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Abstract

Nuclear power is a popular and sustainable method to generate electricity. In order to
increase the economic efficiency, it is possible to add dopants into nuclear fuel to
increase the fuel burn-up. PuCrOs and PuAlOs3 have been demonstrated to be formed in
UO: fuel because of the interaction of additives (Cr203 and Al2O3) and Pu that is
produced by neutron capture reactions. The formation of these phases will have impact
on the properties of the waste form generated from the used fuel. Here, the
thermophysical properties and radiation tolerance of these chromates and aluminates

have been examined using Nd as a surrogate for Pu.

In this project, two kinds of perovskite-type ceramic materials (NdCrOs and NdAIOs3)
were investigated to simulate PuCrOs and PuAlOs. They were prepared using co-
precipitation followed by cold isostatic or uniaxial pressing and conventional sintering.
Thereafter, heat capacity, thermal expansion and thermal diffusivity were measured to
calculate the thermal conductivity of neodymium chromate and neodymium aluminate.
Neodymium aluminate showed higher thermal conductivity than that of neodymium
chromate. lon beam irradiation using Au-ions and He-ions has been utilized to simulate
the consequences of a-decay and the effects of irradiation on the structural and
macroscopic properties have been investigated. Irradiation by Au-ions resulted in
volume swelling, a loss in long-range order, a reduction in hardness for neodymium
aluminate and an increase in hardness for neodymium chromate at fluences above 10'
Au-ions/cm?. On the contrary, little effect on the materials properties was observed for

samples irradiated with He-ions up to a fluence of 10'7 ions/cm?.



In summary, the thermal conductivity of neodymium chromate and neodymium
aluminate were investigated. The radiation tolerance of these two kinds of ceramic
materials were also studied. The results indicated that the presence of plutonium
chromate and plutonium aluminate may have significant impact on the properties of

used uranium dioxide fuel.
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Chapter 1 Introduction

Nuclear power is a popular and sustainable method used to produce heat. In recent years,
the generated heat usually is then used to produce electricity and the nuclear power has
become one of the main power to provide the world’s electricity [1]. The reason for its
popularity is that the same as other sustainable power sources, nuclear fission power is a

low carbon power generation method of producing electricity [2].

With the worldwide use of nuclear power to generate electricity, it is inevitable that
radioactive waste as a by-product of nuclear power generation will be produced. The
radioactive waste contains radioactive material which is harmful to human beings and
the environment. Used fuel is the most important waste from nuclear power plants; and
consists of un-converted uranium and some transuranic actinides such as plutonium and
curium [3]. The radioactive waste can be classified as uranium tailings, low-level waste,
intermediate-level waste and high-level waste. Depending on the classification, these
wastes must be stored separately and confined in appropriate disposal facilities.
Specifically, low and some intermediate level waste are managed by near-surface
disposal and deep burial is the management for the high-level waste [4]. Aside from
these management methods for radioactive waste, reprocessing is necessary to reduce
uranium and plutonium that remain in long-term radioactive waste as it can probably
recover significant amounts of uranium and plutonium in used nuclear fuel and then can

be used in new mixed oxide fuel.

For many years, the increase of efficiency in the production of nuclear electricity has

been an economic challenge in many countries. Therefore, the increase of fuel burn up
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has been put forward as it can cause a reduction in the volume of used fuel discharged
to longer fuel cycles in the reactor, which means bigger availability and capacity factors
[5]. In other words, in the nuclear field as well as in many other fields, it is always vital
and economical to improve performance. In order to increase the fuel burn-up, it is
possible to extract more power from nuclear fuel and therefore increase the economic

efficiency [6].

Recently, based on this aim, there has considerable research focused on UO: fuels;
some dopants can be added to improve the in-reactor behaviour of fuels. The additives
include Cr203, Al203 and SiO2. With these dopants adding into the UO2 fuel, the fuel
microstructure can be altered. In addition, these dopants are likely to interact with the
fission products that form in-reactor [6]. According to Russel [7], it has been confirmed
that PuCrOs and PuAlOs can be formed in the UO:z fuel. This is because two common
UO:z fuel dopants (Cr203 and Al203) can interact with Pu that is generated by neutron
capture reactions with U-238 in UO: fuel. Therefore, because of the formation of
PuCrO; and PuAlOs3, they may decompose or form phases which may leach out of the
used fuel if it were to be sent to a waste repository. If they are not radiation tolerant, this
may enhance the leaching of plutonium from used fuel which is currently considered as

a waste form in some countries.

Hence, in this project, it is important to understand the thermal properties and radiation
tolerance of PuCrOs3; and PuAlOs. As PuCrOs and PuAlOs are radioactive materials, Nd
is chosen as a non-radioactive surrogate for Pu. The reason for choosing Nd as a
substitution is because of their ionic radii and oxidation state similarity. In terms of
ionic radii, Nd*" and Pu®" have similar ionic radii that are 1.123 and 1.14, respectively

[8], which means they can substitute into ionic crystal structures similarly. As for
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oxidation states, they have the same oxidation states. In UO: fuel, Pu is a trivalent
cation which is the same as Nd. Also, as a surrogate, density is another factor to
consider particularly as density will influence the thermal properties. However, as the
density during operation is expected to vary considerably. I targeted materials with high
density in order to facilitate characterisation. In this project, the measurement of thermal
properties and ion beam irradiation will be applied on NdCrOs and NdAIO3 and the

conclusion can then be made with the results of measurements and characterizations.

In this thesis, two perovskite-type materials, NdCrOs and NdAIOs were studied. In
Chapter 2, the important thermo-physical properties, which include specific heat
capacity, thermal expansion and thermal diffusivity, were explained. The general
introduction of synroc, ion beam irradiation and pervoskite structure was summarized.
In addition, the previous researches on neodymium chromate and neodymium aluminate
were reviewed. In Chapter 3, in order to synthesise neodymium chromate and
neodymium aluminate ceramics, some powder preparation methods were introduced
generally. The conventional sintering process was introduced for the ceramic
preparation. The measurement methods, main characterizations and ion beam irradiation
utilized in this project have been described briefly. In Chapter 4, several
characterizations on as-prepared neodymium chromate and neodymium aluminate were
described. These basic characterizations were important to establish the purity,
crystallinity and density of these ceramics. In Chapter 5, specific heat capacity, thermal
expansion and thermal diffusivity of neodymium chromate and neodymium aluminate
were measured to calculate the thermal conductivity. In Chapter 6, several
characterizations on Au and He-ion irradiated neodymium chromate and neodymium
aluminate were described. Following this, thermal annealing for irradiated materials was

employed to investigate the recrystallization condition. In the last chapter, the
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conclusions were made on the thermophysical properties and radiation tolerance of

these two materials. The main contribution of this project was concluded.
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Chapter 2 Literature Review

2.1 Introduction

PuCrOs and PuAlO; are compounds likely formed in UO: fuel following reaction of
Cr203 and AL2O3 with Pu. Their formation may have some impact on the used fuel when
stored as waste for a long time. Therefore, it is necessary to investigate the
thermophysical properties and radiation tolerance of PuCrO3 and PuAlOs. In this work,
Neodymium is used as a surrogate for plutonium. It is important to have a deep
understanding of thermophysical properties, radiation damage and previous research on
PuCrOs3 and PuAlOs. Meanwhile, Synroc, a safe method of storing nuclear radioactive

waste was reviewed.

Thermophysical properties can be explained as material properties that vary with
temperature without changing the chemical identity of material. To be specific,
thermophysical properties are the material properties that can affect the heat storage and
transfer. It varies with the state variables like temperature, pressure and composition and
of other factors. These properties include specific heat capacity, thermal expansion,
thermal diffusivity as well as viscosity and thermal diffusion coefficients. In this project,
thermal conductivity (specific heat capacity, thermal expansion and thermal diffusivity)

was investigated.

According to Konings [9], it is more than a century ago that radiation effects on the
structure and properties of materials were first being studied, and since 1940s, the focus
on it had increased because of the development of fission reactors. From 1950s to early
1960s, the crystalline defects were studied productively. In the 1960s and 1970s, as the

study of radiation damage processes in materials, heavy ion irradiation was focused on
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study; recently, ion beam irradiation has become a significant application to simulate
radiation damage. The popularity of ion beam irradiation is due to the ability to
investigate basic processes with enormous time- and money-saving. As for ceramics,
there are types of ceramics that are highly robust ceramics, which can withstand high
radiation doses. PuCrOs3 and PuAlQOs3 that can be formed in UO: fuel are perovskite—type

ceramics.

This chapter is an introduction into thermal conductivity, synroc, ion beam irradiation
and radiation effects on ceramics. The perovskite structure is also introduced to provide
a basic understanding of the PuCrOs and PuAlO3 structures. Meanwhile, in order to have
a deep understanding on these two materials and this project, previous work was

summarized in this chapter as well.

2.2 Thermal conductivity

2.2.1 Theory of thermal conductivity

Thermal conductivity (K) is a kind of material’s property to conduct heat. It is defined
as under unit temperature difference and unit time, the heat conducted directly by the
unit section and the length of the material. It illustrates the heat transport through a body
of mass as the result of a temperature gradient. In a material, thermal conductivity can

be divided into two sources: electronic (Ke) and the lattice (Kvr) [10, 11].
K=K, t+K (D

e Electronic thermal conductivity
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The electronic thermal conductivity(ke) could be described by the Wiedemann-Franz

law [12]:
K., = LoT (2)

Where L is the Lorenz number (2.44 x 1078wQK~2) [13], o is the electrical

conductivity and T is the temperature.

Therefore, a material with a high electrical conductivity will have a high electronic
thermal conductivity. Namely, it will have a higher total thermal conductivity and the

thermal properties of a material are interdependent.
= Lattice thermal conductivity

In terms of the lattice thermal conductivity (kr), it can be described by the lattice

vibrations (phonons) and is independent of electronic properties.

At First, Debye [14] and Peierls [15] put forward the early theories of the lattice
conductivity, Ag.. After that, with several authors’ effort on working out refined theories,
an exact calculation of Ag perfect crystals is feasible in principle and it focuses on two
aspects: on the phonon spectrum as well as on the anharmonicity of the lattice forces of

a material. Equation 4 below describes lattice thermal conductivity (Kv).

1 1 5 1
K; =§val=§va T (v=;) 3)

Where Cv is the heat capacity, v is the phonon velocity and 1 is the phonon mean free

path and lattice thermal conductivity is the product of these parameters.

The phonon mean free path (1) is the product of the phonon velocity (v) and the phonon

relaxation time 7. The phonon velocity (v) always approximates the low frequency of
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the sound speed (V, o<V B/ o ) in which B stands for the elastic modulus and J is the

material’s density [16-20]. Generally, sound velocity and the phonon mean free path are
the two parameters that can determine the lattice thermal conductivity. A low sound
velocity and the small phonon mean free path can dominate the low lattice thermal

conductivity and therefore causes low thermal conductivity.
e Debye model for Specific heat

The Debye model was first developed by Peter Debye in 1912. Vibrational motion of
atoms is the considered factor that can decide the heat capacity. It is used to estimate the
phonon contribution to the heat capacity in a solid [21] and treats the vibrations of the
atomic lattice as phonons in a box. The Debye temperature (6p) is the most important
parameter to predict the specific heat capacity and it is defined by [22]:

hWD
0p = K,

(4)

Where Kz is the Boltzmann’s constant, h is Plank’s constant and Wp is the maximum

frequency of the vibrations of a solid’s atoms.

