. The EDS data shows that the limit of the
substitution, and the stability of the phase, is close to the x = 0.5 composition. As a

function of increasing uranium substitution (x), the average uranium oxidation state
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Figure 5.12: Electron diffraction image of sample from the series LazZr,-xUxO7+5 formed
in Ho/N2 atmosphere with (a) [110]r and (b) [112]r zone axis diffraction patterns for
La>xZr18Uo0207+5, () [110]r and (d) [112]r zone axis diffraction patterns for
LaxZr16Uo4O7+5, (e) [110]r and (f) [112]r zone axis diffraction patterns for
LaxZr14Uo607+5, (g) [110]r and (h) [112]r zone axis diffraction patterns for
LaxZr1.2Uo0807+5, Indexed with respect to the fluorite substructure.
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measured decreases, despite the availability of oxygen within the forming air atmosphere
(Table 5.12). XANES analysis indicates the average uranium oxidation state of material
formed in air is >5.5+ highlighting that the uranium species is dominated by U®" with a
smaller contribution of U* or U°*. The uranium is assumed to locate on the target
tetravalent B-site of the structure, this is postulated to force the uranium to reduce in order
to co-exist with the Zr** cations on the B site. For the target composition LayZr14Uo 607
the uranium has reduced to an average oxidation state of 5.53+ but this is not sufficient
to form a single phase material. The EDS measurement completed on the bulk material
showed an average composition of Laz.os(2)Zr1.35(1)Uo.581)07.392), highlighting that the
precursor materials were combined in the correct stoichiometry. The ra/rg value is used as
an indicator of the likelihood of a pyrochlore structure forming, using the ionic radii of
the cations. Analysis of this value (Table 5.6) indicates from the ionic radii ratio between
the two cation sites, a single phase material should have formed. Rietveld refinement of
two pyrochlore structures was successfully applied to the data of the La>Zr1.4Uo.607 target
material. Both the a-parameter and the x-position in the 48f oxygen for Phase 1 and Phase
2 are larger than for the single phase materials, although Phase 2 is comparable to target
composition LaxZr15Uos07 highlighting the solid solution limit must be close to the x =
0.5 composition. XANES samples were prepared from the bulk material through grinding
into a fine power, prior to the correct quantities being taken for the sample preparation,
this is to ensure that a representative sample is taken of the phase assemblage. XANES
analysis on the multiphase composition, both identified to contain uranium, only provides
information on the average uranium oxidation state, therefore the uranium oxidation state
of each phase was not defined. Both phases were analysed to exhibit the pyrochlore
superstructure, see Figure 5.4 and Rietveld refinement results in Tables 5.8 and 5.9.
However, the oxygen stoichiometry calculated, from the average uranium oxidation state,
show the minor phase, a uranium rich material with composition
Laz.9a)ZrossU1s21)082¢1) to have an unusually high oxygen stoichiometry for a
pyrochlore materials. This oxygen stoichiometry has been derived in order to maintain
charge neutrality across the oxide material. Accumulation of oxygen would be assumed
in the ordered oxygen vacancy inherent in the pyrochlore structure. This level of oxygen
accumulation within the minor secondary pyrochlore phase observed would be expected
to destabilise the pyrochlore structure. An oxygen stoichiometry of 8 would result in all
vacant position being occupied, the loss of the order anion vacancy, and the formation of
a fluorite structured material. Rietveld refinement with a combination of pyrochlores and

fluorite structures was attempted but was unsuccessful, as was refinement with 2 fluorite
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structures. Initial refinement did indicate the presence of two pyrochlore structures.
Therefore an oxygen stoichiometry of 8 would not be expected, an oxygen stoichiometry
>8 with a pyrochlore structure would not be possible due to a lack of crystallographic
sites for the additional oxygen to locate.

Analysis of the materials with normalised compositions from the EDS measured
materials can be found in Table 5.15. These are normalised to ~7 oxygen, as expected for
the ideal pyrochlore structure. For target composition LaxZr1.4UosO7 the normalised
compositions for the bulk material can be compared to the normalised composition of
Phase 2, the predominant phase within the material. It can be seen that the bulk material
is deficient in zirconium and rich in uranium compared to Phase 2. In contrast, the minor
secondary pyrochlore material (Phase 1) formed is deficient in cations, indicating the

formation on cation vacancies within the structure.

Table 5. 15: Summary of semi-quantitative results from EDS analysis (Table 5.2) with
the inclusion of the normalised cation calculations to ~4 cations and the corresponding
oxygen stoichiometry based on the XANES analysis of bulk uranium oxidation state,
summarised in Table 5.12.

Target

. Semi-Quantitative EDS Normalised Compositions
Composition

(@ LaxZrioUo107+s Lazio@)Zrisr2)Uo.10)07.190) Laz.012)Zr1.782)U0.100)07.00(2)
(b) LaxZrigUo207+s5 Laz.oiz)Zrise)Uo201)07.11(2) Laz.003)Zr1.742)U0.201)07.00(2)
() La2Zri7U0307+s5 Laz.ose)Zriz2e)UoszwO07.46(2) La1.93(3)Zr1.62(2)U0.30(1)07.00(2)
(d) La2Zr16U0407+s5 Lazi112)ZrissrUoss)O7.42(3) La1.99(2)Zr1.49(1)U0.36(1)O07.00(3)
(e) La2ZrisUos07+s5 Laz.ose)ZrisiUoss)O7.4503) La1.94(2)Zr1.411)U0.46(1)07.00(3)
1- Lagoa)Zross)Uis21)Os.21)  1- Lawesw)Zro.az)U1.301)07.00)
2- Lai.ga)Zris11)Uos31)07.404)  2- Law.ga1)Zr1.43(1)Uo.501)O07.004)
Bulk- Bulk-
Laz.06(2)Zr1.35(1)U0.58(1)O7.39(4) La1.95(2)Zr1.28(1)Uo0.55(1)O07.00(4)

(H  Laz2Zr1.4Uoe07+5

5.4.2 Discussions on Hydrogen / Nitrogen formed Materials

The development of materials of the target compositions LaxZrz.xUxO7-+5. where 0.1 <x <
0.9, have been analysed after synthesis in a hydrogen / nitrogen atmosphere. The
successful formation of the pyrochlore structure up to, and including, target composition
Lax(Zr1.2Uo.8)O7, shows that, in a reducing atmosphere, a greater fraction (x) of uranium
can be substituted for zirconium and successfully form a single phase assemblage with a
pyrochlore crystallographic structure. Rietveld refinement completed on XRD data using
the GSAS software (Figure 5.7) provided refined structural parameters for the pyrochlore
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supercell (Tables 5.10 and 5.11). SEM and EDS analysis was used to confirm a single
phase assemblage (Figure 5.2) and the material compositions are summarised in Table
5.5.

EDS analysis provided measurement of the cation stoichiometries within the materials
and indicated that all material compositions were comparable the target stoichiometries.
The limit of the substitution with the targeted substitution was measured by EDS analysis
at Lar.oa@)Zr1.2001)Uo.81(1)07.4¢1). The presence of the pyrochlore supercell was confirmed
through the use of electron diffraction within the TEM instrument.

TEM analysis of the materials on the [110]r and [112]F axis enabled the identification
of additional diffraction intensities indicative of the pyrochlore supercell. Within Figure
5.12 the pyrochlore supercell intensities are highlighted through the use of the arrow.
There are few examples of TEM analysis of actinide bearing pyrochlore materials,
however the results of inactive analogues analysed show mixed findings for the
development of the phase with increasing concentrations of uranium analogue species
[17, 21, 37]. This work shows that with increasing substitution of uranium for zirconium
on the B site within the pyrochlore structure, ideal composition A2B207, are randomly
arranged. This can be deduced from the lack of additional intensities to the pyrochlore
supercell, showing that no additional cell to the pyrochlore or fluorite cells exists, so the
zirconium and uranium cations have not ordered within the structure. In addition to this,
the sharp nature of the pyrochlore supercell reflection intensities are consistent, showing
that the B site is able to accommodate the substitution without creating crystallographic
stresses / strains. Stresses / strains within the crystallographic structure of a pyrochlore
would have been identified through the appearance of diffused scattering around the
pyrochlore supercell reflections in the electron diffraction images, as observed by Reid et
al and De-los-Reyes et al. [17, 21, 37]. The absence of such diffuse intensity, and the
maintenance of the intensity of the supercell reflections, show a disordered B site
arrangement of the uranium and zirconium cations maintaining the pyrochlore
superstructure with the underlying fluorite sub lattice.

Material with the target composition LazZr11Uo907, x=0.9, was synthesised in a
hydrogen / nitrogen atmosphere with a bulk composition measured of
Laz.o1(4)Zr1.13¢2)U0.892)O7.5(1). Back scattered electrons showed an assemblage consisting
of three phases, shown in Figure 5.2(i), with compositional analysis of the three phases
are included in Table 5.3. Rietveld analysis on the XRD data on the material showed the
formation of 3 phases each with the structure of a fluorite. Attempts to refine a single

pyrochlore structure, in isolation and in combination with a fluorite structure, were not
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successful. Figure 5.7 (b) shows the model of the material as refined to the data, for
composition with x=0.9 there is a distinct shift within the data to higher 20 angles,
symptomatic of a reduction in the volume of the unit cell. In order to analysis this, the
refined a-parameter for the 3 fluorite structures, in Table 5.10, are reported as 2ar, where
ar=2ar. It can be seen that for all 3 phases the unit cell parameter is smaller than those
measured for the pyrochlore materials (x < 0.8).

The XANES analysis of the series formed in hydrogen / nitrogen showed that as the
fraction of uranium increases, then the average uranium oxidation state decreases. This
relationship is utilised in Figure 5.10 in order to determine the average oxidation state of
the non-measured materials within the series (x = 0.1, 0.3, 0.5, 0.7, 0.9), respectively.
Materials formed in an oxygen deprived atmosphere are able to incorporate a greater
fraction of uranium within the pyrochlore structure, and still maintain a single phase
assemblage. For the substituted limit of Laiga@)Zri2o01)Uos11)O7.41) the oxygen
stoichiometry has been determined by XANES analysis, and is comparable to the oxygen
stoichiometry measured for the air formed material. This suggests that the limit of
substitution driven by the structures ability to incorporate oxygen in order to maintain
charge neutrality. In the absence of an oxygen rich atmosphere the uranium is able to
reduce and therefore less oxygen is assumed to accumulate within the anion vacancy of
the structure. However, a complete substitution was not possible, with the limit of
substitution reached between the boundary 0.8 < x < 0.9 in LaxZr2-xUxO7 for hydrogen/
nitrogen materials. The XANES analysis (Table 5.13 and Table 5.14) shows that the
uranium has not been fully reduced to U**, however an average uranium oxidation state
close to U was quantified, indicating the dominate average oxidation state of U%*, or has
a larger fraction of U**.

The bulk material with target composition La»Zr1.1Uo9O7 has a chemical makeup of
Laz.01(4)Zr1.1312)U0.89(2)O07.5(1). The oxygen stoichiometry has been determined assuming the
uranium oxidation state has continued to reduce linearly in the multiphase material. The
average uranium oxidation state of the material is assumed to represent the uranium
species within all three phases, however this may not be the case. Establishing the
oxidation state of each phase is beyond the scope of this work. Phase 2 and 3 have been
successfully refined to the structure of a fluorite, space group Fm3m (Figure 5.7). The
oxygen stoichiometry of the material for Phase 2 and 3, based on the calculated average
uranium oxidation state, has less than 8 oxygens, as required by the ideal fluorite material,
(AB)4Og. This could be an indicator that a defect fluorite, (AB)4O-, structure, with a

disordered anion vacancy, has formed. TEM was not completed on this material due to
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time restrictions, but TEM on the material would provide information on the underlying
crystal structure. Phase 1, also successfully refined to the fluorite space group, has a
calculated oxygen stoichiometry of 8.4(3). The error within the oxygen stoichiometry has
been calculated from the uranium oxidation state, however, the error on the composition,
as determined by EDS analysis will influence the oxygen stoichiometry therefore the error
maybe underestimated. The general formula of the pyrochlore structure includes 4
formula units of cations, split evenly across the two cation sites, A and B. Cation ratios
for phases 1-3 in the multiphase assemblage with target composition LaxZr1.1Uo.907+5
(assuming lanthanum sits on the A-site, and zirconium / uranium on the B-site) have been
assessed from Table 5.5. Phase 1 is A site deficient or B site rich. Phase 2 has a slight
excess of cations on the A site and is deficient on the B site. Phase 3 has a >50% excess
of cations on the A site and would be highly deficient on the B site. All 3 phases have a
4 formula units of cations. The refined fluorite structures, and the instability of the cations
on the A and B-sites, indicate the cations on the A and B-sites have mixed in order to
stabilise the fluorite structure.

5.5 Conclusions

This work shows the chemical flexibility of lanthanum zirconate pyrochlore, La>Zr,07,
through the incorporation radioactive species of variable oxidation state onto the
tetravalent zirconium B-site. Using uranium, both for direct disposal and as an analogue
for plutonium oxide immobilisation, ceramic materials have been prepared. Materials
were formed in an air or reducing hydrogen / nitrogen atmosphere to determine the phase
assemblage, with the target phase a single pyrochlore structure of space group Fd3m.
Materials were successfully synthesised with compositions up to, and including.
Laz.0s2)Zr1.511)Uo481)O7.4533) and Lai.eae)Zri20w)Uos11)O7.41), in air and hydrogen /
nitrogen, respectively. The limit of the substitution of uranium within the pyrochlore
material La>Zr.O7, has been determined as dependent on the availability of oxygen within
the forming atmosphere.

The inability for the uranium to reduce sufficiently in the air formed materials results
in the substitution limit being driven by the structures ability to incorporate an excess
oxygen anions. This is caused by replacing Zr** cations with uranium cations with an
average oxidation state of >5.5+, hence dominated by U®*. This assumption is based on
creating a charge neutral material. At the limit of substitution in air a two phase

assemblage is formed, a major phase with a pyrochlore structure and composition of
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La1.oan)Zris11)Uos31)07.404), and a minor uranium rich phase of composition
La1.941)Zross1)U152(1)0s2¢1). The uranium oxidation state for both materials has been
calculated based on the average uranium oxidation state of the bulk material. The excess
of oxygen in the minor phase, and the average oxidation state calculated on the bulk
material (Laz.062)Zr1.3501)Uo.58(1)07.309(4)) leads to be conclusion that the oxidation state of
the uranium within each phase is independent and the average is not representative.
When materials were synthesised in an oxygen free, or reducing hydrogen / nitrogen,
atmosphere the uranium cations are able to reduce further. This is assumed due to the lack
of available oxygen within the forming atmosphere. The reduced oxygen results in a
greater fraction of uranium being included within the structure. However it was noted that
the oxygen stoichiometry for both air and hydrogen / nitrogen atmosphere were
comparable, indicating that the accumulation of oxygen within the ordered oxygen

vacancy of structures limits the substitution of uranium.

5.6 Future Work

Further work for this chapter should be undertaken in the following areas:

e Complete TEM analysis of materials in order to understand the complete
development of the materials within increasing substitution in air and hydrogen /
nitrogen.

e Complete XANES analysis on the hydrogen / nitrogen single phase materials in order
to gain further information of the uranium average oxidation state.

e Undertake analysis using neutron diffraction to enable Rietveld refinement of the
structure, including the x-coordinate position of the 48f oxygen.
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Chapter 6 Formation of Uranium Titanate

Materials

6.1 Introduction

Titanate ceramics have been studied extensively as a candidate material for the long term
disposal of actinides. This could comprise of a single phase assemblage, or, as part of a
multiphase waste form, such as synthetic rock (SYNROC) [1-7]. This chapter focuses on
the brannerite and rutile structured titanate materials, both of which can be found as
component phases within SYNROC type system [4, 6, 8-17]. A key advantage of
SYNROC is its ability to simultaneously host several radioactive components of a single
waste stream. Several formulations have been derived depending on the waste stream in
which they target, with SYNROC C and SYNROC F including the formation of a uranium
brannerite material. The uranium brannerite material forms when an excess of uranium
oxide is added to an immobilisation matrix which includes rutile titanium dioxide as a
starting component [1].

The brannerite mineral, (U*",REE,Th,Ca)(Ti,Fe*",Nb)2(0,0H)s, is found in natural
environments with uranium, thorium and rare earth element (REE) components with
variable compositions. This highlights the structures ability to incorporate actinide
cations with impure components in a synthetic brannerite of ideal composition UTi2Oe
[18-20]. Natural brannerites are found in a metamict state, where the crystal structure has
been lost due to damage accumulation from the radioactive decay of component species
over time. However, the abundance of natural analogues for ceramic materials enables
analysis of the material structure, and its ability to retain radioactive species over long
time scales [2, 21-23]. This is a concern for the GDF concept which relies upon multiple
engineered barriers, working in conjunction with the properties of the host geological
rock, designed to retain the radioactive species for hundreds of thousands of years [24].
Ceramic materials are proposed as the primary barrier to prevent the release of radioactive
cations through intimately mixing of actinide materials with inactive components.

The crystalline structure of a brannerite is monoclinic, with general structure A**B2*"Os
space group C2/m. The structure consists of layers of TiOg edge sharing octahedra, linked

by UOs octahedra, see Figure 6.1. The refinement of synthetic uranium brannerite,
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UTi20s is refined to structural parameters a = 9.8123(15)A , b = 3.7697(6)A, ¢ =
6.9253(9)A and p = 118.957(6)°, with crystallographic positions summarised in Table 6.1
[25].

TiOg

U0, Octahedra

U Octahedra~~

Figure 6.1: The Brannerite structure view of the [010] axis: left, showing the cations and
anions, and right, showing the interaction between the edge sharing TiOs octahedra (blue)
linked by the UOs octahedra (green) for ideal brannerite UTi20e

Table 6.1: Crystallographic coordinate positions for the brannerite structure with space
group C2/m and composition UTi20s, taken from J.T. Szymanski (1982) [25].

Element | Wyckoff Symbol X y i

U 2a 0 0 0

Ti 4i 0.82356(4) 0 0.39107(6)
01 4i 0.97718(22) |0 0.30828(31)
02 4i 0.65272(24) | 0 0.10530(33)
03 4i 0.28053(26) |0 0.40531(38)

The oxidation state of uranium within a ceramic material requires a full understanding for
storage within the GDF. The mobility of uranium is dependent on the charge of the
uranium cation. Under oxic conditions, uranium will oxidise to form UO2?* cations, which
are mobile in aqueous environments. For this reason a full understanding of the charge
compensation mechanism of the composition is required for storage within the GDF. In
order to understand this behaviour the stability of a brannerite phase with variable cation
substitutions has been completed. The substitution of trivalent cations, M, in place of
tetravalent uranium, general composition U1.xMxTi20s with M= Cr, Fe, Pr, Y and Yb,
have been completed in order to understand the structural response of the material. The

chemical flexibility of the brannerite structure with large rare earth element substitutions
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in the A site of the structure has been studied by others [13, 14, 17, 26]. Conversely here
the use of chromium and iron will enable analysis of the structure with the substitution of

smaller transition metal cations, see Table 6.2 for a summary of ionic radii.

Table 6.2: A list of the compositions synthesised. The cation ionic radii of both the
substituted element (M) and the ionic radii size of various oxidation states of uranium.
Note: titanium cation ionic radii size of 0.605A was used.

N U lonic Radii (VI1), A (o N

Composition n n o M3* lonic Radii (V1), A
Uo.25Cro.25 Ti2.506
UosCrosTioOs6
Uo.75Cro.75Ti1.506 0.615
UCITiOs
UosFeosTi206 0.890 | 0.760 | 0.730 0.550-0.645
Uo54Y046Ti1206 0.900
Uo.525Pro.475 T1206 0.990
Uos5YbosTi20g 0.868

Substitutions of chromium, UosoCros0Ti2Os saw the formation of a single phase
assemblage with a structure which could be indexed to the reflections of a rutile. In order
to investigate this further compositions of series UxCrxTis.2xOs With x = 0.25, 0.50, 0.75
and 1.00 were synthesised.

The rutile structure, TiOg, is a tetragonal structure with space group P42/mnm. Ideal
structure parameters for rutile, TiO,, are a = b = 4.592A, ¢ = 2.958A with o = p =y = 90°
[27]. The structure has a cation crystallographic site defined at position 2a, (0, 0, 0), with
flexibility in the oxygen anion position, the 4f oxygen position with (x, y, 0) where x =y
=0.3057 for an ideal TiO2 rutile [28]. A small unit cell and single cation crystallographic
site, may not be desirable for large quantities of actinide materials when designing a
ceramic wasteform. Large quantities of fissionable uranium or plutonium oxides within a
small volume may lead to a critical event as radiation induced damage results in a loss of
crystalline structure. However, the potential formation of the phase in a ceramic material
where large quantities of uranium, titanium and chromium oxides are present, warrant an

understanding of the materials development.

6.2 Experimental Method

Materials were fabricated from stoichiometric quantities of dried component oxides; UO»,

TiO2 and M203 (with M= Cr, Fe, Pr, Yb, Y). Oxide precursors were dried to remove any

hydration / carbonation products, and weighed according to the relevant stoichiometries.
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These were then homogeneously mixed using a Mini-Mill PULVERISETTE 23 ball mill,
in batch sizes of 1g. Materials were reacted in air as powders at 1400°C for 24 hours,
allowed to cool to room temperature, reground into a powder and heated for a second
treatment at 1400°C for 16 hours. Target compositions U1.xMxTi2O¢ with M = Fe, Pr, Yb
and Y and target compositions UxCrxTis.2xOs Where x = 0.25, 0.50, 0.75 and 1.00 have
been synthesised.

In order to aid analysis, the materials have been divided into two groups; brannerite,
Section 6.3, and chromium substituted materials, Section 6.4. The brannerite sub group
divided further into Fe substitutions and substitutions of REE; Y, Yb and Pr. The iron
containing materials highlight the substitution of a small cation in the structure. The
substitution of REEs highlight the chemical and structural flexibility of the material due
to substitutions of cations with ionic radii comparable to those of actinide cations. The
enabled the analysis of the uranium response to the large quantities of trivalent cations in
its place. A 50:50 tri- and tetra-valent cation on the A site could bring about several
changes in the uranium oxidation:

1) The uranium could oxidise to U®*, therefore the A-site average charge of 4 will be
maintained.

2) The uranium could all oxidise to U%*, with the formation of cation vacancies in order
to maintain the oxygen stoichiometry of 6.

3) The uranium could form a U** / U%* mix with average uranium oxidation state of U%*,
and an average site valence of 5.

4) The uranium could remain as U** with the formation of oxygen vacancies in the
structure in order to form a charge neutral material.

The desirable reaction would be for the uranium to all oxidise to U>*. This would ensure

a stable phase formation without structural modification to the unit cell. A single uranium

with an oxidation state of 5 also mitigates the risk of uranium cations with a oxidation

state of 6, which are mobile within the environment [29]. In order to enable the

measurement of the uranium oxidation state, and establish the effect with the variable

REE cation size, systematic substitutions were completed. However, instrument

availability restricted the quantification of the uranium average oxidation state, therefore

bond valence sum calculations have been completed using the refined bond lengths

determined from neutron diffraction analysis.
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6.3 Brannerite Materials Results and Discussions

6.3.1 X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was performed on a STOE STADI P diffractometer
using the set up described in Section 3.1.2.1. XRD samples were prepared within a
dedicated fume cupboard whereby finely ground powder was homogeneously dispersed

in glue on an acetate film prior to loading into the instrument sample holder.

6.3.1.1 Rare Earth Element (REE) Substitution

Analysis of the synthesised materials found that in order to form a single phase
assemblage, minor variations in the original stoichiometries were required. Scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) have been
utilised to confirm this, Section 6.3.2. The final target compositions to form a single phase
assemblage were; Uos25Pro.475Ti2Os, Uos00Ybos00Ti20s and UosaoYo0.460 Ti20s. X-ray
diffraction data collected to confirm this were indexed to the brannerite structure in Figure
6.2. Full structural refinement of the materials has been completed with neutron
diffraction data, Section 6.3.3.