The Debye model predicts that the low temperature is related to the heat capacity. It

means when the temperature T <0p, it is proportional to T- the Debye T> law. When

the temperature T > Op, it agrees with Dulong-Petit law. However, it is not accurate at

intermediate temperatures because of the simplifying assumptions [23].
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2.2.2 Influencing factors of thermal conductivity

The thermal conductivity cannot keep constant all the time, and there are several factors
that can affect the thermal conductivity. These factors include the inner structure of
material, the density of material, moisture of material, ambient temperature, chemical
phase and so on. With the change of density, moisture and temperature, the thermal
conductivity alters as well.

e Temperature

There are some differences between metals and non-metals in terms of the effect on
temperature on thermal conductivity. For metals, the conductivity is due to free
electrons. Namely, the conductivity always tracks the electrical conductivity as the free
electrons in metals transfer both electric current and the heat energy and it is about
proportional to the absolute temperature multiplied by electrical conductivity. In pure
metals, with the increase of the temperature, the electrical conductivity decreases. Thus,
the thermal conductivity, which is the product of the electrical conductivity and the
temperature, will remain almost constant. However, in alloys, as the change in
temperature is always more obvious than that of electrical conductivity, the thermal

conductivity is dependent on the temperature, and it will increase with the temperature.

On the contrary, in non-metals, the lattice vibrations (phonons) dominate the heat
conductivity but this is not suitable for high quality crystals at low temperature. Hence,
the thermal conductivity for non-metals will vary with varied temperatures: at high
temperatures, the thermal conductivity will almost stay the same; however, when the
temperature is low which is below the Debye temperature, both thermal conductivity

and the heat capacity decrease [24].
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e Chemical phase of material

The type of material used in thermal conductivity can affect the rate of energy
flowing between the two regions, and the energy flow is proportional to the
conductivity of the material. In a material, the thermal conductivity may change with a
phase change from solid to liquid or from liquid to gas and liquids and gas have lower
thermal conductivity than that of solid. For example, when ice melts and becomes liquid
water, the thermal conductivity would change from 2.18 W/ (mK) to 0.56 W/ (mK) at

the same temperature (0°C) [25].
e Thermal anisotropy

In some materials, the thermal conductivity can be different due to the various crystal
axes. This is because of the differences in phonon coupling along a given crystal axis.
Take sapphire as a markedly example, the thermal conductivity of sapphire is
determined by the orientation and temperature; therefore, the thermal conductivity can

vary from 35 W/(mK) with ¢ axis to 32 W/(mK) with a axis [26].

2.3Synroc (Synthetic Rock)

As for nuclear radioactive waste disposal, there are many management methods such as
vitrification, ion exchange, geologic disposal, above-ground disposal. Unlike these
traditional methods that degrade over time, synroc is a set of technologies that provide
the most effective and durable means to immobilise different levels of radioactive
wastes for disposal. Synroc tailored waste forms are built on minerals that have

withstood weathering process in nature for 100’s of millions of years [27].
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Synroc, an abbreviation of “synthetic rock”, is a method of safely storing radioactive
waste. It was first invented in 1978 at the Australian National University and ANSTO
does further research on it. Synroc is a kind of ceramic that is constituted of stable
natural titanate minerals, and it has been utilized to immobilise uranium and thorium for
billions of years. Specifically, the natural titanate minerals can be mixed with these
high-level radioactive waste and incorporate into their crystal structures and therefore
immobilise them. The main titanate minerals contain hollandite (BaAl2TicO1s),
zirconolite (CaZrTi207) and perovskite (CaTiO3). Among these three types of minerals,
zirconolite and perovskite are the hosts of long-lived actinides like plutonium (Pu),
strontium (Sr) and barium (Ba). Hollandite usually is the host of caesium (Cs) and

barium (Ba) [27, 28].

As for the working process of synroc, there are several steps. First, the radioactive waste
is mixed with tailored rock-forming additives; the mixture is then heated. Thereafter,
canisters are filled with the mixture and then be sealed. The canister is placed inside a
hot isostatic press (HIP) and argon is pumped into the vessel. Next, the canister is
heated and is applied with moderate pressure. In this case, the powdered mixture fuses
together to form solid block, the result is a cylinder of hard, dense and black synthetic
rock (Figure 1), and the radioactive waste is locked up into the molecular lattice of the
waste form. Due to its specific design, the canister collapses to form a cylindrical shape
to store the radioactive waste more efficiently [29]. The reason for utilizing HIP
technology is its key advantages: lower emissions, higher waste loadings and very

flexible technology.

Overall, if nuclear waste stored in a liquid form, the waste can be hazardous to the

environment and the waterways and therefore can induce extensive damage to the
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environment and human. By contrary, when nuclear waste stored as synroc waste form

which is held in a solid lattice, chances of the waste elements spreading are greatly

=
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reduced.

—
==
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Figure 1. Synroc waste form [30]

2.4 Radiation damage

Radiation damage is the damage done to the crystal lattice. When ion beam irradiation
is utilized for radiation damage study, radiation effects study can be carried out using
various kinds of energetic particles including neutrons, electrons, protons, He ions and

heavy ions and this can be conducted using the ion beam accelerator.
2.4.1 Radiation damage theory

The interaction of energetic particles with a solid target is a complex process. The
primary damage produced in collision events is the energetic particles interact with a
solid target and create primary knock-on atoms by scattering accelerated ions [9].
Norgett et al. [31] generated a model that known as the Norgett-Robinsion-Torrens
(NRT) standard and this is the model that is used to predict the number of displacements

created by a primary knock-on atoms carrying potential part of the kinetic energy
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(Epka). The Norgett-Robinsion-Torrens model is governed by the following equation

[32, 33].

0 T, < Ey

1 Edsrd<2%

Ny(Ty) = (5

BT, 2B,
/ZEd ra STy<o

Where Eq is the effective threshold displacement energy, f is the scattering correction

factor. Tq in this expression is the damage energy.

This theory is based on the hypothesis that in order to be displaced from its lattice site, a
minimum amount of energy should be provided for a primary knock-on atom to strike a
lattice atom. When the energy received for collision in the lattice atom is less than the
threshold displacement energy (Ed), the knocked atom undergoes vibrations but still
remains in its lattice site. Thereafter, part of the kinetic energy (Epka), transmitted to the
primary knock-on atoms (PKA) is lost to the electron excitation. Then, the rest of the
energy, which is called the damage energy (Tad), is dissipated in elastic collisions
between atoms. In addition, if the damage energy (Ta) exceeds threshold displacement
energy (Ed), the vacancy-interstitial (Frenkel) pairs are produced for the target material

9, 331.

One of the consequences of the interaction of energy particles (ions, photons or
electrons) with crystalline materials is the formation of lattice defects as the energy
transfers to the atoms. This consequence is the reason that can explain why radiation has
both harmful and good effects on materials. The damage can show different forms: in a
crystal, an atom can be kicked out from its initial lattice site, this will lead to a vacancy
and create an atom at an interstitial site in front [32]. Defects can be formed after

radiation damage and can be defect clusters, amorphous zones or dislocation loops.
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The radiation damage can be divided into two types: the primary damage which is
formed immediately after the energy particles like ions impact by collision processes,
and the long-time scale damage evolution caused by thermally activated processes [32].
The damage (primary damage or damage evolution with time) can induce macroscopic
response of a material to radiation and the property degradation phenomena induced by

the radiation is introduced below.

2.4.2 Property degradation phenomena induced by the radiation

With energetic particles irradiated on materials, atomic displacements can be created
and significant microstructural alteration can be induced. These microstructural changes
can always cause alterations in the physical and mechanical properties on the irradiated

materials.

Materials undergo radiation will experience the alteration on the microstructure and the
macroscopic, mechanical properties of the materials and some major phenomena may
occur in irradiated materials. These changes include radiation hardening, radiation-
induced amorphization, thermal and electrical conductivity degradation, corrosion
degradation, dimensional instabilities and high temperature embrittlement, and they are

summarized below.

Radiation induced amorphization can be found in ceramics, metals and alloys.
According to Weber et al. [34], the phase transition from crystalline to amorphous can
be induced at very low temperatures when the motion of self-interstitial atoms is limited.
During the phase transition, there will be other changes produced such as large swelling

and decreases in elastic module in materials.
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Radiation induced hardening is another degradation phenomenon that occurs in metals
and alloys. The reason for materials get hardening after irradiation is due to the creation
of high densities of impenetrable clusters, which act as obstacles to dislocation motion.
These obstacles also include point defects, small clusters and precipitates. Usually,
radiation hardening in metals and alloys will result in some consequences; for instance,
materials will show increased strength, decreased tensile elongation and reduction in
toughness and some of these consequences may be beneficial to materials but others

may have detrimental impacts on materials.

It is common that thermal and electrical conductivity will decrease after radiation and
this can occur over a wide range of irradiation temperatures [9]. For non-metallic
irradiated materials, the thermal conductivity decreases by displacement damage
because of phonon scattering by point defects and defect clusters. While for metals, the
reasons for causing the decrease of thermal conductivity are due to the electron

scattering from point defects and nuclear transmutation of solute atoms.

Besides these degradation phenomena, there are some other effects induced by radiation.
Radiation induced segregation and precipitation, which can occur when self-interstitial
atoms and vacancies are mobile at intermediate temperatures; the dimensional
instabilities (irradiation growth, creep and swelling), which can occur due to the
anisotropic nucleation and growth of dislocation loops, the presence of applied stress
and void formation; and the high temperature embrittlement which always occurs at

high temperature [9].
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2.4.3 Radiation-induced effects on ceramic materials properties

It is apparent that radiation can induce alterations in the physical properties of ceramics.
In order to understand the effects on ceramics after irradiation, there were many
previous works done on several types of ceramic materials. Based on the results of
radiation damage in different kinds of ceramic materials, after irradiation, materials

show the amorphization, mechanical and thermal property alteration.

According to Hobbs et al [35-37], when they did research on the ceramic materials like
ZrSi04, CaTiO3 and AlOs, it was found that radiation with heavy ions caused
amorphization on ceramic materials. Literally, amorphization is a phase transformation
and the phase transfers from a crystalline solid to a solid that lacks any long-range order,

but still maintains a certain degree of short-range order.

The primary radiation damage is displacement of one or more atom species and the
Frenkel (vacancy-interstitial) pairs are formed consequently. In other words, each
atomic displacement event produces a pair of defects known as a Frenkel pair during
irradiation and a Frenkel pair is constituted of an interstitial and a vacancy. Under both
ballistic and electronic damage conditions at low temperature, amorphization can occur
within a single primary knock-on or proceed through the accumulation of primary
displacements defects. When ceramics undergo ion irradiation and transfer from
crystalline structure to amorphous, there will be the loss of the identity of individual
defects which is due to a uniformly defective state of the entire solid, and the loss of

long-range order can be observed from the material’s structure [37] [9].

With several years’ study on the amorphization induced by radiation, it is obvious that

low temperature is much easier for most solids to become amorphous. The
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amorphization of ceramic materials usually includes substantial dimensional changes
(both swelling and compaction are observed) [37]. In ceramic materials, amorphization
seems to be detrimental to materials that have been irradiated, as the crystal-to-
amorphous transformation is always accompanied by volume swelling, softening and

micro cracking [9, 38].

Aside from amorphization on ceramic materials that can be induced by irradiation,
ceramics can undergo mechanical and thermal properties changes, and there are
considerable studies that have been done on ceramics materials. The early work
reviewed by Wilks [39] showed that Young’s modulus of polycrystalline alumina was
reduced after irradiation, and the similar example was found in MgO. Besides that, it
was found by Picot et al. [40] that the monizate material underwent material softening
with a hardness reduction of around 60% compared with the pristine monizate material.
The reduction in hardness in this material is due to irradiation induced amorphization
that results in a lower density structure and eventually the material becomes softened.
These degradation phenomena in mechanical properties indicate that the mechanical
properties can undergo alterations after irradiation. As for reduction in thermal
conductivity in ceramics, because of the phonon scattering by point defects and defect

clusters that cause displacement damage, the thermal conductivity therefore decreases.

To sum up, ceramics are inorganic, nonmetallic materials, a class that includes solids
with both crystalline and glassy atomic structures. When the ceramic materials follow
irradiation with energetic particles, even at low doses of energetic radiation, defects may
be generated and can provide the possibility to induce changes in physical properties.
These changes include transformation from crystalline to amorphization, changes in

strength, toughness, electrical and thermal conductivities. However, ceramics include a
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large class of solids with various structures ranging from simple to complex, and the
atomic defects after irradiation damage are different in their size, chemistry and
mobility. Therefore, the understanding of such phenomena is more difficult than the
simple responses of metals and it is difficult to predict the evolution of the

microstructure of a ceramic after irradiation.

2.4.4 Radiation damage using ion beam

In order to know the effects of ion irradiation on reactor components, a variety of
energetic particles are required to conduct the effects. These energetic particles include
helium ions and heavy ions. The ion irradiation could produce the damage state and
microstructure change. Therefore, the degree to ion irradiation depends on the particle

type and the damage rate.
e Motivation for using ion beams

In recent years, ion irradiation has become a significant application to support the
reactor development programs and to simulate radiation damage. The reason why there
is much more interest in ion beam irradiation is due to three aspects: technique,
economic and safety. In terms of the technique part, ion beam could be conducted at a
well-defined energy, dose rate and temperature. Using ion beam to simulate radiation
damage could generate very well-controlled experiment that is difficult to match in
reactors as well [41]. From the economic aspect, ion beam has the potential to save time
and money and the irradiation parameters (dose, dose rate and temperatures) used in ion
beam simulation can be easily adjusted over a wide range of values. The last part and

the most important part is that the ion irradiation has rapid accumulation of end of life
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doses in a short time. Ion beam irradiation does not need to spend considerable time to
reach damage levels in the 1-100 dpa range and generates little or no residual
radioactivity. This means the sample could be handled without special precautions.
Because of these features, it is much easier to reduce the cycle length and cost [9].
Therefore, using ion beam irradiation is an effective method to simulate radiation

damage and this is the reason for its popularity.

e Advantages and disadvantages of irradiations using various particle types

Each type of particle has its strength and drawbacks when doing ion beam irradiation to
simulate irradiation damage. The general advantages of these particles are well
controlled, verification and time and money saving. However, the disadvantages are that
charged particle beams are short of transmutation reactions and it is necessary to use

raster-scanned beam in some cases. These particles include heavy ions and light ions.

In terms of the heavy ions, they are good at high dose rates as it could accumulate high
doses in short times. In addition, the heavy ions could produce a little energy; therefore,
it is efficient for the heavy ions to produce dense cascades. However, it still has some
drawbacks. The first one is that large temperature shifts are required for the high dose
rates. Another disadvantage is that the penetration depth is short and dose rate over the

penetration depth vary continuously [9].

As for light ions, He ions is one of the light ions and it overcomes the drawback of other
types of irradiation. The penetration depth of He ions can exceed several micron meters
at a few MeV, which is much deeper than heavy ions and the damage layer is even. As
such, the dose rate varies much less than that of heavy ions. In addition, at this
penetration depth, it is easier to assess the mechanical properties such as irradiation

hardening that irradiation induces. However, as the recoil energy is related to the size of
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ions, the smaller size of He ion causes the smaller recoil energy, which can induce the
damage morphology characterized by smaller, more widely spaced cascades than with

other ions [9].

e Practical considerations for radiation damage using ion beams

In order to set up ion irradiation experiments, a variety of parameters such as energy,
current/dose and beam target interaction should be taken into account. Among these
parameters, the depth of penetration is the most important one for consideration.
According to Ziegler, Biersack and Littmark [42], they did SRIM calculation on
stainless steel using protons, helium ions and nickel ions, it is found that this parameter
is different between the light and heavy ions over an order of magnitude in this energy

range.

2.5 Perovskite structure

A Perovskite type material is a material that has the same type of crystal structure as
calcium titanium oxide (CaTiOs3). It was discovered by Gustav Rose and is named after
L.A.Perovski, a Russian mineralogist [43]. Many transition metal oxides also exhibit
perovskite structure and receive increasing attraction due to some physical properties
like high-temperature superconductivity and colossal magnetoresistance observed in

these compounds.

The perovskite type material can be expressed as the general chemical formula ABXs.
In this formula, A and B stand for two cations with very different sizes, and X is an
anion that is bond to both. The A cation has larger radius than the B cation, but has

similar radius as that on the anion X. Usually, A cation can be rare earth, alkaline earth
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and plenty of other large ions, and the smaller B cation is usually a 3d, 4d and 5d
transition metal ion such as titanium and manganese. X is the oxygen or a halide ion. In
an ideal perovskite structure, A cation is coordinated with 12 oxygen ions to form the

cubic structure while B cantion bonds with six oxygen forming an octahedral.

Aside from the ideal perovskite structure, the orthorhombic and tetragonal phases are
two common structures distorted from the ideal perovskite structure. In general, for the
stoichiometric oxide perovskites, the sum of the oxidation states of A and B cations
should be equal to six. The “A” and “B” cations can have various charges such as
A"'B™0s3, A"”B™03 and A”B*03, and Figure 2 is the example of A and B cations

with different charges [44, 45].

ABO,

-

La**, Ce**, Nd**, Sm>*, Eu**, Gd ** A3+, Cr3t, Fe3+,
Tb**, Dy?**, Ho**, Er**, Yb?*, Lu®* Ga®*, In*, Sc**
Na' ’ Mg) Nb5+’sn4+

Figure 2. Schematic of compositions of example perovskite structures.

The structure of an ideal cubic perovskite is shown in Figure 3. In this figure, the
cations that are at the corners of the cube (blue spheres) represent A cations, and the
cation in the centre coordinated with oxygen ions (red spheres) is B cation. The space

group for cubic perovskites is Pm3m.
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Figure 3. Cubic perovskite unit cell. Blue spheres represent the A cations, yellow spheres represent

the B cations, and red spheres represent oxygen anions forming an octahedral [45].

2.5.1 Structure of NdCrO;3; & NdAIlO;

During years of studies, it has been found that the perovskites not only show cubic
structure, but also exhibit the Orthorhombic Pnma (Pbnm) structure at room
temperature. The distortion from cubic to orthorhombic could be explained as when a
cubic lattice is stretched along two of its orthogonal pairs, a rectangular prism will be
created and thus with different lattice parameter a, b, and c. Through previous work on
examining the XRD pattern of NdCrOs [7], it could be found that NdCrO3 shows the

orthorhombic Pnma structure as shown in Figure 4.
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Figure 4. Pnma, orthorhombic perovskite cell. Blue spheres represent the A cations, yellow spheres

represent the B cations, and red spheres represent oxygen anions forming an octahedral [45].

Rhombohedral structure with the space group R-3c is another type of structure that can
be found in perovskite type materials; and previous work shows that NdAlOs exhibits
rhombohedral R-3c structure [46]. This distortion from cubic to rhobohedral structure
involves a rotation of the AlOs octahedra with regard to the cubic structure and the

schematic of thombohedral structure is shown in Figure 5.

Figure 5. R-3¢ rhombohedral perovskite unit cell. Blue spheres represent the A cations, yellow

spheres represent B cations, and red spheres represent oxygen [45]
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2.6 Previous work on PuAlO;3; & PuCrOs

There is only limited work on the radiation tolerance and thermophysical properties of
Pu-doped materials such as PuAlO3; and PuCrOs that can be formed from nuclear fuel

and only some theoretical methods have been used for research.

According to Fullarton et al. [6], In order to improve the in-reactor behaviour of fuels, it
is possible to add various dopants. Additives like Cr203 and Al203 may react with Pu in
UO: and due to this reaction; precipitates like PuCrOs and PuAlO3 would be formed.
Therefore, according to previous work that done by Fullarton et al. [6], a variety of
computational methods were used to investigate the behaviour of Pu and also try to

understand the formation, structure and thermal properties of PuAlO3 and PuCrOs.

2.6.1 Structure of PuAlO3& PuCrOs3

Fullarton et al. [6] did a lot of work to verify the structures of PuAlO3 and PuCrOs3 and

six possible A**B**03*" analogues were chosen to simulate them. These six phases are

LiNbOs3 (R3c)-type structure, GdFeOs (Pnma)-type structure, SrTiOs (Pm 3 m)

structure, NdAlOs (R-3C)-type structure, LaAlO3(R? m)-type structure and the

BiMnOs (C2/c)-type structure. These selected structures are all related to the SrTiOs3
perovskite structure and either show distortions or displacements over the anion or
cation sublattices. The reason to choose these structures is that these structures are the
possible perovskite-related structures with the various families of structures, which

allow the lowest energy structure to be identified.

Through computational method, for PuCrOs, the most stable structure that was

predicted was the orthorhombic GdFeOs-type phase shown in Figure 6. As of the six
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structure analogues that are mentioned above, both methods lead to negative reaction
enthalpies for LiNbOs-type, BiMnOs-type, GdFeOs-type structures, indicating they are
stable. Among these structures, it was found that the GdFeOs-type structure had the
lowest formation enthalpy via both empirical and DFT methods. As for PuAlOs, the
similar method was investigated to predict its structure and the predicted most stable

structure could be both orthorhombic and the thombohedral structure of PuAlO:s.

As mentioned before, it is found from literatures [46, 47] that the structures of NdCrOs3
and NdAIOs are orthorhombic and rhombohedral. The predicted structures of PuCrOs
and PuAlOs3 are orthorhombic and rhombohedral as well. Therefore, the structures are in

agreement with each other suggests Nd can be used as for Pu.
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Figure 6. The predicted lowest energy structure of PuCrO; — the Pnma orthorhombic structure (i)
illustrates the structure viewed down the z-axis, highlighting the Cr—O octahedral distortions (red

polyhedra) around the Pu ions (blue).

(ii) Iustrates the perovskite single unit cell with oxygen distortion around the Cr ions (grey) [6].
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2.6.2 Thermal stability of PuCrOz and PuAlO3

Thermal stability is the stability of a material at high temperatures. In most cases, if a
material with more stability, it has more resistance to decomposition at high
temperatures.

According to previous work [6], the predicted structure of PuCrO; and PuAlOs are
orthorhombic and rhombohedral, which are perovskite-type materials. As for the
thermal stability of perovskite-type materials, it is found that the nature of position of A
and B cation are responsible for the thermal stability of perovskite oxides (ABO3). The
thermal stability of perovskite oxides is also related to the type of cation at the B
position [48]. For example, when studied the thermal stability of a series of LaBOs3
(B=V, Cr, Mn, Fe, Co, Ni), it can be established as LaNiO3; < LaCoO3; < LaFeO3 <
LaMnOs3 < LaCrOs3 ~ LaVOs [49].

However, in terms of the thermal stability of PuCrOs; and PuAlO3, limited research can

be found and therefore further investigation is required to study this property.