6.3.1.2 Iron (Fe) Substitution

The formation of a single phase assemblage with target composition Uo.eFeo.4Ti2Os Was
formed by Vance et al. [30]. By increasing the fraction of trivalent iron substituted for the
uranium, target composition UosFeosTi2Og, the oxidation of uranium to form U°* was
targeted in order to maintain charge neutrality across the material. However, attempts to
form a single phase assemblage were unsuccessful. Vance et al. used a nitrate / alkoxide
route to form the product in both air and argon atmospheres. In contrast, here, dried oxide
powders are utilised due to the difficulties associated with the dissolution of U**O, oxide
in a nitrate / alkoxide route. In order to understand if the brannerite phase formation in

this experiment was due to the
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Figure 6.2: X-ray diffraction data collected on the STOE STADI IP for compositions; Pr = Ugs25Pro.475Ti20s, Yb = Uos00Ybos00Ti20s and Y =
Uos40Y0.460 T1206. Indices of the reflections indicative of the brannerite structure, space group C2/m, are included.



increased iron substitution, over the more intimate mixing regime utilised by Vance et al.,
a smaller fraction of iron was substituted (target composition UosFeo.4Ti2Og as formed by
Vance et al.) and synthesised using dried oxides. Attempts to form a single phase
assemblage proved futile therefore it is concluded that the more intimate mixing regime,
and hence the short diffusion distances during sintering, aids the formation of brannerite
materials with iron transition metal substituted for uranium. The multiphase assemblage
formed during the reaction of the dried oxides with iron substitution are indexed in Figure
6.3.

Crystallographic analysis of XRD data for the target composition, UgsFeosTi20s,
highlighted the presence of brannerite, however, the crystal structure indicative of rutile
TiOz, with minor contributions of uranium oxide were also indexed. No excess iron was
indexed, indicating all the iron has reacted with component oxides. A greater fraction of
uranium oxide was required to react with the titanium oxide to form the brannerite phase,
therefore the target stoichiometry UosFeo4Ti20s Was synthesised. A greater fraction of
the crystal structure indicative of the brannerite phase has been indexed, but an excess of
rutile TiO2 was still identified, with a smaller quantity of unreacted UOs. The ionic radii
of iron and uranium are dissimilar, see Table 6.2, this could be used to explain the
substitution limit of iron for uranium within the structure. This highlights, via this
synthesis methodology, the structure is unable to accommodate large quantities of small

cations on the A site.
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Figure 6.3: Indexed phases identified within target materials of compositions
Uo.sFeo.4Ti20s and UgsFeosTi20s. Reflections indicative of the phase assemblage present
are highlighted.
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6.3.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy of
REE Brannerite Materials

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
analysis have been used to aid identification of the phase composition of the REE
substituted materials on the Hitachi TM 3030 instrument, see Section 3.2 for theory and
instrument set up.

Ceramic materials are generally prepared for SEM analysis through sintering a sample
of the formed material into pellets, however multiple attempts to press and sinter material
resulted in the sample melting. For this reason powders have been analysed as dispersed
powder on carbon adhesive surfaces. The black areas are the carbon adhesive film on
which to loose powder has been affixed to.

Examination of the materials; Uos2sProsrsTi2Os,  Uosa0Yo0.460Ti20s  and
Uo.500Ybos00Ti20s, using SEM and EDS analysis (Figure 6.4) indicted the material had a
single phase assemblage. Semi-quantitative EDS data, as averaged from 5 individual
grains for each composition, was analysed at 30,000x magnification and collated in Table
6.3. Oxygen stoichiometry was inferred from the assumption that the material is unable
to accommodate an oxygen stoichiometry >6. Due to the inability to quantify the uranium
oxidation state the compositions measured were normalised to 2 titanium cations, as
defined by the brannerite structure. Assuming that the lanthanide has a charge of 3+, and
the titanium a charge of 4+, the average uranium oxidation state has been inferred from

the normalised compositions, see Table 6.3.

Table 6.3: Compositional analysis using semi-quantitative EDS of target composition;
Uo.525Pr0.475 Ti206, Uo.540Y 0.460 Ti20s and Uo 500 bo.500 Ti20s. Compositions are determined
from an average of 5 spot analysis on multiple grains of each phase. The number of
oxygen is assumed to be 6 based on the observed brannerite structure, and the normalised
compositions are determined from assuming 2 formula units of titanium.

Target Measured Cation Normalised composition U
Composition Composition P Oxidation
Uo.525Pr0.475Ti206 | Uo.50(4)Pro.ss(2) Ti2.008)O6 Uo.s6(4)Pro.432) Ti2.008)O6 4.84(4)
Uo54Y0.46Ti206 Uo.s6(2) Y0.43(2) Ti2.09O6 Uos542) Y0.412) Ti2.007)O6 5.13(2)
Uos5YbosTi206 Uo.544) Y D0.473) Ti2.043)O6 Uo.534) Y Do.463) T12.003)O6 4.94(4)
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Figure 6.4: Back scattered electron micrograph of samples (a) Uos2sPro475Ti20s, (b)
Uos40Y0460T120s and () Uos00Ybos00Ti2Os as collected on the Hitachi TM3030
instrument.

6.3.3 Neutron Diffraction Analysis of REE Brannerite Materials

Accurate structural analysis was completed on the High Resolution Powder

Diffractometer (HRPD) instrument at ISIS, Harwell. The ISIS facilities uses time of flight
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neutrons (TOF), full facility configuration can be found in Section 3.3.2. Radioactive
materials were prepared away from the instrument, at the University of Sheffield, within
a dedicated glovebox. Data collected using the backscattered detector was refined using
Rietveld refinement analysis, which has a d-spacing range of ~0.6-4.6A (TOF 30-230ms)
with a resolution (Ad/d) of up to ~5 x 10™.

Refinement was undertaken using the Rietveld method through the GSAS software,
results shown in Table 6.4 and Table 6.5. [31, 32]. Refinement has been completed using
the normalised compositions within Table 6.3 and the starting parameters taken from the
refinement of synthetic uranium brannerite (UTi2Og) by Szymanski et al. [25]. Figures
6.6 - 6.8 show the refined brannerite structures for target compositions Uo.525Pr0.475 Ti2Os,
Uos40Y0.460Ti20s and Uos00Ybos00Ti20s, respectively. Cations on the A-site (ATi2Og)
have a shared occupancy, therefore their thermal parameters have been constrained due
to sharing the same crystallographic site.

Analysis of the refined lattice parameters in Figure 6.5, represented by the volume
(Table 6.4), show a linear relationship with the ionic radii of the REE cation on the A site

of the structure. As the ionic radii increases so does the refined unit cell volume.
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Figure 6.5: The unit cell volume of the brannerite target compositions; Uo.s25Pro.475Ti20s,
Uo:s20Y0.460 T1206 and Uos00Ybos00Ti20e, plotted against the ionic radii size of the

substituted A-site REE cation. The volume is extracted from the Rietveld refinement of
the unit cells.
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Table 6.4: Refined parameters of single phase brannerite materials analysed by Rietveld

refinement of neutron diffraction data collected on the HRPD instrument, ISIS.

Substituted Cation Pr Y Yb
Space Group C2/m
o a(A) 9.810 (2) 9.809(1) 9.805(4)
£ b (A) 3.746 (6) 3.722(1) 3.715(2)
£ c(A) 6.966 (3) 6.842 (3) 6.814(3)
étu B (°) 118.46 (1) | 118.601 (7) | 118.59 (1)
5 Cell Volume (A3) | 225.022 (4) |219.328(1) |217.931(2)
£ 2 3.29 1.94 2.25
¥ WRp 0.066 0.048 0.063
U&Ln 0.946 (4) 0.678 (4) 1.241 (4)
T 1.253 (4) 1.383 (5) 1.026 (5)
< | 01 0.841 (3) 0.757 (4) 1.042 (4)
8 102 1.229 (4) 1.249 (4) 1.295 (4)
S x |03 1.328 (4) 1.234 (4) 1.320 (4)
U&Lnh |(2a |x |0 0 0
y |0 0 0
z |0 0 0
Ti 4i |x |0.839(1) 0.832(1) 0.830(2)
S y |0 0 0
= z |0.410(1) 0.409(3) 0.405(2)
= 01 4i | x |0.986(1) 0.981(1) 0.980(1)
T o
5| & y 10 0 0
O z |0.310(1) 0.309(1) 0.305(2)
g 02 4i | x |0.662(2) 0.660(1) 0.657(2)
< y 10 0 0
z |0.109(1) 0.107(2) 0.104(2)
O3 4i | x |0.290(1) 0.286(2) 0.281(2)
y |0 0 0
z |0.416(1) 0.410(1) 0.409(1)

Table 6.5: Key bond lengths for the brannerite structure, as determined from Rietveld
refinement of high resolution neutron diffraction data for each of the target compositions.

Length (A)

Bond Multiplicity Pr Y Yb

U&M-0; |x2 2.239(2) |2.231(4) | 2.229(5)
U&M-0, |x4 2.289(4) |2.283(3) | 2.278(3)
Ti-O1 x1 1.852(4) |1.849(3) | 1.843(1)
Ti-O1 x1 2.019(2) |2.012(3) | 2.008(2)
Ti-O2 x1 1.899(3) | 1.892(1) | 1.889(1)
Ti-O3 x1 2.121(2) | 2.115(3) | 2.106(3)
Ti-Os3 X2 1.949(1) | 1.942(2) | 1.939(1)
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6.3.5 REE Brannerite Bond Valence Summations

Rietveld refinement of neutron diffraction data enabled the analysis of the bond lengths
within the crystal structure for each of the REE compositions, Table 6.5. The bond lengths
were used to for bond valence sum (BVS) calculations.

The valence of a cation is an expression of the number of electrons gained or lost in
order to stabilise the bond of the atom, and is given in valence units (v.u.). A bond is
created with the valence electrons, the electrons within the outer most shell of an atom,
between two atoms, this also described the charge of the cation. The valence electrons of
a cation is equivalent to the charge of the cation, valence electrons also require the least
energy to form a bond within the structure. Bond valence sum (BVS) calculations were
completed through analysis of the measured bond length of a structure and the reference
bond length of the cation, multiplied by the number of bonds and the products summed.
Bond valence sum calculations have been used as a comparative tool to understand the
stability of the refined crystal structures with U**, U>* and U®*. Each cation valence has
been calculated using the bond valence summation (BVS) methodology, Equation 6.1.

The BVS has also been calculated for the Ti** and metal cation, Pr¥*, Y3 and Yb** in
order to validate the refined cation location with known valancy but highlighting any

abnormal behaviours.

Valence =V =) v;

Vi = exp (@) Equation 6.1

Empirical constant b is determined as b = 0.37 for oxides, Ro is the tabulated reference
bond lengths taken from Brese and O’Keefe [33] and Ri is the observed bond length,
taken from the refinement of the structures using high resolution neutron diffraction
analysis, Table 6.5. A valence with a difference of >10% to target valence indicates that
the atom is over or under bonded, depending on whether the value is greater or smaller,
respectively. The valence is dependent on the atom in the material. For these materials it
was expected that the titanium would have a valence of 4, the REE would have a valence
of 3, and the valence of the uranium is explored by varying the Ro value for U**, U%" and
US*. However, studies of the theoretical values of Ro for U>* are limited, and therefore
the Ro value for U must be determined uniquely. X-ray Absorption Near Edge
Spectroscopy (XANES) analysis previously completed on yttrium bearing uranium
brannerite material (Stennett et al.) quantified the average oxidation state of uranium at
us*,
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Figure 6.6: The refinement of the brannerite model of material with target composition Uos25Pro475Ti20e. The analysed was completed using neutron
diffraction data collected on the HRPD Instrument, ISIS, Harwell using the GSAS software. The model fitting is indicated by the purple trace, and the
quality of the fitting to the data is shown by the observed minus calculated difference trace, in black
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Therefore the assumption that the uranium within target composition Uo540Y0.460 Ti206 iS
U°* was made. Using the refined uranium / oxygen bond lengths of the Uos40Y0.460 Ti206
material (Table 6.5), the reference bond length, Ro, of U** within a brannerite structured
material was calculated at 2.2A.

For all compositions, the calculated valence is summarised in Table 6.6. This was
compared to the target valence in order to understand the stability of the structure with
the cation. Comparing the BVS calculations for the uranium within the materials it can
be seen that both the U** and U have a valence of 4 and 5 respectively, indicating both
cations would be stable within the structure. Analysis of the BVS for the U®* highlights
an under bonding with this cation, with a discrepancy in the calculated valence to the
theoretical valence of >-35% for all materials. For the yttrium and ytterbium containing
materials, target compositions Uos40Y0.460Ti20s and Uos00Y bos00 Ti2Oe respectively, the
REE cation are within 10% of the expected valence. For the compositions
Uo540Y0.460 T1206 and Uos00Ybos00Ti20s the A-site can be considered as stable with the
substitution of the rare earth element, with a uranium oxidation state of either U** or U®".

For material with target composition Uos2sPro.47sTi20s, the praseodymium has an
assumed valence of 3, whereas the BVS calculation gave a value of 4.15, ~38% greater
than the theorised value. This highlights that the praseodymium is over bonded within the
material, although the explanation for this is beyond the scope of this thesis. However,
this could be an indicator that the praseodymium has an average oxidation state of 4.
While an oxidation state of 4 for the praseodymium cation was not targeted, the structural
formation at high temperature could have led to the stabilisation Pr** within the structure.
The discrepancy within the praseodymium valence highlights a potential instability in the
A site of the material. However, with the stabilisation of Pr** "would be expected that the
uranium oxidation state would be maintained at U**. Further analysis of the uranium and
praseodymium average oxidation state via XANES analysis would provide the
information to further define the cation stability on the A-site of this material.

6.3.6 Brannerite Conclusions

Materials of target composition U1xMxTi20s with M = Fe, Pr, Yb and Y were synthesised
in an air atmosphere from dried oxide precursors. Their crystallographic and chemical
properties have been analysed through a range of techniques in order to determine the

presence of the brannerite structure (space group C2/m).
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Table 6.6: BVSs for brannerite materials with target compositions Uo.s525Pr0.475T120s,
Uo540Y0.460 T1206 and Uos00Y bos00Ti2Os. Refined bond lengths have been taken from
Table 6.5 and reference bond lengths, Ro taken from Brese and O’Keeffe [33].

Substituted . ) _

Cation Space Group | Bond Multiplicity | Ro Rij Vi Valence
U*-0; |2 224 1 0.71
U*-0, |4 211 2.29 | 0.62 3.90
Us-0; |2 2.24 1 0.89
Us-0, |4 2.20 2.29 | 0.78 4.90
ut*-0; |2 2.24 | 0.64
ut-0, |4 2.08 2.29 | 0.56 3.53

Pr C 2/m Pr-O; 2 2.24 1 0.76
Pr-O, 4 2.14 2.29 | 0.66 415
Ti-O1 1 1.85 | 0.91
Ti-O1 1 2.02 | 0.58
Ti-O2 1 1.8211.90 | 0.80 | 4.11
Ti-O3 1 2.12 | 0.44
Ti-O3 2 1.95 | 0.70
U**-0: |2 2.23 10.73
U+-0, |4 2.11 2.28 | 0.63 3.91
Us*-0: |2 223 1091
Us*-0, |4 2.20 2.28 | 0.79 4.99
ut*-0; |2 2.23 | 0.66
ut*-0, |4 2.08 2.28 | 0.57 3.59

Y C 2/m Y-01 2 2.23 | 0.56
Y-02 4 2.01 2.28 | 0.48 3.05
Ti-O1 1 1.85 | 0.91
Ti-O1 1 2.01 | 0.59
Ti-O2 1 1.8211.89 |0.81|4.18
Ti-O3 1 2.12 | 0.44
Ti-O3 2 194 | 0.71
U+*-0:1 |2 2.23 1 0.73
U+-0, |4 2.11 2.28 | 0.64 4.01
Us*-0: |2 2.23 10.92
Us-0, |4 2.20 2.28 | 0.80 5.05
Ut*-0; |2 2.23 | 0.66
ut-0, |4 2.08 2.28 | 0.58 3.63

Yb C2/m Yb-O: |2 2.23 | 0.57
Yb-O, |4 1.99 2.28 | 0.45 2.85
Ti-O1 1 1.84 | 0.93
Ti-O1 1 2.01 | 0.59
Ti-O2 1 1.8211.89 |0.82 | 4.23
Ti-O3 1 2.11 | 0.46
Ti-O3 2 1.94 | 0.72
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6.3.6.1 Rare Earth Element (REE) Substitution Conclusions

SEM and EDS analysis was utilised in order to define the composition required to form
a single phase brannerite material with substitutions of Pr, Y, and Yb in the systems, U.
xREExTi2,06, where REE = Pr, Y or Yb. XRD analysis indicated the formation of a single
phase assemblage adopting the crystalline structure of a brannerite for compositions;
Uo.s6(4)Pro.432) Ti2.000)Os, Uos42)Y0.4111)Ti2.007)Os and Uos34)Y bo.as3) Ti2.003)O6. Material
stoichiometries were determined by EDS analysis (Table 6.3). Figure 6.4 shows back
scattered electron diffraction images as collected on the materials, indicating a single
phase assemblage by a lack of variation in the contrast of the images.

Rietveld refinement of neutron diffraction data provided refined lattice parameters of
the brannerite structure for each material. A linear relationship was identified between
the size of the substituted REE cation (Pr, Y or Yb) and the volume of the unit cell (Table
6.5). Similarly as the refine volume of the unit cell decreases (Table 6.4) the uranium
stoichiometry decreases (Table 6.3). However, there is no linear relationship between the
REE cation stoichiometry and the unit cell volume.

Bond valence sums (Table 6.6) were calculated for all cations within the materials
using the refined bond lengths from Rietveld refinement of the neutron diffraction data
in order to aid identification of the uranium oxidation state through exploration of the
stability of the cation through the valence summations. In addition to the uranium the
REE and titanium cation BVS were calculated to understand the stability of the material.
The BVS for titanium cations are all within 10% of the theoretical value of 4 for all
materials. The BVS for the Y and Yb, substituted materials (Uo.s42)Y0.411)Ti2.007)O6 and
Uo.s34)Y bo.a63) Ti2.003)Os, respectively) show the stability of the substituted cations, with
an expected valence of 3 and calculated values with 10% of this (Table 6.6). However,
the BVS for the praseodymium, in composition Uo.se)Pro.432) Ti2.008)Os, highlight an over
bonding by ~38%, at 4.15. However, this could be an indicator that, in order to stabilise
the substitution of praseodymium within structure, the praseodymium would be required
to oxidise to Pr** rather than remain at Pr3*. This analysis to quantify the praseodymium
oxidation state is beyond the scope of this work, but would require the use of XANES
analysis. Uranium BVS calculations indicate that the presence of U®* could be unstable,
with under bonding values for all materials at >35% to the theoretical value of 6. The
BVS indicate the structure would stabilise with the presence of U*" or U°*, with
theoretical bond length of U-O bonds (Ro) for U calculated from yttrium containing
material, previously analysed (unpublished), to stabilise with an average uranium

oxidation state of U®*. In order to gain information on the average uranium oxidation
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state, including analysis of material within composition Uosa@2)Yo0.411)Ti2.007)Os tO

confirm U®*, XANES analysis would be required.

6.3.6.2 Iron Brannerite Conclusions

Attempts to substitute iron within the target composition, U1xFexTi20s, through the use
of dried oxide powders, were unsuccessful. XRD analysis (Figure 6.3) indicated the
formation of a multiphase material, with reflections indexed highlighting the formation
of brannerite, and presence of unreacted component oxide materials (UOs, Fe2Os and
TiOy). Previous work by Vance et al. [30] indicated the formation of material with
composition Uo.sFeo4Ti2Og via an nitrate / alkoxide route, however, as attempts via a dried
oxide route proved unsuccessful, a more intimate mixing of component oxides is required

in order to ensure a single phase assemblage with the brannerite structure forms.

6.4 Chromium Substituted Material Results and Discussions

Synthesis of the composition UosoCros0Ti25006 was attempted with the aim of
establishing the stability of the brannerite material with large quantities of small transition
metal cations. Initial characterisation with the use of chromium using XRD highlighted a
structure which could be indexed with respect to a rutile structure (space group
P42/mnm). As a result, material of the series UxCrxTi3-2xOs With x=0.25, 0.50, 0.75 and
1.00 were synthesised to establish the extent at which uranium and chromium could be

substituted into the rutile structure (TiO2).

6.4.1 X-ray Diffraction Analysis

XRD analysis was completed on a STOE STADI P diffractometer. Operated in
transmission mode with a Cu Koy radiation (A=1.5408 A) source, at a voltage and current
of 40kV and 40mA, respectively. Powdered samples were prepared within a dedicated
fume cupboard, where finely ground powder was dispersed in glue on an acetate film to
form a nominally homogeneous, flat surface. Figure 6.9 shows the resultant crystalline
structure of the phase assemblages after equilibrium was reached through synthesis for
all materials of the series UxCrxTiz-2xOs With x=0.25, 0.50, 0.75 and 1.00.

A material with structural reflections indicative of the rutile structure can be seen for
the target compositions Uo25Cro.25 Ti2.5006 and Uo50Cros0Ti2.0006. This indicates that both
the uranium and chromium cations have substituted for the 6-fold coordinated titanium

within the structure, see Figure 6.10(a). For target composition Uos0Cros0Ti20006 the
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rutile structure is formed, however, upon close inspection of the XRD pattern the full
width at half height of the reflections are broader than the reflections of the target
composition Uo25Cro.25Ti25006. This is characteristic of a material with multiple phases
with similar chemical compositions and comparable lattice parameters of the same space
group. This was analysed in detail using high resolution neutron diffraction data.

For materials with target composition Uo.75Cro.75Ti1.5006 and UCrTiOs, X=0.75 and
x=1.00 in UxCrxTi3-2xOs, respectively, XRD analysis indicted the presence of the rutile
structure. However, a second phase was also identified, indexed to the space group P-
31m. This was identified as a hexagonal uranium dichromate oxide material of
composition UCr,0g, or general composition A%*B,3" Q. Structural parameters for the
reference material was take from A. Collomb et al [34, 35], who have studied the phase
formation during high pressure synthesis, Figure 6.10(c). The structure has a trigonal
symmetry, with reference structural parameters of a = b = 4.990(1) A, ¢ = 4.622(1) A and
atomic position coordinates of uranium at the 1a site (0, 0, 0), a chromium at the 2d site
(1/3, 2/3, 1/2) and an oxygen at the 6k site (0.3405(3), 0, 0.2647(2)). The x and z

coordinates of the oxygen anion at the 6k site can be refined within the structure.
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Figure 6.9: XRD data as collected on the STOE-IP instrument of the system UxCrxTis-
2x0s, Where x=0.25, 0.50, 0.75, 1.00. Phase assemblage of the structure has been
identified as e: material with space group P-31m (generic composition AB2Os) and e:
rutile, space group P42/mnm (generic composition AO3)
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Figure 6.10: (a) rutile, AO2 (b) uranium dichromate, A2BOs and (c) brannerite, ATi20es,
structure in the [010] direction. Cations are colour coordinated, where blue= titanium,
green=chromium, yellow=uranium and red=oxygen.

6.4.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy of

Chromium Substituted Materials

SEM and EDS analysis using the Hitachi TM 3030 instrument has been implemented, see
Section 3.2 for the instrument set up. Synthesised powdered material was cold uniaxially
pressed, sintered and mounted within an epoxy resin.

Microstructural and micro-chemical analyses was then performed through the use of
backscattered electron (BSE) images (Figure 6.11). Semi-quantitative elemental analysis
was completed using the EDS detector within the instrument at 30,000x magnification
(Table 6.7). Semi-quantitative EDS analysis (Table 6.7) provided compositional
information, however the technique is insensitive to the oxygen anion stoichiometry of
the material. Oxygen stoichiometry was defined as 6, as determined by both the rutile
(Ti30e) and uranium dichromate (UCr20s) crystal structures. In the absence of complete
X-ray Absorption Near Edge Spectroscopy (XANES) for all material, the average
uranium oxidation state has been calculated from the normalised composition, where the
oxygen stoichiometry is 6, and the materials have 3 formula units (f.u.) of cations, as
defined by the reference materials. The assumption that the titanium has an oxidation state
of 4, and the chromium an oxidation state of 3, was also used for the calculations. For the
materials where two phases have been identified, target compositions Uo.75Cro.75Ti1.5006
and UCrTiOes, the assumption that the greater proportion of titanium would be associated
with the rutile crystal structure was used to infer the space group (Table 6.7).

BSE / EDS analysis of the target composition Uo.25Cro.25Ti2.5006 and Uo.50Cro.50 Ti2.000s,
indicate a material with a single phase assemblage of compositions

Uo.19(2)Cro.27(2) Ti2.54¢5)06 and Uo.a5(2)Cro.a32) Ti2.084)Os, respectively. This is determined by
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the lack of variation in the contrast of the BSE images. The average oxidation state of the
uranium of 558 was calculated for the material with composition
Uo.101)Cro.27¢2) Ti254550s. XRD analysis indicated that material target composition
Uos0CrosoTi2000s consisted of multiple rutile compositions with similar lattice
parameters. Within the BSE image a single contrast was observed, highlighting the
similarity of the chemical composition of the phases within the assemblage. The point
EDS analysis of the material did not indicate a variant in the chemical composition,

therefore the average of 5 spot analysis has been taken as a representative of the material.