2.6.3 Thermal conductivity of PuCrOsz and PuAlO3

The prediction of thermal conductivities through computational methods was also done
by Fullarton et al. [6] on the stoichiometric UO2, PuCrOs3 and PuAlOs. The temperature
range investigated was from 300 to 1600 K and Figure 7 [6] describes the variation of

thermal conductivity of the three phases.
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Figure 7. variation of thermal conductivity with temperature of stoichiometric UO2, PuCrQOs and

PuAlOs (both rhombohedral and orthorhombic lattices) [6].

From Figure 7, it could be found that the thermal conductivity of PuCrOs3 had a notably
lower thermal conductivity than that of UO2 from 300 to 1600K, which is similar to
LaCrOs [50]. The lower thermal conductivity of PuCrOs may have a distinct knock-on
effect upon its supposed formation in the rim region of a standard doped fuel, or
dispersed through a MOX fuel pellet. The thermal conductivity of both structures of
PuAlOs was predicted to have a lower thermal conductivity than UO: at low

temperature but a higher thermal conductivity at elevated temperature.

Therefore, it was concluded by Fullarton [6] that the presence of PuCrOs could decrease
the thermal conductivity of UO: fuel, and this will have implications for the thermal
behaviour of Cr-doped fuels and will therefore have knock-on effects on the gas release
properties, structure and fission product accommodation. It is described in literature [6]
that decreases in thermal conductivity of a pellet will lead to a greater centre line pellet
temperature with equivalent rim/clad temperatures. The enhanced fuel temperatures

may further increase fission gas release and this may increase the rod internal pressure.

27| Page



This can lead to microstructural evolution and/or a change in fracture behaviour.
Regarding to the safety, the release of radioactive gases from UO:z to the free volume of
fuel rod would decrease the safety margin of a nuclear plant. In addition, PuAlOs3 only
has the higher thermal conductivity than that of UO2 when the temperature is > 1000°C.
Hence, understanding the thermal conductivity of PuAlOs and PuCrOs is vital and may

lead to significant impact on fuel pellets design and subsequent waste form production.
2.7 Summary

The additives in nuclear fuel allow higher burn up and in turn can improve the
economic efficiency. However, the formation of new phases because of interaction of
fuel dopants (such as Cr203 and Al203) and Plutonium will have some impacts on
nuclear fuels and the resulting waste form. In this project, in order to understand the
thermophysical properties and radiation tolerance of PuCrOs and PuAlO3; and
understand what impact these phases will have on UO: fuel; NdCrO3; and NdA1O3 were
selected as surrogates to simulate the Pu-doping phases. These two perovskite-type
materials were investigated individually, and a comparison on the properties of NdCrO3
and NdAIOs with Pu-doping phases were made through characterizations on irradiated
NdCrOs and NdAIOs to predict the radiation tolerance of PuCrO3; and PuAlOs as well as

thermophysical properties of these species.
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Chapter 3 Experimental

3.1 Introduction

As mentioned in previous chapter, due to the formation of PuCrOs and PuAlO3 in UO2
fuel. It is important to understand the thermophysical properties and radiation tolerance
of these two phases. To understand these properties, the measurement of thermal
conductivity, ion beam irradiation and characterizations on irradiated samples are

needed.

Before some measurements and characterizations can be done on neodymium chromate
and neodymium aluminate, it is necessary to synthesise these ceramic powders and have

them pressed and sintered.

In this chapter, sample preparation of neodymium chromate and neodymium aluminate
is described, followed by the experimental principle and procedure of thermal
conductivity, ion beam irradiation and characterizations such as x-ray diffraction,
grazing incidence x-ray diffraction, scanning electron microscope, Raman spectroscopy,

Nano-indentation and thermal annealing.

3.2 Sample preparation

To prepare samples for thermophysical properties and ion beam irradiation, samples
should go through two steps: powder synthesis and ceramic preparation. Each step is

introduced in detail below.

e Powder Synthesis
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First, neodymium chromate (NdCrOs) and neodymium aluminate (NdAlO3) powders
need to be synthesised. Generally, there are two methods to synthesise ceramic powders,

and these two approaches are top down synthesis and the bottom-up synthesis.

Table 1 Ceramic Power Synthesis approaches [51].

Top-down approach Bottom-up approach
Solid state reaction Co-precipitation

Thermal decompositions of solid Hydrothermal synthesis
Redox reaction of a solid Sol-gel synthesis

In this experiment, neodymium chromate and neodymium aluminate powders were
prepared using the Co-precipitation method. Through Co-precipitation synthesis,
chemicals were weighed, mixed, dried and calcined to produce the crystalline powders.
Before making ceramic, ball milling was utilized on these powders to reduce the particle

size and produce the fine powder.

e Ceramic Preparation

In order to make a ceramic, the fine powder from powder synthesis underwent the
conventional sintering process. Specifically, sintering is known as a heat treatment
process to consolidate powders into a dense compact [52]. The individual powder
particle grains grow and compact with each other forming a dense pellet. The procedure
of this sintering method follows three steps. First, the surface of the mold is applied
with lubricant to reduce the friction between the powder and surface of the mold.
Therefore, it is much easier to remove the pellet and protect the edge of the pellet from
cracking when ejecting from the mold. Next, the powder is uniaxially pressed in a rigid
die under pressure at SMPa. The as-prepared pellet should be sufficiently compacted to

withstand ejection from the die. Eventually, the pellet will be sintered at high
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temperature (e.g., ~1600°C) in furnace for a certain period of time. The ceramic should

have a high density after final sintering step.

Sometimes the sintered sample is not sufficiently dense to do the ion beam irradiation
after the conventional sintering process. Therefore, it is necessary to apply cold isostatic
press (CIP) on the porous sample after uniaxial press before sintering. Specifically, cold
isostatic pressing is a material processing method. The pellet is sealed in a forming
mold with low deformation resistance such as a rubber bag to apply liquid pressure.
With this method to apply the pressure, the pressure can be distributed uniformly over
the compaction material contained in a rubber bag. The benefit of isostatic pressing is
that the pellet is compacted with the same pressure in all directions, and since no
lubricant is needed, high and uniform density can be achieved [53]. Then, the CIPed

sample can be sintered at the target temperature and the final ceramic will be dense.

Specifically, in this experiment, in order to synthesise neodymium chromate (NdCrO3)
and neodymium aluminate (NdAIO3) powders, neodymium nitrate hexahydrate (Nd
(NO3)3 -6H20), chromium nitrate nonahydrate (Cr (NO3)s - 9H20) and aluminium
nitrate nonahydrate (Al (NO3)3 .9H20) are required. Weighing stoichiometric amounts
of both of the chemicals and adding the amount of water to mix them together in a
plastic beaker. Thereafter, heating and stirring the mixed chemicals to dryness on a hot
plate at ~ 120°C. After addible of 25% ammonia solution to adjust the PH to ~9.5, the
dried powder was then calcined in air for 5 hours at 750°C. The calcined powder was
then milled using yttria-stabilized zirconia balls in cyclohexane overnight and dried at
~120°C. The powder was uniaxially pressed at 5SMPa and NdCrOs was sintered to

1600°C directly for 26 hours to provide ~1g pellets (~10 mm diameter). NdAIO3 was
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cold isostatic pressed (CIPed) first and sintered at 1600°C for 26 hours. Sample density

was measured in distilled water using Archimedes’ method (Chapter 4, Table 4).

Various sintering temperatures following cold isostatic pressing were trialled on these
samples in order to find the best condition for preparing dense pellets. As shown in
Table 2, NdCrOs and NdAIO3 have been sintered at four different temperatures (1400,

1500, 1600, 1700°C) with CIP and without CIP.

SEM images of the samples prepared at different temperatures reveal that 1600°
produces the densest pellets for both NdCrO3 and NdA1O3; materials. Sintering is known
as a heat treatment process to consolidate powders into a dense compact. Sometimes the
sintered sample is not sufficiently dense to do the ion beam irradiation after the
conventional sintering process and density is extremely important when it comes to
analysis of the post irradiated pellet. e.g., cross-sectional SEM requires a high density in
order to see the very thin damaged layer. Therefore, it is necessary to apply cold
isostatic pressing (CIP) after uniaxial pressing and before sintering. Various sintering
temperatures (1400, 1500, 1600 and 1700) following cold isostaic pressing were
investigated in order to find the best condition for preparing dense pellets. SEM images

of the samples prepared at different temperatures reveal that 1600 “C produces the most

dense pellets for both NdCrOs and NdAIOs3 materials.Cold isostatic pressing was found
to have an effect on the resulting crystal structure for NdCrOs and was therefore not
utilized (Figure 8 and 9). Thus, NdAIOs was CIPed first then was sintered, while
NdCrOs was sintered directly. With the CIP, it seemed produced a change (an extra
peak on the XRD trace) in the resulting NdCrOs pellet. It was not possible to index the
extra peak at X° 20 which appeared in the CIPed sample. SEM also confirmed a single

phase material via a backscatter detector which showed no contrast and thus no
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compositional variation. XPS was used to assess the chromium oxidation state which
appeared to be only Cr** in both CIPed and unCIPed samples. We therefore cannot

currently assign this extra peak without further work.

Table 2. The list of different sintering temperature for CIPed and no CIPed NdCrO3 and NdAIQs.

CIP NO CIP
1400 1500 1600 1700 1400 1500 1600 1700

NdCrOs3 | v N, N, N, N, N, N, N,
NdAIOs | N, N, N, N, N, J J

; 1600°C CIPed NdCrO,

o

1600°C no-ClPed NdCrO,
J-_A‘___JLA A L A,J\ A A N
4ID :

20 60

26(°)

Figure 8. XRD pattern of CIPed NdCrOs; and no- CIPed NdCrOs that sintered to 1600°C.
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Figure 9. XRD patterns of CIPed NdAlOs and no- CIPed NdAlO3 that sintered to 1600°C.

3.3 Thermo-physical analysis

Thermal conductivity can be determined according to the equation [54]:

k=a-p-Cp
k - Thermal conductivity (W/m*K) o - Thermal diffusivity (mm?/s)
P - Thermal expansion (kg/m?) Cp - Specific heat capacity (J/ (kg*K))

Therefore, in order to understand the thermal physical properties of NdCrOs; and
NdAIOs, thermal diffusivity, thermal expansion and specific heat capacity of these two
materials were measured by laser flash system (NETZSCH LFA-467), Dilatometry
(NETZSCH DIL 402C) and simultaneous thermal analysis (NETZSCH STA 449 F1

Jupiter).
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3.3.1 Specific heat capacity

Specific heat capacity of NdCrOs and NdAIOs were measured directly through
simultaneous thermal analyser (NETZSCH STA 449 F1 Jupiter). The program was
running from room temperature to 1200°C. The heating rate was constant at 20K/min
with high purity argon was used with a continuous flow rate of 20 ml/min. A sample
carrier, which is placed in a furnace of cylindric geometry, holds reference and sample
crucibles (shown in Figure 10); thermocouples are utilized to detect temperatures
between each crucible. Three measurements (baseline, reference test and experimental
sample test) are necessary for calculating the specific heat capacity. The baseline is used
to remove system bias from the data, and the reference test allows the comparison to an
experimental sample. Overall, three tests must be performed for each test sample. By
analysing the baseline, sapphire calibration and sample curve, the specific heat capacity
of the sample can be determined at different temperature points. For the as-prepared

samples, the weight should be similar as the reference sample

®
/ @

\

Figure 10. Diagram of heating pattern and system geometry (R=reference S=sample)

3.3.2 Thermal expansion

The linear thermal expansion coefficient (AL/Ly ) of NdCrOs; and NdAIO; were

measured using Dilatometry (DIL 402C). Dilatometry can measure linear thermal
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expansion, coefficient of thermal expansion, and volumetric expansion, etc. The DIL
402C (Netzsch, Germany) that was used in this experiment was a pushrod dilatometry
(Figure 11). It consists of furnace, measurement system, oxygen trap system and
sample holders. To perform thermal expansion analysis, NdCrOs or NdAIO3; was
inserted into a sample holder within a movable furnace, a pushrod was positioned
directly against the sample, the sample was directly heated to 1200°C and the heating
rate was 10K/min. There were two procedures included in this measurement, first was
measuring the thermal expansion of the standard sample (Alumina). Then, the sample
was inserted into the sample holder to do the measurement. All linear thermal expansion
data were based on this standard. In order to meet the requirement of dilatometry
measurement, samples were cut to about 15 mm length bars which is similar as the

standard reference.

furnace

pushrod

system

Figure 11. Schematic illustration of the pushrod dilatometer.

3.3.3 Thermal diffusivity

Thermal diffusivity of NdCrOs and NdAlOs were measured using NETZSCH LFA-467
HT (Netzsch, Germany) for a pellet of about 10 mm diameter with a thickness of around

2 mm. The measurement was conducted in a temperature range from room temperature
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to 1100°C and the measurements were carried out in a standard sample holder (@ 10
mm). The sample was measured five times at each temperature step and the sample was
coated with graphite to obtain optimal absorption and emissivity of sample surfaces.
The schematic illustration of the sample chamber is shown in Figure 12. The sample
with sample holder is placed vertically to the pulse and the detector, and during the
measurement, a short energy will be provided to heat the front surface of a plane-
parallel and the infrared (IR) detector on top measured out the temperature rate on the
backside of the sample. When an infrared (IR) detector measures the resulting
temperature excursion of the rear face, the thermal conductivity is calculated. There are
different types of sample holders to fit with the sample, and the sample can be round or
square. The higher the thermal diffusivity, the faster the temperature-increasing rate is
on the backside of the sample. Before the measurement, the thickness and the density of

the test sample are required.

dmeaor
Sample
thermo-
couple

Power
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sample
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Figure 12. Schematic illustration of the sample chamber in LFA 467.

3.4 Characterization

Characterization was undertaken to determine crystal structure, phase purity, phase
composition and mechanical properties of pristine materials as well as investigate the
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changes between pristine materials and irradiated materials. Therefore, a series of
characterization techniques were utilized to study on the microstructural properties of

NdCrOs and NdAI1Os3 and each of them is introduced separately below.

3.4.1 X-ray diffraction

X-ray diffraction (XRD) was used to identify the crystal structures, phases, lattice
parameters and crystallinity. A crystal consists of a periodic arrangement of the unit cell
into a lattice, and a set of parallel layers with a constant distance in a lattice. The peak
intensity and position are determined by the crystal structure of materials. X-ray
diffraction is used to measure the spacing between different layers of crystals using the

X-ray radiation. According to the Bragg’s law [55]:
nA = 2dsin0

Where n is a positive integer, A is the wavelength of incident wave, d is the interplanar

distance and 0 is the scattering angle.

Incident angle Reflection angle

~ ® e

d

Lattice planes

Figure 13. Schematic illustration of the Bragg’s law.

By using the XRD technique, XRD patterns of NdCrOs and NdAIOs were measured

using a BRUKER D8 Advance diffractometer, utilizing Cu Ka2 radiation and a SOL-
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XE energy dispersive detector over an angular range 10-65° 26 with a step size of 0.02°

and accounting time of 5s per step.

3.4.2 Grazing Incidence X-ray Diffraction

Grazing incidence X-ray diffraction (GI-XRD) is a technique that can analyse the
surface, interface and thin-film. Traditionally, X-ray diffraction uses large incident
angle, which causes an incident X-ray beam to penetrate deep into a material. However,
when using grazing incidence X-rays, the incident X-ray beam could be limited to the
surface [56]. As for materials irradiated with Au-ions, the damaged layer is at the top
layer of the pellet that is near the surface; therefore, grazing incidence X-ray diffraction
(GI-XRD) is required for these irradiated materials for characterization. The schematic
of the symmetric GI-XRD geometry is shown in Figure 14 and shows the incident and

diffracted beams.

Diffracted Beam

Incident Beam

Vertical lattice planes

Figure 14. Schematic illustration of the symmetric GI-XRD geometry.

By using GI-XRD techniques, XRD patterns of irradiated NdCrOs and NdA1O3, which
were irradiated with Au-ions at different fluences, were measured using a BRUKER D8

Advance diffractometer, utilizing Cu Kai2 radiation and a SOL-XE energy dispersive
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detector over an angular range 10-65° 20 with a step size of 0.02°, and accounting time
of 5s per step. Only sample surface, the damaged layer, can be characterized by the
Grazing incidence X-ray diffraction. The incident angles were chosen as 0.5, 1, 2, 5° to
achieve the extinction of X-rays approximately 1-3 pm below the surface, the Au-ions

irradiation-damaged thickness.

3.4.3 Scanning Electron Microscopy (SEM)

In order to identify the microstructural, phase purity, phase compositions, porosity of
the pristine material and analyse the damaged layer of cross-sectioned NdCrOs; and
NdAIlOs following Au- and He-ion irradiation at various fluences, scanning electron
microscope (SEM) was used (Figure 15). A scanning electron microscope (SEM) is a
kind of electron microscope. Specifically, it generates a focused beam of electrons
(back-scattered electrons, secondary electrons and transmitted electrons) to interact with
a specimen and scan the surface of the sample; as such, a variety of signals can be
detected and can create an enlarged image which contains the surface topography of the
sample. In a typical SEM, an electron beam is emitted from an electron gun. Among
these kinds of electrons that produced by SEM, the SEM with secondary electron, due
to the narrow electron beam, can produce high-resolution images and it is useful to
understand the surface structure of a sample. With back scattered electrons (BSE), it is
readily to distinguish different chemical compositions by observing high-resolution
contrast. Besides this, in order to decide the crystallographic structure of the sample,
electron backscatter diffraction (EBSD) image is required [57].

In this experiment, pristine and irradiated samples were examined by A Zeiss Ultra Plus

scanning electron microscope operating at 15kV and equipped with an oxford
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instruments X-Max 80 mm? SDD X-ray microanalysis system. The pristine materials
and cross-sectioned irradiated samples were mounted in an epoxy resin and polished to
1 um ceramic finish followed by EBSD polish (An EBSD polish is the preparation of
samples for electron backscatter diffraction (EBSD). It is similar to routine preparations;
however, to meet the requirements of EBSD analysis, all surface defects on the sample
should be removed and it is necessary to have superior surface flatness. An EBSD
polish is achieved by use of an appropriate polishing cloth for samples to minimize
sample deformation and maximize sample flatness). A carbon film (~ 3 nm) was
deposited onto the polished surface. Variations in crystallography contrast at high
resolution were observed in the SEM using backscattered electron channelling contrast

imaging with an ASB (angular selective backscatter) detector [58].

Electron gun t
1 Electron beam

First condenser lens

aperture

Second condenser lens

~ | X-ray detector

Deflection coils -

Backscatter electron detector - [ | B
Sample t %
—

Secondary electron detector

Objective lens

Vacuum pump

Figure 15. Schematic diagram of the principle of SEM.

3.4.4 Raman Spectroscopy

Raman spectroscopy is a form of vibrational spectroscopy. It can provide the chemical
and structural information of samples through the shift in wavelength of the inelastic
scattering of photons. Generally, Raman scattering is the inelastic scattering of photons,

and there always has frequency changes for the scattered photons. When photons are
41 |Page



scattered from an atom or molecule, most of these photons experience elastically
scattering, called Rayleigh scattering. The scattered photons, under the Rayleigh
scattering, have the same energy, frequency and wavelength as the incident photons.
However, there will be a small portion of photons will undergo frequency change after
scattering; some inelastic scattered light photons have higher frequency (Anti-strokes
shift) and others have lower (Strokes shift) frequency than that of the incident photons
(Figure 16). Raman spectroscopy is also an effective technique for studying the effect
of ion-beam irradiation to complement the XRD analyses as it has a shorter correlation
length scale of about a few unit cells. It was performed on cross-sectioned irradiated
pellets at various damage depths to probe the un-irradiated and irradiated material [59].

In this experiment, in order to collect Raman spectra, a Renishaw inVia Raman
spectrometer equipped with the Argon ion laser (514 nm) and a Peltier cooled CCD
detector was used. Strokes shifted Raman spectra were collected in the range of 150-600
cm’! with a spectral resolution of 1.7 cm™! for the 1800 I/mm grating. The spot size was
around 1.5 um for 50x magnification. Samples (pristine materials and Cross-sectioned
irradiated materials) for Raman spectroscopy were mounted in an epoxy resin and were

polished to ~1 pm ceramic finish.
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Figure 16. Energy level diagram showing the states involved in Raman level.

3.4.5 Nano-indentation

In order to determine the hardness variation between Au-ion irradiated NdCrOs; and
NdAIO3 and un-irradiated materials, Nano-indentation was utilized. Nano-indentation is
the technique that is widely used for measuring the mechanical properties of a material
at limited scales and analysing the hardness variation of materials after ion irradiation
[60-62]. A Nano instrument’s Nano-indenter examined the change of hardness and
elastic modulus after irradiation. A very small tip was brought into the material surface
to produce an imprint and this is always with applying an increasing load up to a
targeted value (Figure 17). Before making indentation acquisition, an optimal area
without scratches or impurities should be chosen using an optical microscope.
Thereafter, the measurement could then start.

In our experiment, an Aglient Nano Indenter G300 [63] with MTS Test Works 4
software [64] was used to measure the surface hardness of the un-irradiated and

irradiated pellets. The Nano-indenter has displacement resolution of < 0.01 nm and a
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load resolution of around 50 nN. A minimum of fifteen indentations were made using a

Berkovich indenter for both irradiated and un-irradiated samples.

The depth limit, in this experiment, was set to go into both materials is 1 pm and the
indenter tip was driven into the sample by applying an increasing load up to a targeted
value. Thereafter, the sample shows relaxation with the gradual decrease of the
measured load. The reason we choose 1 um rather than 2 pm as the depth limit is that
when the indenter tip is given the load to drive into sample, there will be plastic
deformation and the range of plastic deformation is considered to be about 4 times the
indent depth [65] and there will be an effect zone. Therefore, choosing 1 um as the
depth considered enough to interrogate the hardness of irradiated zone. Nano-
indentation is only used on Au ions irradiated samples as the damage depth for sample

irradiated with He ions is very deep around 15um and difficult to probe.

Figure 17. Schematic illustration of Nano-indentation measurement.

3.4.6 Thermal annealing

Thermal annealing is a kind of heat treatment applied on a material to change the

microstructural properties of a material and further alter a material’s mechanical
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properties such as hardness and strength [66]. The process of thermal annealing is
heating a material to above its recrystallization temperature, maintaining at a suitable

temperature for a period, and then slowly cooling.

There are three stages included in the annealing process: recovery, recrystallization and
grain growth. During the recovery stage, there is no change on the grain size and shape
and recovery always occurs at the lower temperature stage of annealing process. At the
second stage, recrystallization, new strain-free grains starts to form and replace those
deformed grains due to the internal stresses [67]. Grain growth is the third step
following recrystallization; during this stage, the mechanical properties of a material

will undergo some variations.