X2.0k 30 pm

Figure 6.11: Back scattered electron micrograph of target compositions (a)
Uo.25Cro.25 Ti25006, (B) Uo50Cro50Ti2.000s, (C) Uo.75Cro.75 Ti15006 and (d) UCrTiOs. In (c)
and (d) ‘1’ highlights the rutile phase and ‘2’ highlights the hexagonal phase. White spots
in (a) and (b) are silver contaminants from the use of silver dag to aid charge dissipation
on the material during analysis.

Both the materials with target compositions Uo.75Cro.75 Ti15006 and UCrTiOg consisted of
a multiphase assemblage. EDS analysis of both target compositions Uo.75Cro.75 Ti1.5006
and UCrTiOg indicated a phase assemblage of two chemical compositions, which across
the materials are comparable. Therefore the average of the measured compositions was
taken for both phases of both materials at, Uo292)Cross2Ti2276506 and
Cro.98) Ti1.003)U0.954)0s. Under the assumption that the rutile material will be dominated
by titanium the composition Uo.292)Cro.ss) Ti2.27(5i06 Was used for analysis of the rutile
phase. It then follows that the composition Cro.gg@)Ti1.093)Uo.954)Os has the hexagonal
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uranium dichromate structure. BSE images indicated that for target composition
Uo.75Cro.75 Ti1.5006 the two phases are approximately equal in proportion, whereas for
target composition UCrTisOs, the hexagonal uranium dichromate material is
predominant. Refinement of the neutron diffraction data enabled the definition of the

relative ratios (phase split) between the two phases.

6.4.3 Neutron Diffraction Analysis of Chromium Substituted Materials

The High Resolution Powder Diffractometer (HRPD) instrument at ISIS, Harwell was
used to complete accurate structural analysis of the chromium materials of the series
UxCrxTi3-2xOs, Where x = 0.25, 0.50, 0.75 and 1.00. Full instrument set up of the ISIS
facility can be found in Section 3.3. The data was collected within an evacuated sample
chamber, this reduced the probability of neutrons scattering prior to interacting with the
sample. Data was collected using the backscattered detector, with a d-spacing range of
~0.6-4.6A (TOF 30-230ms) with a resolution (Ad/d) of up to ~5 x 107,

Lattice parameter and structural bond lengths refined during analysis are summarised
in Table 6.8 and Table 6.9, respectively [31, 32]. Refinement has been completed using
the normalised compositions within Table 6.7. The model parameters used for the
refinement for the rutile and hexagonal dichromate structures were taken from Baur et al.
and Collomb et al., respectively [28, 35]. Figures 6.12- 6.14 show the refined structures
for target compositions UxCrxTi3-2xOs, Where x = 0.25, 0.50, 0.75 and 1.00.

The rutile structure has a single crystallographic site. The substitution of chromium
and uranium for the titanium cations are expected to share a single crystallographic site,
therefore the thermal parameters (Uiso) of all cations were constrained. For materials
identified with a multiphase assemblage, the Uiso values for both cations and anions were
constrained at 25A, this enabled the stabilisation of the structural refinement within the
GSAS software.

The refinement of a structure with parameters indicative of a rutile was successful for
all materials. For target compositions where x=0.25, 0.75 and 1.00 in UxCrxTiz-2xO¢ a
single rutile structure was required for the refinement. However, for material of
composition UgsCrosTi20s (x=0.50), full width half height of the reflections required a
second rutile structure. The addition of a 3" rutile structure did not improve the fitting

statistics of the refinement and was therefore excluded.
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Table 6.7: Compositional analysis using semi-quantitative EDS of the phase assemblage identified within the target compositions: (a) Uo.25sCro.25Ti2.500s,
(b) Uo50Cro50Ti2.0006, () Uo.75Cro.75Tiz5006 and (d) UCrTiOs. Compositions were determined from an average of 5 different analysed areas with the
same contrast. (a)- (d) indicated the corresponding BSE image within Figure 6.11.

Target Composition EDS Measured Normalised Calculated Uranium | Inferred Space
g P Composition Composition Oxidation State Group

(@) | Uo.25Cro.25Ti2.506 Uo.100)Cro.27¢2) Ti257506 | Uo.19(1)Cro.27(2) Ti2.54¢5)06 | 5.58(8) P4,/mnm

(b) | UosCrosTi206 Uo.47(2)Cro.a92) Ti2.174O6 | Uo.452)Cro.432) Ti2.084)Os | 5.31(8) P42/mnm
Uo.32(2)Cros31) Ti2.4802)06 | Uo.202)Cro.48(1) Ti2.252206 | 5.38(5) P42/mnm

(€) | Uo.75Cro.75Ti1506 _
Cr1.043)Ti1133)U1.003)06 | Crogs@)Tizo7(3)U0.953) 06 | 5.03(9) P31m
Uo.301)Cro.492) Ti255506 | Uo.27(1)Cro.442) Ti2.2965)06 | 5.63(8) P4s/mnm

(d) | UCrTiOs -
Crio34)Ti1.173)U1004)Os | Cro.o74)Tir103)U0.944)0s | 5.0(1) P31m




Sr1

Table 6.8: Unit cell, thermal and atomic coordinate positions as refined parameters of the series UxCrxTiz-2xOs, Where x = 0.25, 0.50, 0.75 or 1.00,
obtained from Rietveld refinement of neutron diffraction data collected on the HRPD instrument, ISIS, Harwell.

x =0.25 x =0.50 x=0.75 x = 1.00

Space Group P42/mnm 1- P42/mnm | 2- P42/mnm P-31m P42/mnm P-31m P42/mnm
a(A) 46176 (1) | 4.6221(9) 4.6295 (4) 5.0340 (1) | 4.6324 (2) | 5.0341(6) | 4.6331(7)
b (A) 46176 (1) | 4.6221(9) 4.6295 (4) 5.0340 (1) | 4.6324 (2) | 5.0341(6) | 4.6331(7)
c (A 2.9947 (1) 3.0059 (9) 3.0143(6) 47184 (2) | 3.0167 (2) | 4.7190 (10) | 3.0171(7)
a () 90 90 90 90 90 90
B (°) 90 90 90 90 90 90
7 () 90 90 120 90 120 90
Cell Volume (A3) 63.805 (1) 64.215(1) | 64.604 (1) | 103.549 (1) | 64.737 (1) | 103.566 (1) | 64.762 (2)
2 4.841 4,767 8.413 4.872
WRp 0.0718 0.1068 0.0473 0.0508
Phase Proportions (%) n/a n/a 427(4) | 57.3(4) 953(3) | 4.7(3)
Uiso U Cr&Ti | 0.3281(36) 0.025
(x100A?) | O 0.2662 (12)

O | 4f 0.3055 (1) | 0.3065(1) 0.3048(5) - 0.3097(2) |- 0.3098(2)
§ 0.3055 (1) | 0.3065(1) 0.3048(5) - 0.3097(2) |- 0.3098(2)
4]
% o z |0 0 0 - 0 - 0
8 » [0 |6k [x |- - - 0.3473(1) |- 0.3472(3) | -
g y |- - - 0 - 0 -
< z |- - - 0.3473(1) |- 0.2710(1) |-
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Figure 6.12: The refinement of the rutile model of material with target composition Uo25Cro.25Ti25006. The analysed was completed using neutron
diffraction data collected on the HRPD Instrument, ISIS, Harwell using the GSAS software. The model fitting is indicated by the purple trace, and the
quality of the fitting to the data is shown by the observed minus calculated difference trace, in black.
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quality of the fitting to the data is shown by the observed minus calculated difference trace, in black.
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Figure 6.14: Rietveld refinement of materials with target compositions Uo75Cro.75Ti1.5006 and UCrTiOs. The refinement of the rutile model and
hexagonal uranium dichromate was completed using neutron diffraction data collected on the HRPD Instrument, ISIS, Harwell using the GSAS software.
The model fitting is indicated by the purple trace, and the quality of the fitting to the data is shown by the observed minus calculated difference trace, in
black. Indicated within the figure are the positions of reflections indicative of the rutile and hexogen structures.



In order to highlight the development of the rutile structure with changing composition Figure
6.15 was plotted. Figure 6.15 shows the refined model and residual background of a single
rutile reflection from all compositions, normalised in order to aid direct comparison. For target
compositions where x=0.25, 0.75 and 1.00 in UxCrxTiz-2xOs, the reflections profile and residual
background does not indicate the present of any additional intensity. Upon closer inspection of
the reflection for the target composition Uo.s50Cros0Ti2.0006 (Xx=0.50), refined with two rutile
phases, the residual background does not indicate the requirement for an additional rutile phase,

in agreement with the refinement fitting statistics.

x=025 ] x=0.50 x=0.75 " x=1.00 I

r T T 1 T T T 1 T T T 1 I T T
1.30 1.31 1.32 .33 1.30 1.31 1.32 1.33 130 1.31 1.32 1.33  1.30 1.31 1.32 1.33

d-spacing (A) d-spacing (A) d-spacing (A) d-spacing (A)

Figure 6.15: A single reflection observed between 1.30-1.33A refined as indicative of the rutile
phase for all compositions in the system UxCrxTiz-2xOes With x=0.25, 0.50, 0.75 and 1.00. All
reflections have been normalised with respect to each other.

The secondary phase identified during analysis of target compositions Uo.75Cro.75Ti1500s and
UCrTiOs has been refined to the structure expected of hexagonal uranium dichromate, with
space group P-31m, with refined parameters summarised in Table 6.8. The refinement for the
hexagonal uranium dichromate structure was successfully completed using composition
Cro.984)Ti1.093)U0.95(4)O6 for both materials. This was completed with the titanium cations on
the A-site of the general formula A2BOg, with the chromium, and the uranium solely on the B-
site.

Both the rutile and hexagonal uranium dichromate phases refined during the Rietveld

analysis, within target compositions U 75Cro.75Ti1.500s and UCrTiOs, have comparable lattice
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parameters. The comparable compositions and lattice parameters enabled direct comparison of
the proportion of each phase. The proportions of each phase were quantified through the scaling
feature of the GSAS software, which refined the ratio of the structures to one another, the phase
split has been represented as a percentage in Table 6.8. For target composition
Uo.75Cro.75 Ti15006 refinement indicated ~57.3(4)% rutile and ~42.7(4)% hexagonal uranium
dichromate. For target composition UCrTiOg, refinement showed a dominance of the
hexagonal uranium dichromate, at ~95.3(3)%, with minor contributions from rutile, ~4.7(3)%.
This was as indicated by the BSE electron images.

Bond lengths refined from Rietveld analysis for all the materials of both rutile and uranium
dichromate materials, where appropriate, are summarised in Table 6.9. The bond lengths have
been used for the Ri values (Equation 6.1) in order to complete BVS calculations (Table 6.11
and 6.12).

Table 6.9: Key bond lengths refined from neutron diffraction data using the GSAS software
for compositions of series UxCrxTiz-2xOs Where x=0.25, 0.50, 0.75 and 1.00

Bond Length (A)

;f(f‘j; Bond | Multiplicity | x = 0.25 X = 0.50 x=0.75 | x=1.00
oaoimm | A0 | 2 1.995(2) | 2.003(4) | 2.007(1) | 2.030(3) | 2.030(1)
A0, |4 1.963(2) | 1.976(3) | 1.969(1) | 1.957(3) | 1.957(4)
Uo: |6 2.166(6) | 2.166(2)
p3im | B-0; |4 N/A N/A 1.968(1) | 1.968(7)
B-0; |2 1.967(3) | 1.967(3)

High resolution neutron diffraction analysis is a powerful technique and often identifies
impurities within materials not seen via XRD analysis. Within both Ug25Cro25Ti25006 and
Uo.75Cro.75 Ti1500s Materials an unindexed impurity was removed from the data for analysis.
This was not visible by other analysis methods so is assumed to be a contaminant from the

sample preparation.

6.4.4 X-ray absorption near edge spectroscopy (XANES)

XANES data was collected on the X23A2 beamline at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (BNL), USA, operating in transmission mode.
Specimens were finely ground and dispersed in polyethylene glycol to achieve a thickness of
one absorption length, full experimental set up can be found in section 3.6.1.1. Analysis of the

average uranium oxidation within a material was completed at energies characteristic of the U
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Ls-edge. Uranium standards CaU®* 04, Uos>*YosTi20s and U*Ti.Os with known oxidation
states of uranium; U8, U and U**, respectively, were used to draw conclusions on uranium
oxidation state of the materials with target compositions Uo50Cros0Ti2.0006 and UCrTiOg [14].
Information was taken from the absorption edges of XANES data for each target composition
Uo.50Cros0Ti2.000s and UCrTiOg. The absorption edge is defined as the point where a sharp rise
within the u(E) value is noted, symbolic of a sharp rise in the X-ray energies, this is due to their
interaction with an electronic shell of the probed atom. The electronic shell is analysed in order
to quantify the valence electrons of the uranium cation within the materials and infer the
oxidation state of the absorbent element. The absorption threshold, Eo, is used to quantify this,
where Eo is defined as the half height of the normalised (u(E)=1) data. Reference materials are
simultaneously collected during data acquisition in order to verify the alinement of the
instrument. Back ground removal and normalisation of the data to w(E)=1 was performed using
the Athena Programme [36]. The linear fitting of the standards are utilised to calculate the
average uranium oxidation state in the measured materials.