In this project, thermal annealing was carried out on damaged samples with the highest
fluence (10" ions/cm?) of Au ions. These irradiated samples were sequentially re-
sintered to various temperatures (600, 800, 1000, 1200 and 1600°C), and then compared
with the un-irradiated material using GI-XRD. Specifically, for thermal annealing, each

sample was heat treated at 600, 800, 1000, 1200 and 1600°C 2 hours.

3.5 Ion beam irradiation

As alpha decay damage from plutonium in the material, therefore, alpha decay is
selected for simulating. In order to simulate effect of alpha decay, two sets of ion
irradiation experiments were carried out on the samples. The ions that used for
irradiation were 12 Mev Au ions to simulate alpha recoil nucleus that has the energy

between 70 and 100 keV; and 5 MeV He ions to simulate alpha particles. The kinetic
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energy of these particles is deposited in the host material by Ballistic process (Enuci) and

ionization and electronic excitation process (Eelec) [34].

Although Au ions have a similar mass with alpha recoils, they can penetrate ~40 nm at
energy of ~70-100 keV (recoil atom energy) [40], which restricts the characterization
techniques that can be utilized for the damaged layer. Therefore, in our experiment,
increasing the energy of Au ion to 12 MeV provided a reasonable thickness (~3 pum) of
damaged material for characterization but it does affect the ratio of felec and foucl.
Although this may affect the actual damage mechanism, we expect amorphization from
Au ions and recoil atoms to occur at similar fluences. The irradiation fluence levels
ranged from 103 to 10'° ions/m? for Au ions, and 10'¢ to 10'7 ions/cm?® for He ions.
According to Picot et al. [40], the selected displacement damage amount was used to
simulate a cumulative radiation dose and compared to that produced about several
hundreds of years in a waste form matrix containing 10 oxide wt% minor actinides and

this corresponds to a nuclear damage on the order of 1 dpa.

Ion irradiation was carried out at ANSTO at room temperature; ANTARES (Australian
National Tandem for Applied Research Accelerator) is used for gold irradiation and
STAR (Small Tandem for Applied Research) accelerator is selected for helium
irradiation. ANTARES accelerator is shown in Figure 18. The Energy fraction (felec and
fouet), depth profile and the main characteristics for irradiated NdCrOs and NdAIO3

based on SRIM 2013 [40, 68] are indicated in Table 3.

Displacement per atom (dpa) as a function of irradiation depth was calculated for both
Au- and He-ions at a fluence of 10 and 10'” ions/cm? and they are plotted in Figure 19

and 20.
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Figure 18. Australia National Tandem Research (ANTARES) Accelerator [69].

Table 3. Energy fraction (feec and fuua), depth profile and the main characteristics for irradiated

NdCrOs and NdA1Os based on SRIM 2013.

Sample | Peak damage DPA f f
elec nucl
(Au) depth (um) 103 104 105 ions/cm? % %
jons/cm? jons/cm? ( °) ( °)
NdCrOs | 1.32 0.0292 0.292 2.92 72.65 27.35
NdAIO; | 1.28 0.0245 0.245 2.45 74.82 25.18
Sample | Peak damage depth DPA felec (%) fnucl (%)
(He ) (um) 10% jons/cm? | 107 ions/cm?
NdCrO; | 15.4 0.122 1.220 98.09 1.91
NdAIO; | 12.8 0.133 1.332 98.14 1.86
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Figure 19. Displacement per atom as a function of irradiation depth of NdCrOs for Au or He ions

calculated using SRIM 2013.
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Figure 20. Displacement per atom as a function of irradiation depth of NdAlOs for Au or He ions

calculated using SRIM 2013.

48 |Page



Chapter 4 Characterization of pristine NdCrO; and

NdAIO;

4.1 Introduction

As mentioned in Chapter 1, PuCrOs and PuAlO3 are likely to be formed in UOz fuel due
to the reaction of additives (Cr203 and Al2O3) with Pu in UO: fuel, and the presence of
these two Pu-doping phases may have some impacts on the used fuel when stored as
waste for a long time. Therefore, it is necessary to investigate the thermophysical
properties and radiation tolerance of PuCrOs and PuAlOs;. However, PuCrOs and
PuAlQO:s are radioactive and thus Nd was selected as the surrogate of Pu because of their
ionic radii and oxidation state similarity. Thereafter, experiments and characterizations

were carried out on NdCrOs and NdAIOs.

In Chapter 3, co-precipitation method was utilized to synthesise the powder of
neodymium chromate and neodymium aluminate and conventional sintering process

was applied to make ceramic pellet.

Before measuring the thermal conductivity and doing ion beam irradiation on these as-
prepared samples, it is necessary to characterise the NdCrO3; and NdAIO3 materials by
confirming their crystal structure, purity and density in experiment. Characterizations
such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and Raman

microscopy were applied to make sure the samples were single phase.
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4.2 Results and discussion

4.2.1 X-ray diffraction

The X-ray diffraction patterns of neodymium chromate (NdCrOs3) and neodymium
aluminate (NdAIlO3) sintered at 1600°C are shown in Figure 21 and 22. It is clear from
Figure 21 that NdCrOs exhibits orthorhombic structure with Pnma space group which
matches the standard pattern of NdCrOs and the pattern of PuCrOs [7]. Figure 22 shows
the XRD pattern of NdAIOs and it indicates that NdAIOs exhibits rhombohedral
structure which matches the standard pattern of NdAlOs and PuAlO; [70]. For both
XRD patterns, the peaks are sharp and this indicates the materials were well crystallized.
For both of these XRD patterns, the baselines are smooth and no impurity peaks are

observed, indicating the high purity of the as-prepared samples.

The predicted most stable structure for PuAlOs was orthorhombic as predicted by
Fullarton [6] and thombohedral as predicted by Russel et al. [71]. However, from the
experimental results in this work, the observed structure of NdAlO3 was in agreement
with Russell’s prediction on the structure of PuAlOs, which is a rhmbohedral structure

with R-3c space group.

50| Page



(1.2,1)

(1,0,1) ‘

intensity(a.u.)

1 ‘

220)

LJ...wJ' LL___.‘_JL__JL\&._J\)\__J

[]

202

i

——NdCr0,
——PuCro,

0.4.2)

tensity(a.u.)

=

1,21

(1,0,1) ‘

S

-

—NdCrO,
Standard NdCrO,

(2,0,2) ©4.2)
(2,2,0) ] |
| A
|
'J ";.J.*A___J‘ 1 W JWJ' | P

20 30

40

20(°)

50

60

20

30

40 60

26(%)

Figure 21. Indexed X-ray diffraction pattern of NdCrOs, with standard patterns for PuCrOs and

NdCrOs shown below.
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Figure 22. Indexed X-ray diffraction pattern of NdAlOs, with standard patterns for PuAlO; and

NdAIOs3 shown below.

4.2.2 Scanning electron microscopy (SEM)

Figure 23 and 24 present the scanning electron microscopy (SEM) of NdCrOs; and

NdAIOs that were sintered to 1600°C. The back scattered electron image (Figure 23)

shows that NdCrOs is single phase with no other phases observed. The black areas in

Figure 23 are pores that indicate the NdCrO3 sample is porous.
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As for NdAIO3, it 1s clear from Figure 24 that it is single phase with no other impurities

observed and it is reasonably dense with fewer pores than that for the NdCrOs sample.

10 pm* Date :11Jun2016  Mag= 500X Signal A= AsB 10 um* Date :11Jun2016  Mag= 100K X Signal A= AsB

EHT-1500kV  StageatT= 00° GRNSEO | — EMT=1500k  sugeatT= 00° QRNSEO

Time :12:04:37 WD=140mm  ESBGrid= 0V Time :11:50:67 WD=140mm  ESBGrid= OV

Figure 23. Scanning electron micrograph of NdCrOs sintered for 26h at 1600°C with 500 X and

1000 X magnification. The black areas are pores.

Date :230ct2014  Mag= 200X Signal A= AsB Date:230ct2014  Mag= 600X Signal A= AsB

EHT = 16.00 kV T= 00° EHT = 16.00 kV
Time :13:40:10 WD=139mm  ESBGrid= OV segeart= 00 QANSEO Time :13:40:32 WD=139mm __ ESBGrd= OV

StageatT= 00° Qnsto

Figure 24. Scanning electron micrograph of NdAlOs sintered for 26h at 1600°C with 200 X and 500

X magnification. The black areas are pores and cracks.
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4.2.3 Density measurement

Density was measured for these two materials using Archimedes’ principle. The table

below (Table 4) shows the bulk density, theoretical density and apparent porosity of

neodymium chromate and neodymium aluminate. The bulk density that measured for

NdCrOs is only 5.4 g/cm® with about 23% apparent porosity and the bulk density is 77%

of theoretical density. While for NdAlOs, the bulk density was 6.4 g/cm® with 1%

apparent porosity and the bulk density was almost 93% of the theoretical density. The

bulk density and apparent porosity that was measured with Archimede’s Principle are in

well agreement with SEM results for NdCrOs and NdA1O3 with regard to porosity in the

samples.

Table 4. Bulk density measured with Archimedes’ Principle and theoretical density of NdCrOs and

NdAIOs.
Sample Theoretical Bulk Apparent % of theoretical
Density(g/cm®) | Density(g/cm®) Porosity (%)
NdCrOs; 7.09 5.44 23.01 76.71
NdAIO; 6.91 6.41 1.03 92.87

4.2.4 Raman analysis

Raman analysis was performed on the polished pristine materials and the Raman spectra

are presented in Figure 25.

The Spectra in black line in Figure 25 is the Raman spectra of pristine NdCrOs.

According to the group theory, the orthorhombic Pnma structure gives rise to 24

Raman-active modes: 7Ag +5B1g + 7B2g + 5B3g. These 24 Raman active modes can be
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classified into two symmetric and four asymmetric stretching modes, four bending
modes and six rotation and tilt modes of the octahedra [72]. In Figure 25, at least 9
Raman active modes could be identified for the pristine sample; Namely: 150 cm™ (Ag),
168cm™ (Bzg), 212 cm! (Ag), 288 cm™ (Big), 335 cm! (Ag), 374 cm™ (Big), 435 cm’!
(Big), 452 em! (Ag), 577 cm™! (Bsg). The main atomic motions to the nine modes are
assigned to the Nd-O stretching [150 cm™ (Ag)], CrOs bending [212 cm™ (Ag)], CrOs
stretching [288 cm™ (Big)], CrOs rotation [452 cm™ (Ag)] [73]. Modes related to
bending and stretching of Cr-O bonds within the octahedra appeared at the high
frequency end of the spectra. Particularly, the anti-stretching vibration of the Cr-O
bonds inside the octahedra is important as its frequency is very sensitive to the changes
in Cr-O bond lengths [74]. The Raman result is simlar with previous results from the

literature [75].

Similarly for prisitine NdAlOs3, surface Raman spectroscopy was undertaken and
presented in red line in Figure 25. At least 8 Raman active modes could be observed;
namely: 162.7 cm'(Eg), 239.9 cm™! (A1g), 321.3 em’!, 376.4 cm™!, 434.5 cm™!, 453.3 cm™
I, 508.5 cm!(Eg), 553.6 cm™'. According to the group theory, the rhombohedral
structures give rise to 5 Raman-active modes: Aig + 4Eg [76]. For Rhombohedral
structure, the Raman spectra can be divided into 1Ag + 1 Eg — rotational or tilt modes, 1
Eq - bending, and 1 Eg anti-stretching of the AlO¢ octahedra, and the remaining Eg is
related to a vibration of Nd ions [77].