The shape of the XANES data can be used as a fingerprint to quantify the uranium oxidation
state. However, the full shape of the peak is influence by the oxidation state and the
coordination number of the absorbent element. A direct comparison of the shape of the
measures peak of the material analysed to standards requires the use of standards with the same
local coordination environment. The coordination of the uranium in standards U*Ti,O¢ and
U%*05Y05Ti206, have a 6-fold coordinated local environment. Standard CaU®" 0. has uranium
with an 8-fold coordination environment. As a result, the linear deconvolution feature of the
Athena software, which enables the proportions of U**, U%* and U®* within the materials to be
calculated from the shape of the leading edge of the standards, could not be completed.
Alternatively the Eo value of the materials have been used and compared to Eo values of the
standards in order to determine the average uranium oxidation state. This was completed
through the construction of a calibration line of the Eo values for each of the standards, Table
6.10. The inferred average uranium oxidation state of the compositions is then taken from a
linear line of best fit. Fit analysis is included within Appendix C.

Instrument access limited the number of materials which could be analysed, therefore
XANES analysis has been completed on samples of materials with target compositions
Uo50Cros0Ti2.0006 and UCrTiOs, see Figure 6.16, with the measured Eg threshold energies, and
the inferred average uranium oxidation state summarised in Table 6.10.

XANES analysis showed that the multiphase rutile material, target composition

Uo.50Cros0Ti2.0006, Was predominantly U®*, with a measured average uranium oxidation state
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of 5.96(2). Within Table 6.7 the uranium oxidation state was calculated using the measured

cation stoichiometry from EDS analysis, for material with target composition

Uos0CrosoTi2.0006 an oxidation state of 5.58 was calculated, in good agreement with the

XANES measured value, with a variance of ~6.4(1)%.

Table 6.10: Measured absorption threshold, Eo for target composition UosCrosTi2Os and
UCrTiOe with inclusion of standards utilised for the analysis and fitting.

Target composition Eo energy (eV) U average oxidation
state

Uo5CrosTi1206 17158.1(2) 5.96(2)

UCrTiOs 17156.9(2) 5.34(1)

u+ 17154.3(2) -

U 17156.2(2) -

us 17158.2(2) -
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Figure 6.16: X-ray Absorption Near Edge Structure (XANES) data of the uranium within
materials of target composition Uos0Cros0Ti2.0006 and UCITiOg with CaU®*Oa, Uos>*Yo5Ti20s
and U*Ti,O0s as reference materials for U%*, U and U**, respectively.

Similarly, the average oxidation state of uranium within target composition UCrTiOs was
measured at 5.34. Refinement of the phase split of high resolution neutron diffraction data

indicated a 4.7(3)% rutile and 95.3(3)% hexagonal uranium dichromate material fraction.
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Using the calculated average uranium oxidation states for each of the stoichiometries of target
composition UCrTiOe (Table 6.7), the average oxidation state of the material was calculated at
5.03(8), ~6.16(9)% smaller than the measured average oxidation state, indicating the calculated

uranium oxidation states within Table 6.7 are in close agreement to the measured values.

6.4.4 Bond Valence Summations (BVS)

Bond valence sum calculations, using Equation 6.1, were calculated using the bond lengths
refined from neutron diffraction analysis (Table 6.9) and Ro values as defined by Brese and
O’Keeffe [33]. In the absence of a reference bond length for U%* the Ro value of 2.20A, as
defined in Section 6.3.5, was used.

Analysis of the BVS aids identification of the stability of the structure with the cation
substitutions. The stability of the bond of an atom is described by the valence (in valence units,
v.u.), the number of electrons gained or lost in order to stabilise the bond of the atom. This is
compared to valence electrons on the cation within the bond, which is equivalent to the charge
of the cation.

The average uranium oxidation state has been calculated in Table 6.7, assuming a
stoichiometry of 6 oxygen anions and 3 cations. BVS calculations will identify the stability of
U**, U and U®* within the structure. Titanium (Ti**) and chromium (Cr®") cation oxidation
states have been assumed. This has been completed for the rutile structure of compositions
Uo.25Cro25Ti250s and UosCrosTi2Os, Table 6.11. Both the rutile and uranium dichromate
structures for the multiphase materials have been analysed for measured component phases of
target compositions, Uo.75Cro.75Ti1.506 and UCrTiOs, Table 6.12.

BVS calculation indicated that both the titanium and chromium cations in rutile materials
of target composition Uo.25Cro25Ti2506 and UosCrosTi20s are within 5% of the theoretical
values of 4+ and 3+, respectively. However, irrespective of the uranium oxidation state, the
BVS for the uranium cation indicates the cation is unstable within the structure. XANES
analysis of the materials indicate an average uranium oxidation state of the uranium in target
material UosCrosTi.Os Was predominantly U®* (Table 6.10). The large discrepancy between
the calculated values and the target valence is characteristic of a heavy strain within the
structure which the material is able to tolerate due to the small uranium inclusion. This strain
is realised by the presence of two rutile materials within the target composition UgsCrosTi2.00e.

The chromium and titanium cations within the rutile phase, composition

Uo.202)Cro.a6(2) Ti2.27(5)0s.0, as determined for multiphase materials with target compositions
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Uo.75Cro.75 Ti1506 and UCKTiOg are within 10% of the expected valence of 3 and 4, respectively.

However, the uranium within the structure, irrespective of the oxidation state, is unstable as

previous, indicating the instability of the uranium within the rutile structure.

Table 6.11: Bond valence summation (BVS) calculations as the result of the substitution of
uranium and chromium into the composition UxCrxTiz-2xOs for the rutile phase formed in target
composition Uo25Cro.25Ti2506 and Uos0CrosoTi2.00s. The calculations are completed for both
U*, U and U®* with reference bond valence lengths, Ro taken from Breese and O’Keefe [33].

Compesiion | oo |21 pir [P0 |R [v |G,
4+
T U kTR B
Fo e 2D [io Tre| 1O
Uo2sCrozsTizs | 5o/ 82::82 Z 2.08 igg 12451 8.02
SN [P EN T 8
ne—f T [ lee T
o [
Fror 412 e a0
UosCro.5Ti2 é‘42/mnm 3::8; Z 2.08 igg 12? 7.66
Cr-0 2 2.00
c:-oi 4 172 1o 8221 297
Ti-0 2 2.00
T:-Oi 4 182 17 g8 822 >80
L S Kl 12
L e
. 6+_
UosCro.5Ti2 |§-42/mnm 3%82 ‘21 2.08 ig; iii 7.80
Cr-0 2 2.01
c:-oi 4 172 g7 8::1 %99
Ti-O 2 2.01
T!-oi 4 182 o7 822 383
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Table 6.12: Bond valence summation (BVS) calculation from the substitution of uranium and
chromium into the ideal composition Uo7sCrozsTisOs and UCITiOs with phases
Uo.30Cros0Ti2506+5 (rutile) and CriioTi120U1.0006 (Hexagonal Uranium Chromate). The
calculations are completed for both U* and U®*, should the uranium oxides from the original
U,

Average Space - B _ Cation
Composition | Group Bond | Multiplier | Ro | Ri Vi | valence
U*-01 2 203 | 1.24
U*-0 4 211 1.96 | 1.50 8.48
Us*-0, 2 2.03 1.58
U Us*-0; 4 2.20 1.96 | 1.91 10.82
029(2) U%*-0, 2 203 | 1.15
Cr P42/mnm ) - - .
Ti0.46(2) 050, 2 2.08 196 133 7.82
2216 Cr-O 2 2.03 | 0.44
-U1 . .
1.72 2.99
Cr-Oy 4 196 | 0.53
Ti-O1 2 2.03 | 0.56
Ti-O2 4 1.82 1.96 0.68 3.82
U*-01 6 2.11 0.85 5.10
U*-0, 6 2.20 | 2.17 1.08 6.51
Crossq) U%-04 6 2.08 078 | 470
Ti100@3) P-31m Cr-0O1 4 1.97 | 0.51
Uo.95(4) Cr-0; 2 172 1.97 | 0.51 3.05
Ti-O1 4 182 197 | 0.67 4.00
Ti-O» 2 ' 1.97 0.67

BVS calculations of the hexagonal uranium dichromate material, of composition
Cro.9s@) Ti1.003)U0.954)0s, Show the titanium and chromium cations are stable with calculated
values with <10% discrepancy to the theoretical value, of 4 and 3 respectively. The additional
charge, due to the substitution of Ti** for Cr3*, will destabilise the structure and require
accommodating within the material. The desirable mechanism for this would be the reduction
in the uranium oxidation state in order to stabilise the structure. Ideal uranium brannerite
(UTi20¢) has a defined uranium oxidation state of U** [35]. The BVS calculations indicate the
U®* would be under bonded within the structure, with a discrepancy of ~21.67%. The inclusion
of U would be unstable within the material due to over bonding, by ~23.20%, and U** over
bonded by ~21.57%.
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6.4.5 Transmission electron microscopy of U0.25Cr0.25Ti2.5006 material

TEM investigations was completed on single grains of material with target composition
Uo.25Cro.25 Ti250s, as ground from the bulk material and mounted on a holey carbon-copper grid

for analysis.

Figure 6.17: Electron diffraction images, indexed to the rutie structure, of material with target
composition Uo 25Cro.25 T1250s.

Electron diffraction images have been collected on a transmission electron microscope, more
specifically the Technai G?F20 XT TEM instrument at The Institute of Transuranium Elements
(ITU), Karlsruhe, Germany, full experimental set up can be found in Section 3.4.1. Analysis
has been completed on multiple axis in order to gain information on the single phase rutile
structure of target composition Uo.25Cro.25Ti2506. This was completed in order to confirm there
is no ordering of the substituted cations on the rutile site creating an underlying superstructure.

TEM enables analysis of crystallographic stresses / strains through the presence of diffuse
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scattering of the reflections. The definition of the reflections from TEM analysis indicate a
crystalline structure absent of stresses / strains. A lack of additional electron diffraction
intensities in Figure 6.18 to the indexed rutile structure incates a single phase rutile structure,
with no underlaying supercell from the ordering of the substituted cations. This signifys that
the uranium and chromium cations have randomly arranged on the titanium site of the rutile

structure, TiOo.

6.4.7 Chromium Substituted Material Conclusions

Synthesis of material with target composition Uo25Cro.25Ti2506 resulted in the formation of a
material with a crystalline structure indicative of a rutile, space group P42/mnm. Confirmation
of the single phase assemblage was provided through SEM / EDS analysis (Figure 6.11 and
Table 6.7), with a measured composition of Uo.19(1)Cro.27¢2) Ti2.54¢5)06.00) defined. Structural
refinement completed using high resolution neutron diffraction data collected on the HRPD
instrument, ISIS (Figure 6.12). BVS calculations indicated the potential instability within the
structure due to the inclusion of the uranium cation, irrespective of the uranium oxidation state
(Table 6.11). However, TEM analysis of the material did not show any diffuse scattering,
therefore no stresses / strains were identified within the crystal lattice.

The half width full maximum of the reflections, from both XRD and neutron diffraction
analysis, of target composition UosCrosTi2Os indicated the presence of two or more rutile
structures of similar cation stoichiometries. However, BSE images (Figure 6.11) did not
indicted a multiple phase assemblage, due to a lack of contrast being evident. Point to point
EDS analysis did not identify compositions of significant difference to indicate multiple
phases, an average material composition of Uo.s2)Crosse) Ti2084)Os.008) Was measured.
Rietveld refinement to obtain structural parameters (Table 6.8), and the lack of variance in the
SEM / EDS analysis, are characteristic of a phase assemblage existing of similar chemical
composition and structural arrangement. No unindexed reflections were identified in the fitting
of the UosCrosTi20s material, Figure 6.13, indicating the materials precursor oxides had fully
reacted. A further heat treatment did not alter the profile shape of the reflections, indicating the
material formation was at equilibrium. Calculated uranium oxidation state is in good agreement
with XANES analysis of the average uranium oxidation state (Table 6.7 and Table 6.10), with
a measured uranium average oxidation state of 5.96(2).

Synthesis of materials with target compositions Uo.75Cro.75Ti1.50s and UCrTiOe, resulted in

the formation of a material with a multiphase assemblage. XRD and neutron diffraction
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analysis identified the formation of two phases, EDS analysis provided cation stoichiometries
of the materials. The phases were defined as a rutile of composition Ug.292)Cro.46@2) Ti2.27(5)06.0(7),
and a hexagon uranium dichromate of composition Cro.gs@) Ti1.093)U0.954)06.0¢0). NO unreacted
precursor materials were identified in the multiphase assemblage. Rietveld refinement of the
neutron diffraction data, using the GSAS software, indicated both materials contained
compositions with comparable lattice parameters, and the fraction of each phase for both target
compositions was refined from relative intensities of the phases within the Rietveld refinement.
Target composition Ug.75Cro.75 Ti1506 Was refined with a 42.7% hexagonal uranium dichromate
structure and 57.3% with a rutile structure. The material with target composition UCrTiOs was
refined with predominantly hexagonal uranium dichromate, at 95.3%, and a minor contribution
of rutile, at 4.7%. XANES analysis was completed on the material with target composition
UCITiOg, and an average uranium oxidation state 5.34(1) was analysed, in good agreement
with the calculated uranium oxidation state in Table 6.7. BVS calculations for both
compositions indicated stability of the bond of the titanium and chromium cations, however
the uranium was unstable in both composition. The uranium within the rutile phase was heavily
over bonded within the material. Uranium within the hexagon uranium dichromate was over
bonded should the material contain U*" or U°*. However, as identified as the predominant
oxidation within the material by XANES analysis, uranium with an average oxidation state of

U®* would be under bonded when compared to BVS calculations.

6.5 Future Work

Further work for this chapter should be undertaken in the following areas:

e Quantification of the uranium average oxidation state of single phase rutile material with
target composition Uo.25Cro.25Ti2.50e.

e Attempt to isolate the uranium hexagon dichromate material with titanium substitution
with target composition Cro.95Uo.05Ti1.10s6, determined from the measured composition
Cro.984) Ti1.093)U0.9514)O6. This will enable an understanding of the uranium oxidation state

by XANES analysis with the substitution of Ti** cation for the Cr3* cation.
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Chapter 7 Conclusions

The aim of this thesis was to assess the chemical and structural flexibility of synthetic
ceramic materials, which adopt either a brannerite and pyrochlore structure, to provide
information on the materials ability to tolerate varied waste streams. Ceramic materials
are an option for the long term disposal of uranium and plutonium oxides within a
geological disposal facility (GDF). Through analysis of the chemical and structural
flexibility information is provided on how variations in fission products, associated with
uranium and plutonium oxides, will be accommodated within the ceramic structure.

The intension of Chapter 4 is to address the first aim in Section 2.4. Materials with a
pyrochlore structure of general formula A%*A3*B15°*Bos®"07 was explored to understand
the structural response of the phase with varied compositions. Materials with target
compositions CaLnMosNb1s07 where Ln= La, Nd, Gd, Sm, Ho or Yb and M = All, Cr,
Fe, Sc or Y were synthesised. Materials where Ln= La, Nd, Gd, Sm, Ho or Yb and M =
Al, Fe, Sc or Y were largely single phase, with the exception of materials with
compositions; CalLaAlosNb1s507, CaHoYosNb1sO7 and CaYbYosNbisO7, here a
multiphase assemblage was identified. Rietveld refinement of high resolution neutron
diffraction data (HRPD, ISIS) enabled quantification of lattice parameters and the 48f
oxygen x-coordinate position. A linear relationship was identified between the chemical
composition, represented by the ionic radius ratio (ra/rg), and the shift in the 48f oxygen
x-parameter. Analysis of the a-parameter, which describes the unit cell of the cubic
structure, as a function of ra/rg, indicated a linear relationship the unit cell size and the
ra/rs value with substituted B-site cation. The relationship between the valence shell of
the B-site cation (M = Al, Fe, Sc or Y) and the a-parameter is hypothesised due to the
similarities between the Fe and Sc materials, however, the reason for this was not
identified.

Also in Chapter 4 the second aim of Section 2.4 has been met through in-situ
irradiation of materials with target compositions CaLnFeosNb1507, where Ln= La, Nd,
Gd, Sm, Ho or Yb, was completed at the IVEM-TANDEM facility (ANL). This enabled
definition of the critical temperature (Tc) of the materials, the temperature at which the
recovery rate of the radiation induced damage is equal to the damage rate. Tc was
established for materials with target compositions CaL.nFeosNb1507, where Ln= La, Sm,
Ho or Yb. A linear relationship was identified between the critical temperature and the a-
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parameter, however the refined 48f oxygen x-parameters were approximately constant,
and indicated no relationship with the calculated Tc¢ values.

In Chapter 5 uranium was substituted into lanthanum zirconate pyrochlore (target
composition LaxZrxUxO7+50.1 < x < 0.9) and synthesised in variable atmospheres. This
allowed for the effect on the structural stability of the pyrochlore phase, and the
correlation with the uranium oxidation state, in the materials to be analysed meeting the
objective in Section 2.4. Synthesised materials up to, and including,
Laz.06(2)Zr1.51(1)Uo.48(1)07.453)and Laz.942)Zr1.201)Uo0.81(2)O7.4(2), were successfully formed in
air and hydrogen / nitrogen atmospheres, respectively. XANES analysis enabled
quantification of the average uranium oxidation state in the materials formed in air and
hydrogen / nitrogen atmosphere of 5.57(13) and 5.13(4), respectively. XANES analysis
showed that material formed in a hydrogen / nitrogen reduced the average uranium
oxidation state more than the air formed material. As a result a greater fraction of uranium
was successfully substituted for zirconium in hydrogen / nitrogen formed material.
However, oxygen stoichiometries calculated were comparable for both materials,
indicating the limit of substitution is driven by the accumulation of oxygen within the
pyrochlore structure anion vacancy.

Chapter 6 meets the forth aim set in Section 2.4 where brannerite materials were
formed via a solid state synthesis with substitutions of Fe, Yb, Pr or Y (U1xMxTi20g).
The substitution of Fe did not result in the formation of a material with a single phase
assemblage. Despite multiple heat treatments, precursor oxides were identified via XRD
analysis. Materials with target compositions U1.xREExTi20e¢, where REE= YD, Pr or Yb,
all formed a single phase assemblage with a structure indicative of a brannerite.
Compositions were confirmed via EDS analysis, with measured compositions normalised
to 2 formula units (f.u.) of titanium, at Uose(s)Pro.ss@ Ti2.006)O06, Uos42)Yo.41(1) Ti2.00(7)O6
and Uos3)Yhoas) Tizo03)Os. A linear relationship was identified between both the size
of the REE cation and the uranium stoichiometry, as a function of the volume of the unit
cell. With an average uranium oxidation state of 5 assumed for material with composition
Uo.s4¢2)Yo.411) Ti20o7)Os  (unpublished), bond valence sums (BVS) for U within
brannerite were calculated. In absence of XANES analysis of the uranium oxidation state
the stability of the cations within the structure was explored through the BVS. This
indicated stability of the titanium within all materials, however the substitution of the
REE has resulted in instability on the A site in the general formula ATi20s. For Y and Yb
materials the BVS suggest that only the U is unstable, whereas the Pr substituted material
suggests both the Pr and U are unstable. Further analysis, including XANES analysis of
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energies for the uranium and praseodymium cations to identify the average oxidation state
of the cations and TEM analysis, would provide information of the structural stability of
the material.

Chapter 6 also presented results for the substitution of chromium in U1-xCryTi20¢ (X =
0.50), this resulted in the formation of a uranium and chromium substituted rutile of
general formula UxCrxTi3.2xOs. In order to explore this substitutions of x = 0.25, 0.50,
0.75 and 1.00 in the general composition UxCrxTis2xOs Were synthesised. Material of
target composition Uo.2sCro25Ti25006 was analysed by neutron diffraction, and data
refined to a model of a single phase rutile. This was confirmed via TEM analysis on the
Uo.25Cro25Ti25006 material, which indicated no supercell arrangement (no additional
reflections) of the uranium, chromium and titanium cations. Neutron diffraction data of
material with target composition Uo.s0CrosoTi2.0006 highlighted the presence of at least
two rutile materials, despite being unable to identify a multiphase assemblage in SEM /
EDS analysis. Rietveld refinement confirmed the presence of two rutile phases, indicating
the limit of substitution of uranium and chromium in titanium rutile had been exceeded.
Materials with target compositions Uo.75Cro.75 Ti1.5006 and UCrTiOs formed a multiphase
assemblage, identified as a rutile (EDS measured composition Ug.29(2)Cro.4s2) Ti2.27(5)O6)
and a hexagonal uranium dichromate material (EDS measured composition
Crogs@)Titos3)Uo9s54)Os). The ratios between the two phases varied, dependant on the
target compositions Uo.75Cro.75Ti15006 and UCrTiOe. With the rutile phase slightly
dominating the Uo.75Cro.75Ti15006 material (57.3% rutile to 42.7% hexagonal uranium
dichromate) and the material with target composition UCrTiOs dominated by the
hexagonal uranium dichromate (4.7% rutile to 95.3% hexagonal uranium dichromate).
This indicated that in an excess of titanium the rutile phase will preferentially form.

The data chapters meet the objective to explore the chemical and structural flexibilities
of the ceramic materials which adopt the pyrochlore or brannerite phase. Areas of interest
for future research include further studies on the irradiation induced damage of the
materials and investigation of the chemical durability of the materials (leaching and
compatibility with the geological environment). In addition to this further analysis of the
rutile and hexagonal uranium dichromate materials, including investigating whether

material with composition Cro.gs() Ti1.09(3)Uo.954)Os Can be synthesised.

165



166



Appendix A

A.1 Introduction

Within this appendix is additional data collated for ‘Chapter 4- Systematic substitutions
in the calcium niobate pyrochlore system CaLnMosNb1 507 (where Ln = La, Nd, Sm, Gd,
Ho or Yb and M = Al, Fe, Sc or Y). This includes material where the desired phase was
unable to form, compositions of CaLnCrosNby507, with Ln= La, Nd, Sm, Gd, Ho or Yb.
These materials where part of the work completed within Chapter 4 of this thesis, however

despite much attempt the desired crystalline phase was unable to be formed.

A.2 lron Materials

A.2.1 Ilron Materials Neutron Diffraction
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Figure A.1: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaNdFeosNbosO7 on the High Resolution Powder Diffractometer

(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A. 2: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaHoFeosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.3: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaYbFeosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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A.3 Scandium Materials Experimental Data and Discussion

A.3.1 Scandium Materials XRD
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Figure A.4: X-ray diffraction data of the series of materials with ideal compositions
CaLnScosNb1 507, where Ln= La, Nd, Sm, Gd, Ho or Yb, as collected on the Stoe-IP
instrument. Reflections indicative of the pyrochlore superstructure are highlighted with

the arrow in the figure.
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A.3.2 Scandium SEM

2

N O 20pm

Figure A.5: SEM images of samples with target composition CaLnScosNb1507 where
Ln = La for images (a) and (b), Ln = Nd for (c) and (d), Ln = Sm for () and (f), Ln = Gd
for (g) and (h), Ln = Ho for (i) and (j) and Ln = Yb for images (k) and (). Images on the
left are the secondary electron images and the right hand side showing the back-scattered
electron micrographs of compositions.
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A.3.3 Scandium Neutron Diffraction
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Figure A.6: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CalLaScosNbosO7 on the High Resolution Powder Diffractometer

(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.7: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaNSc0.5Nb0.507 on the High Resolution Powder Diffractometer
(HRPD) instrument. Image shows fitted neutron diffraction trace and the error within the
fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.8: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaHoScosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.9: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaYbScosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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compositions CaL.nScosNb1507 with Ln=La, Nd, Ho, Yb.
A4  Yttrium Materials

A.4.1 Yttrium Material XRD
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Figure A.11: X-ray diffraction data of the series of materials with ideal compositions
CaLnYosNb1507, where Ln= La, Nd, Sm, Gd, Ho or Yb, as collected on the Stoe-IP
instrument. Reflections indicative of the pyrochlore superstructure are highlighted with

the arrow in the figure.
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A.4.2 Yttrium Material SEM
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Figure A.12: SEM images of samples with target composition CaLnYosNb1s07 where
Ln = La for images (a) and (b), Ln = Nd for (c) and (d), Ln = Sm for (e) and (f), Ln = Gd
for (g) and (h), Ln = Ho for (i) and (j) and Ln = Yb for images (k) and (I). Images on the
left are the secondary electron images and the right hand side showing the back-scattered
electron micrographs of compositions.
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A.4.3 Yttrium Material Neutron Diffraction
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Figure A.13: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CalLaYosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A. 14: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaNdYosNbosO7 on the High Resolution Powder Diffractometer
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(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.15: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaHoY05NbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.16: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaYbYosNbosO7 on the High Resolution Powder Diffractometer
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(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
BSE images of compositions CaHoYosNb1s507 and CaYbYosNb1sO7 indicated the
presence of a secondary phase, Figure A.6. XRD analysis showed the presence of un-
indexed reflections within these materials XRD patterns, indicated with the “*’ in Figure
A.11. However, the number and intensity of the reflections of the secondary phase are
low so could not be utilised to identify the crystal structure present. This is seem by the
splitting of the reflections at high angles and the boarder than would be expected of XRD
analysis on an instrument with a monochromator.