Among these 8 bands as shown in Figure 25, there are three major bands, centred at
162.7 cm™, 239.9 cm! and 508.5 cm™!. The band at 162.7 cm™ can be assigned to the
motion of Nd*" ions. A1z mode at 249 cm! is due to the rotation of the AlOs octahedra.
The 508.5 cm™ band mainly results from the bending of the AlOs octahedra. The other

bands that range from 300 to 480 cm™ and from 550 and 700 cm™! are connected to the
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vibrations of the Nd>" ions in their own sites and those vibrations that involve the Nd*>*
ions [78]. This Raman spectra for NdAIOs3 is in good agreement with the results

previously reported for NdAIOs [78].

Raman spectra of pristine NdCrO,
—— Raman spectra of pristine NdAIO,

Raman intensity

600 500 400 300 200 100
Wavenumber(cm™)

Figure 25. Raman spectra for polished pristine NdCrOs; and NdAlOs3 samples.

4.3 Conclusion

In this chapter, NdCrOs and NdAlOs polished material has been characterized using X-
ray diffraction (XRD), scanning electron microscopy (SEM) and Raman spectroscopy,

and samples density was determined.

Combining the results of XRD, SEM, surface Raman and density measurements; it is
concluded that NdCrOs is single phase, porous material with 23% porosity and exhibits

the orthorhombic Pnma structure. Further, SEM is in agreement with the measured
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porosity. All results are in well agreement with previous results reported in literature for

NdCrO:s.

Similarly, the NdAIOs sample is single-phase material with rhombohedral R-3c
structure. The reduced amount of pores seen in SEM is in agreement with the measured

porosity (1%) and Raman spectra concur with previous results of NdAIOs.
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Chapter 5 Thermophysical Properties of NdCrO;

and NdAIO3

5.1 Introduction

Thermophysical properties mean the response of a material to the application of heat.
When a solid absorbs heat, its temperature will rise as well as its dimensions. If
temperature gradients exist, the heat may be transported to cooler regions of the
specimen, and eventually, the sample may melt. Thermophysical properties may vary
with state variables like temperature, pressure and composition and of other relevant
variables without changing the chemical properties of material. Heat capacity, thermal
expansion and thermal diffusivity are often determined factors to assess the

thermophysical properties of materials.

In this project, to understand the thermal properties of neodymium chromate and
neodymium aluminate, three parameters are required: heat capacity (Cp), bulk density
(p) and thermal diffusivity (a). Then, with the formula [K = a-p-C,], the thermal
conductivity could be calculated and compared with UO2 fuel from literature. Three
instruments were used to measure these parameters; STA 449 F1 Jupiter (Netzsch,
Germany) was used to measure the specific heat capacity of the material. DIL 402C
(Netzsch, Germany) measured the thermal expansion of the material and the LFA 467

HT (Netzsch, Germany) was utilized to measure thermal diffusivity.
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5.2 Results and Discussion

5.2.1 Heat Capacity(C,)

To measure the heat capacity, a pelletized sample and reference (sapphire) were
required. Three runs were required (Baseline, reference and sample) in a measurement
and the specific heat capacity was calculated by ratio method based on baseline,
reference and sample measurements. Figure 26 contains the heat capacity data of
NdCrOs; and NdAIOs3 and the heat capacity of each sample was plotted using dotted

red/black line.

The tendency of heat capacity of NdAlO3; and NdCrOs is almost the same and the heat
capacity of both materials increased as expected from Debye theory. Comparing both
materials, NdAIOs maintains higher heat capacity than that of NdCrOs within this
temperature range. When the temperature was heating from 50°C to 900°C, heat
capacity of NdCrOs and NdAI1O3 gradually increased to around 0.55 and 0.59 J/(g*K),
respectively. Thereafter, the heat capacity of NdAIOs shows a slight decrease and

finally stabilises at 0.58 J/ (g*K) and that of NdCrOs is stable at 0.55 J/ (g*K).
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Figure 26. Temperature dependence of heat capacity of NdAlO3; and NdCrOs heating to 1100°C.
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5.2.2 Thermal expansion

Thermal expansion is the tendency of matter to change in volume with a change in
temperature, through heat transfer. The linear thermal expansion coefficient of NdCrOs

and NdAIOs are presented in Figure 27.

As can be seen in Figure 27, the thermal expansion behaviour in these systems is
relatively normal, and the measured thermal expansion of both samples is linear across
the temperature range of interest. (dL/Lo) increases with the increase of temperature.
The linear thermal expansion coefficient for NdAlIO3 and NdCrOz are 1.13 x103 K!
and 9.58 x10° K°!, respectively. It could be found that variation of thermal expansion of
these two materials are not evident, as thermal expansion is a mechanical process where
the grains expand with increasing temperature; therefore, there is no phase change or
chemical reaction during heating. Comparing the linear thermal expansion of NdCrOs3
with that of NdAlO3;, NdAIO3; shows a higher linear thermal expansion than that of

NdCrOs when the temperature is beyond 700°C.
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Figure 27. Temperature dependency of thermal expansion of NdCrOs; and NdAIO; heating to
1100°C.
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5.2.3 Thermal diffusivity

Thermal diffusivity is expressed as the thermal conductivity divided by the product of
specific heat capacity and density. It is a measure of the ability of a material to transmit
a difference in temperature. The thermal diffusivity data obtained for the NdCrOs and
NdAIOs are shown in Figure 28. Both samples show the same trend and the thermal
diffusivity decreased from room temperature to 1100°C. This decrease is typical for
phonon conductors (a-1/T). It is clear from Figure 28 that NdAlOs3 possesses higher
thermal diffusivity than that of NdAlO3 at this temperature range; and at the temperature
of 1100°C, the thermal diffusivity of NdCrOs and NdAIOs are 0.6 and 0.9 mm?/s,
respectively.

When compared these three parameters (heat capacity, thermal expansion and thermal
diffusivity) with those of UO: from literature (Table 5), it is found that at the
temperature of 1100°C, they have the similar heat capacity and thermal expansion
among NdCrOs, NdAlO3 and UOz. Thermal diffusivity is the factor that may cause the

difference among them [79-81].
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Figure 28. Temperature dependence of thermal diffusivity of NdCrOs; and NdAIQOs heating to
1100°C.
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Table 5. Comparison of specific heat capacity, thermal expansion and thermal diffusivity among

NdCrOs, NdAIOs and UO: (from literature) at 1100°C [80-82].

Specific heat (Cp) Thermal Thermal Thermal
(J/g*k™h expansion (K™") diffusivity conductivity
(mm?/s) (W/mk)
NdCrOs 0.59 9.58 x 10 0.6 2
NdAIOs 0.55 10.13 x 10° 0.9 4
U0, 0.40 10.47 x 10°° 0.8 2.5

5.2.4 Thermal conductivity

Thermal conductivities of NdCrOs and NdAlO3; were calculated as the product of the
thermal diffusivity (a), specific heat capacity (Cp) and bulk density (p) that was
measured using Archimedes’ method. The calculated thermal conductivities for both
materials are displayed in Figure 29, and the resulting thermal conductivity of each
sample decreases between room temperature and 1100°C. The thermal conductivities of
NdCrOs and NdAIOs are approximately 2 and 4 W/mK at 1100°C. NdAIO3
(Rhombohedral R-3c structure) holds much higher thermal conductivity than that of
NdCrOs (Orthorhombic Pnma structure). This concurs with the results for PuCrOs and
PuAlO; that were obtained through computational methods (Chapter 2, Figure 7) [6].
However, limited data exist on the thermophysical properties of NdCrO3 and NdAIOs,
therefore it is not possible to provide comparison data for the measured values reported

here.
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Figure 29. Temperature dependence of thermal conductivity of NdCrOs and NdAlOs.

Table 6 lists the thermal conductivities of different samples (NdCrOs, NdA1O3, PuCrOs3,
PuAlOs and UO2) at temperatures of 400 and 1100°C. All the samples (through both
computational method and experimental method) show downward trends of thermal
conductivity between 400 and 1100°C. However, It can be seen that there is an oveall
difference of thermal conductivity between Nd compounds and Pu compounds. It is
expected to influence the thermal conductivity results, but without further work, mor
explanations cannot be provided. Therefore, the general trend rather than the exact data
can be compared only. Further, the calculation of thermal conductivities of NdCrOs3 and

NdAIOs through computational method would provide a better comparison.
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Table 6. Thermal conductivities of different samples at the temperatures of 400 and 1100 C. Data

of PuCrQOs, PuAlQOs and UO: through computational method is from literature by Fullarton, data of

UQO: through experimental result is from literature by Pillai [82].

Thermal conductivity at 400°C

Thermal conductivity at 1100°C

Sample (W/mK) (W/mK)
NdCrOs3 3 2
NdAIO3 5 4
PuCrOs3 (computational method) 4 3
PuAlO3 (computational method) 9 7
UO:2 (computational method) 11 6.5
UO: (experimental method) 4.5 2.5

According to Fullarton et al [6], The thermal conductivities of PuCrOs and PuAlOs3
through computational method are about 3 and 7 W/mk at 1100°C (Chapter 2, Figure 7).
The predicted thermal conductivity of UOz is about 6.5 W/mK that was found to be ~3
times greater than that of PuCrOs; within the temperature. The thermal conductivity of
UO: from experimental measurement through literature [82, 83] was found to be around
2.5 W/mK at 1100°C. Comparing measured thermal conductivity of UO2 with NdCrOs,
and NdAIOs3, it can be seen that UO2 had higher thermal conductivity than that of
NdCrOs within the temperature range, while it has lower thermal conductivity than that
of NdAIOs. This is in good agreement with the computational method due to the same
trend is observed. Therefore, as Nd was selected as the surrogate of Pu, it could be
concluded that PuCrOs has lower thermal conductivity than that of UO2 and PuAlOs has
higher thermal conductivity than that of UO.. This is similar to that predicted from

computational methods.

At elevated temperature, the thermal conductivity of PuAlO3; showed higher thermal
conductivity than that of UO2 fuel meaning the thermal impact that this oxide has on the
fuel is lower. In contrast, PuCrOs has lower thermal conductivity than that of UO: fuel.

Decreases in thermal conductivity of a pellet will have implications on the thermal
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behavior of Cr-doped fuels and will lead to microstructural or macroscopic change. A
similar example was provided by Arborelius et al. [84], which showed a comparison
between a doped fuel and a standard UO:2 fuel and its notable structure differences
between standard fuel pellets and doped pellets after irradiation. Actually, the doped
fuel can develop a center line hole surrounded by columnar grains and this indicates the
restructuring of the material [6]. Decreases in thermal conductivity of a pellet will cause
an increasing centerline pellet temperature. As mentioned before, as decrease in thermal
conductivity of a pellet will affect the thermal behavior of UO2 fuels and therefore will
have knock-on effects on the gas release properties, structure and fission product
accommodation. As for the gas release properties, the enhanced fuel temperatures,
which may be caused by lower thermal conductivity, may further increase fission gas
release and this may increase the rod internal pressure. This can lead to microstructural
evolution and/or a change in fracture behaviour. In terms of safety, if radioactive gases
are released from UO: to the free volume of fuel rod, it may decrease the safety margin
of a nuclear plant. Therefore, it is clear from the work that the presence of PuCrO3; and

PuAlOsin UO2 fuel may have significant effect on the thermal behavior of UO: fuel.
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5.3 Conclusions

In this chapter, neodymium chromate and neodymium aluminate samples were prepared
for heat capacity, thermal expansion and thermal diffusivity measurements and the data

used to calculate the thermal conductivities for both materials.