The fitting achieved within GSAS of the neutron diffraction data for the holmium and
ytterbium yttrium materials, CaHoY0.sNb1507 and CaYDbYosNb1sO7, respectively, show
a non-single phase material, highlighted by the fitting of the model to the data, Figures
A.22 and A.23. This is reflected in the high ¥*> and wRp in Table A.1. The GSAS refined
parameters for the fitting of a pyrochlore structure to the data for the materials are
included in Table A.1, but have not been used for analysis within Chapter 4 due to the

un-identified additional phases.

Table A.1: Unit cell parameter ‘a’ and 48f oxygen x-position determined from neutron
diffraction data collected on the HRPD instrument, ISIS, Oxford, refined using Rietveld
refinement on GSAS software. The errors within the parameters are as determined using
standard deviation estimations in the results calculated by the GSAS software.

Uiso
@ ] 3 Ca& Y&  O1 02
L0 parameter 487X X WRD 1 6) Nb(e) (0 (o)

1070 | 2.144 | 4.092 | 3.465
(162)  (181)  (133) (168)
2991 | 0.496  8.927 3.748
(145)  (86)  (184)  (142)

Ho  10.455(8) | 0.362(5) | 26.01 0.1999

Yb | 10.417(6) | 0.390(10) 20.16 0.1788
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Figure A.17: Linear fitting of refined 48f oxygen x-parameter and a-parameter for
compositions CaLnYosNb1 507 with Ln=La and Nd.

A.5 Aluminium Materials

A.5.1 Aluminium Material XRD
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Figure A.18: X-ray diffraction data of the series of materials with ideal compositions
CaLnAlosNb15O7, where Ln= La, Nd, Sm, Gd, Ho or Yb, as collected on the Stoe-IP
instrument. Reflections indicative of the pyrochlore superstructure are highlighted with

the arrow in the figure.
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A.5.2 Aluminium Material SEM

Figure A.19: SEM images of samples with target composition CaLnAlosNb1507 where
Ln = La for images (a) and (b), Ln = Nd for (c) and (d), Ln = Sm for (e) and (f), Ln = Gd
for (g) and (h), Ln = Ho for (i) and (j) and Ln = Yb for images (k) and (I). Images on the
left are the secondary electron images and the right hand side showing the back-scattered
electron micrographs of compositions.
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A.5.3 Aluminium Material Neutron Diffraction
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Figure A.20: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaLaAlosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.21: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaNdAlosNbosO7 on the High Resolution Powder Diffractometer
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(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.22: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaHoAlosNbosO7 on the High Resolution Powder Diffractometer
(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
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Figure A.23: Rietveld refinement fitting of neutron diffraction data collected on material
with composition CaYbAlosNbosO7 on the High Resolution Powder Diffractometer
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(HRPD) instrumnent. Image shows fitted neutron diffraction trace and the error within
the fitting (actual-calculated). Insert: Magnification of low d spacing and fitting quality.
All compositions show a single phase pyrochlore material with the exception of the

composition CaLaAlosNb1s507, the SEM analysis of which highlights a large secondary
phase which, Figure A4 (a) (g). This is absent from the x-ray diffraction analysis, however
analysis of the background function of the neutron diffraction data fitting indicated the
potential presence of an amorphous material. Rietveld refinement to neutron diffraction
data indicated a single pyrochlore assemblage for target composition CaLaAlosNb1507
(Figure A.20). XRD analysis did not indicate the presence of an amorphous material or
secondary phase, therefore it was assumed to be a contaminant in the material after the

X-ray diffraction analysis, but prior to the SEM and high resolution powder neutron

diffraction.
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Figure A.24: Linear fitting of refined 48f oxygen x-parameter and a-parameter for
compositions CaLnAlosNb1s07 with Ln=La, Nd, Ho, Yb.
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A.6  Chromium Materials

Materials have been synthesised as described in chapter 4, section 4.2.1, the proportions
of CaCOz, Ln203, Cr203 and Nb2Os with Ln = La, Nd, Sm, Gd, Ho and Yb to form target

composition CALNCrosNb1507.

A.6.1 Chromium Material XRD

Multiple heating regimes have been utilised in order to attempt to produce a material
which has a crystal structure indicative of the pyrochlore structure. With temperatures
ranging from 1100-1550°C and for dwell times of up to 168hours (7 days), with
intermediate regrinding. A vast range of materials have been produced, all of which show
minor secondary phases present, and potentially a secondary pyrochlore / fluorite related
structure. X-ray diffraction data, Figure A.25, highlights the pyrochlore phase, with un-
indexed reflections being of additional phases which are minor in quantity.

Analysis has been completed on the materials using scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) on the Hitachi TM3030 microscope in

order to ascertain the chemical composition of the secondary phases.
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Figure A. 25: X-ray diffraction data of the series of materials with ideal compositions

CaLnCrosNb1 507, where Ln= La, Nd, Sm, Gd, Ho or Yb, as collected on the Stoe-IP
instrument. Reflections indicative of the pyrochlore superstructure are highlighted with

the arrow in the figure.

183



A.6.2 Chromium Material SEM

0pm

)

Figure A.26: SEM images of samples with target composition CaL.nCrosNb1507 where
Ln = La for images (a) and (b), Ln = Nd for (c) and (d), Ln = Sm for (e) and (f), Ln = Gd
for (g) and (h), Ln = Ho for (i) and (j) and Ln = Yb for images (k) and (I). Images on the
left are the secondary electron images and the right hand side showing the back-scattered
electron micrographs of compositions.
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The bulk material has been defined as phase 1. It is assumed that the bulk material will
adopt the pyrochlore structure, due to the dominance of the pyrochlore phase within the
XRD data. The bulk materials are identified as calcium rich, in comparison to the target
compositions. Phase 2, the minor secondary phase identified within the materials, are
deficient in calcium and chromium cations. Also included within Table A.2 oxygen
stoichiometries have been determined assuming Ca?*, Ln**, Cr¥* and Nb°*. Neutron

diffraction analysis was not completed on the multiphase materials.

Table A.2: Semi-quantitative EDS results from the average of 5 spot analysis on the 2
distinguishable phases. The bulk material is identified as phase 1, which phase 2 being
the secondary phase within the material.

Ln Phase 1 (Bulk Phase) Phase 2 (Secondary Phase)

La  Cai13@)Laose@)Cross@Nbis712)0723)  Laiasa2)Nb1se11)Os.1(2)

Nd  Cai.073)Ndo.sa@e)Cross@Nb13411)O642)  Caoso)Nd1.18(10)Cro.24¢1)Nb15011)O6.4(2)
Sm  Ca130@)SM1.029)Cross)Nb17201)0803)  Cao.17(1)SM1.es513)Nb2.09(11)O8.23)

Gd  Car193)Gdosy@e)Croar)Nb1ssa)O7.12)  Cao.24)Gd1e5(13)Cro.10)Nb1.95(11)07.7(3)
Ho  Cai.333)H00.9509)Cros2@2)Nb16511)07.73)  HO1.60(13)ND1.7010)O6.7(2)

Yb  Cai26@3)Ybos29)Croas)Nb15210)07.02)  Caose)Yb1e414)Cro.13)Nb1.99(10)08.0(3)
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Appendix B

B.1 Introduction

Within this appendix is additional data collated for ‘Chapter 5- Uranium Substituted

Lanthanum Zirconate Pyrochlores’. This includes data from the refinement of the

pyrochlore model to X-ray diffraction data, and XANES analysis not explicitly included

in but discussed within the chapter.

B.2 Additional Experimental Data and Discussion

B.2.1 Additional X-ray Diffraction Refinement Data

B.2.1.1 Air Formed Materials
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Figure B. 1: Material of target composition La2Zr1.8Uo207+5 formed in an air atmosphere,
fitted using the GSAS software. Data shown is the calculated fit (black) and the observed

— calculated difference trace highlighting the quality of the fit.
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Figure B.2: Material of target composition La2Zr1.7U0.307+6 formed in an air

atmosphere, fitted using the GSAS software. Data shown is the calculated fit (black) and

the observed — calculated difference trace highlighting the quality of the fit.
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Figure B.3: Material of target composition La2Zr1.6U0.407+6 formed in an air
atmosphere, fitted using the GSAS software. Data shown is the calculated fit (black) and
the observed — calculated difference trace highlighting the quality of the fit.
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Figure B.4: Material of target composition LazZr1.5Uos07+5 formed in an air atmosphere,
fitted using the GSAS software. Data shown is the calculated fit (black) and the observed

— calculated difference trace highlighting the quality of the fit.
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Figure B.5: Material of target composition La2Zr1.4Uo.607+5 formed in an air atmosphere,
fitted using the GSAS software. Data shown is the calculated fit (black) and the observed
— calculated difference trace highlighting the quality of the fit. This fit is achieved through
the use of 2 pyrochlore structures, whose refinement parameters are included within Table

5.4 and Table 5.5.
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B.2.1.2 Hydrogen / Nitrogen formed materials
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Figure B.6: Material of target composition LaxZri9Uo107+s formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.7: Material of target composition La>Zr1gUo207+s formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the
quality of the fit.
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Figure B.8: Material of target composition La2Zr1.7U0.307+3 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.9: Material of target composition LaxZri6Uo4O7+5 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.10: Material of target composition La»Zr15Uos507+5 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.11: Material of target composition La>Zr14UoeO7+5 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the
quality of the fit.
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Figure B.12: Material of target composition La>Zri3Uo707+s formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.13: Material of target composition La>Zr12UogO7+s5 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the

quality of the fit.
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Figure B.14: Material of target composition La»Zr1.1Uo907+5 formed in a reducing
hydrogen / nitrogen atmosphere, fitted using the GSAS software. Data shown is the
calculated fit (black) and the observed — calculated difference trace highlighting the
quality of the fit. This fitting has been achieved through the refinement of 3 fluorite
structures, whose refinement can be found in Table 5.6.

B.3 Appendix B Reference

[1] Shannon R. Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystallographica Section A 1976; 32:751-
767.
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Appendix C

C.1 Introduction

Within this appendix is additional data collated for ‘Chapter 6- Formation of Uranium
Titanate Materials’. This includes further data from refinement of high resolution neutron

diffraction data.

C.2 Additional Experimental Data and Discussion

C.2.1 Additional High Resolution Neutron Diffraction Refinement Data

Uranium Average Oxidation
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4.0
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Energy (eV)
Figure C.1: Linear fitting of X-ray near Edge Absorption Spectroscopy (XANES) data
collected on standard materials CaU®"Os, Uos>"Yos5Ti20s and U*'Ti20s with known
uranium oxidations of U**, U* and U®%".
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Figure C.2: Neutron diffraction refinement on sample with composition UCrTiO6
completed using GSAS and neutron diffraction data collected on the HRPD instrument,
ISIS, Oxford. Sample has a multiple rutile crystalline structure, this fitting has been
achieved through the use of two rutile structures fitted to show the range of rutile

structures formed, see Chapter 6, Table 6.7.
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Figure C.3: Neutron diffraction refinement on sample with composition
Uo.75Cro.75 Ti1506 completed using GSAS and neutron diffraction data collected on the
HRPD instrument, ISIS, Oxford. Sample has a multiple rutile crystalline structure, this
fitting has been achieved through the use of two rutile structures fitted to show the range

of rutile structures formed, see Chapter 6, Table 6.7
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