The results indicate that heat capacity, density and thermal diffusivity of NdAIOs are
higher than those of NdCrOs3; therefore, the thermal conductivity, as a product of these
parameters, shows higher values than that of NdCrOs. Comparing thermal
conductivities of both NdCrOs and NdAlO3 with the measured thermal conductivity of
UO2 from literature, it is found that NdCrOs had lower thermal conductivity and
NdAIOs possesses higher thermal conductivity than that of UO2. The presence of these
phases in UO: fuel may have impact on the thermal behavior of UO: fuel and

microstructural or macroscopic changes could be observed.
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Chapter 6

Ion beam irradiation and Characterization on

irradiated NdCrOs; & NdAIO3

6.1 Introduction

Ion beam irradiation has become a significant application to simulate radiation damage
in recent years. Specifically, ion beam irradiation is capable of easily controlling
temperature, energy and fluence. lon beam irradiation has the potential to save time and
money and ion beam simulation allows easy variation of the irradiation parameters like
dose, dose rate and temperatures over a wide range of values.

In this chapter, in order to investigate and understand the radiation tolerance of NdCrO3
and NdAI1Os3 which are used as the surrogate for PuCrOs and PuAlOs, two sets of ion
irradiations (using Au & He ions) were carried out on NdCrOs and NdAIOs at different
fluences. This is followed by characterization using grazing incidence x-ray diffraction
(GI-XRD), Nano-indentation, cross-sectional Raman and cross-sectional SEM.
Annealing of the damaged material is another important quality to be investigated, and
recrystallization of the damaged material at various temperatures was studied here.
Simulation studies using SRIM 2013 were utilized to evaluate the damage depth of the

Au and He-ions in order to make a comparison with experimental results.

6.2 Results and Discussions

6.2.1 Grazing incidence X-ray diffraction

GI-XRD was only carried out on samples irradiated with Au—ions but not those

irradiated with He-ions. This is because when using SRIM 2013 to calculate the damage
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depth of these two materials, it was found that the damage depth of He-ion irradiation is
approximately 12 to 15 pm. This damage depth would need an incident angle of more

than 15° and this is impractical.

The following patterns (Figure 30 and 33) are the results of GI-XRD analysis on un-
irradiated and 10'3, 10' and 10" Au- ions/cm? irradiated NdCrOs and NdA1O3 with the
chosen incident angle of 5°. The reason to choose 5° as incident angle is that under this
incident angle, the calculated penetration depth of the x-rays is around 0.7 pum for
NdCrOs and NdAIO3, most similar to the damaged depth (1.46 um) as indicated by

SRIM 2013 calculations.

NdCrOs; - Different fluence, same incident angle (5°)

1} N —— unirradiated NACrO
10" Au ionsicm’”
=== 10" Au ions/em’
10" Au ions/em’

(1,2,1)

normalized intensity (a.u.)

L L L
30 31 32 3 34 35

intensity(a.u.)

Figure 30. GI-XRD pattern using a 5° incidence angle for (—) un-irradiated, (— —) 10® , (—-) 10
and (--)10'5 Au-ions/cm? irradiated NdCrOs,
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Figure 31. Variation of crystallinity of NdCrOs versus ion fluence.

GI-XRD patterns of pristine and irradiated NdCrOs are presented in Figure 30 using an
incident angle of 5°. All the samples exhibit a single orthorhombic phase. No change in
phase is apparent with irradiation. The increase in Au ion fluence reduces the peaks’
intensities and no extra peaks are observed. It is apparent from the GI-XRD that the
pellets irradiated with Au ions at 10'3 and 10'* ions/cm? show a slight shift of 0.2° 20
toward lower diffraction angles together with a decrease intensity of the diffraction
peaks in comparison to the virgin sample. In addition, the peaks broaden, particularly
for the sample irradiated with 10'* Au-ions/cm®. For the samples followed 10> Au
ions/cm? irradiation, irradiation caused nearly complete amorphization as indicated by
loss of peak intensity. By comparing the intensity of each peak in the pattern of these
three fluences with un-irradiated NdCrOs’s intensity, the average variation of
crystallinity (that calculated with peaks at around 23, 32, 40, 47 and 58° 20) is presented

in Figure 31. This figure clearly shows that the sample irradiated with 10'* Au-ions has
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little damage to crystallinity suggests little damage. The sample kept almost 93%
crystallinity compared with the pristine sample. With the fluence increased to 10'* Au-
ions/cm?, NdCrOs; showed significant damage with only about 55% crystallinity
remaining. The sample eventually became near completely amorphous; only
approximately 15% crystallinity compared with the un-irradiated one after irradiation

with 10" Au-ions/cm?.

Besides the variation in peak intensity that could be observed directly from the patterns,
the program RIETICA was employed to refine the lattice parameters with the Le Bail
method. The results are summarized in Table 7 below. The unit cell volume was
calculated with the refined lattice parameters and the variation of unit cell volume as a
function of ion fluence is shown in Figure 32. As the peaks are broader after irradiation,
unit cell parameters are less accurate and the figure only provides the general trend.
Therefore, Figure 32 presents the general variation of unit cell volume follows
irradiation with Au ions of different fluences. It is clear that the unit cell volume
increases with the increase of Au-ion fluence. This effect is small when comparing the
sample irradiated with 10'* Au ions/cm? and the pristine material. However, the effect is

dramatic at higher fluence of 10'* and 10'> Au-ions/cm?.

When the Au ion penetrates NdCrOs, it collides with the nuclei and the electrons of the
target. With the collision of Au ion, defects will appear in the target and these defects
include interstitial defects and vacancies. Irradiation produces point defects and defect
clusters in the material, thus the lattice shows expansion as indicated by unit cell
volume increases for NdCrOs. The higher the fluence, the more amounts of ions
deposited in the sample and was server the damage; therefore, the expansion of high

dose rate irradiated NdCrOs is much more obvious. Similar volume expansions
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following Au ion beam irradiation has been demonstrated in previous work on other

materials like monazite compounds [40] and gadolinium zirconate [85]. It is clear from

the work that Au ion irradiation may destroy the long-range crystalline order in NdCrOs3

above a fluence of 10'* Au-ions/cm?.

Table 7 Lattice parameter and unit cell volume of un-irradiated, 103, 10" and 10" Au ions/cm?

irradiated NdCrO;
A(A) B(A) C(A) V(A3) Swelling
Rate (%)
Un-irradiated 5.4845(4) 7.6935(6) 5.4242(3) 228.874(1)
NdCrOs
10" ions/cm? 5.4966(5) 7.6997(7) 5.4261(4) 229.644(1) 0.3
10'*ions/cm? 5.5088(6) 7.736(1) 5.4642(6) 232.863(2) 1.7
10'% ions/cm? 5.5448(5) 7.8348(7) 5.6221(4) 244.239(1) 6.7
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Figure 32. Unit cell volume variation versus ion fluence in NdCrQOs irradiated with Au ions.
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NdAIO;

GI-XRD patterns for un-irradiated and 103, 10'#, 10'> Au -ions/cm? irradiated NdA1O3
are summarized in Figure 33. All samples exhibit single rhombohedral phase and do
not show any phase change with irradiation, with no extra peaks observed following
sample irradiation. It is apparent from GI-XRD that the pellets irradiated with 10'* and
10" Au ions/cm? show a shift of 0.8° 20 toward lower diffraction angles together with a
decrease in peaks intensity when compared to the pristine NdAIOs sample. Similar to
the NdCrOs sample, peaks in the GI-XRD pattern are significantly broadened following
irradiation. The sample irradiated with 10'> Au ions/cm? is completely amorphous. It is
interesting that the split peaks show up at 41.6, 48.5 54.6 and 60.3° 20 in NdA1O3 XRD
patterns that irradiated with 10'* Au ions/cm?, and these split peaks match NdAlO3 with
hexagonal structure [86]. In this case, when NdAIO; irradiated with 10'* Au ions/cm?,
part of NdAIOs; underwent the phase transition from rhombohedral to hexagonal,
causing the coexistence of both phases at fluence of 10* Au ions/cm?. This phase

conversion may be due to the tilting of AlOs octahedra.

When we use RIETICA to refine lattice parameters of pristine and irradiated NdAIOs3,
the refinement is still general as peaks are particularly broad after irradiation, which
makes it difficult to refine accurately. The variation of lattice parameters and the
variation of unit cell volume as a function of ion fluence are shown in Table 8 and
Figure 35, respectively. It is clear that the unit cell volume shows expansion with the
increase of the fluence; the sample irradiated with 10> Au ions/cm? shows a slight
increase in the unit cell volume which increases with increasing fluence. This unit cell
expansion following Au-ion irradiation is similar to the results discussed previously for

NdCrOs and few work published by Picot et al [40] and Wang et al [85].
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As explained previously for NdCrOs, when Au ion penetrates NdAlO3, it collides with
the nuclei and the electrons of the target, defects such as interstitial defects and
vacancies appear. Irradiation produces point defects, defect clusters in the material, thus

driving the lattice expansion at higher fluence, and the damage is more significant.

NdAIOs; - Different fluence, same incident angle (5°)

(1,04)

normalized intensity(a.u.)

0,1,2)

Sy

3

©

S

> ~
172

% 0,24)
Q2

IS

Figure 33. GI-XRD pattern using a 5° incidence angle for (—) un-irradiated, (— —) 10%3, (—-) 10%
and (--)10'5 Au-ions/cm? irradiated NdAlO3
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Figure 34. Variation of crystallinity of NdAlQOs versus ion fluence.
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Table 8 Lattice parameter and unit cell volume of un-irradiated, 103, 10" and 10’5 Au ions/cm?

irradiated NdAlO3

A(A) B(A) C(A) V(A?) Swelling
Rate (%)

Un-irradiated | 5.3188(7) | 5.3188(7) | 12.958 (2) | 317.465(1)
NdAIO;
10% ions/em? | 5.3273(2) | 5.3273(2) | 12.975(1) | 318.898(1) | 0.5
10 ions/em? | 5.367(2) | 5.367(2) 13.1993) | 329.257(7) | 3.7
10" jons/em? | 5.431(1) | 5.431(1) 13.494(6) | 344.692(8) | 8.6
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Figure 35. Unit cell volume variation versus ion fluence in NdCrOs irradiated with Au ions.

6.2.2 Cross-sectional SEM

The back scattered electron channelling contrast was required to observe the damage

layer. The following figures present the crystallographic contrast observed following
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SEM analysis of the cross-sectioned pellet followed irradiation with Au-ions at the

fluence of 103, 10'*, 10" ions/cm? and He-ions at the fluence of 10'® and 10!7 ions/cm?.

Cross-sectional SEM -Au ion

NdCrOs3
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Figure 36. Crystallographic contrast observed following SEM analysis of the cross-sectioned

NdCrOs pellet irradiated with Au-ions at the fluence of 10" ions/cm?.
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Figure 37. Crystallographic contrast observed following SEM analysis of the cross-sectioned
NdCrOs pellet irradiated with Au-ions at the fluence of 10'4 ions/cm?.
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Figure 38. Crystallographic contrast observed following SEM analysis of the cross-sectioned of the

NdCrO:s pellet irradiated with Au-ions at the fluence of 105 ions/cm?.

According to the above three figures (Figure 36, 37, 38), no change of contrast
corresponding to the damaged layer was observed for NdCrOs3 irradiated with 10'3 and
10'* Au-ions/cm?. While for material irradiated with 10" Au-ions/cm?, there is an
obvious change in contrast observed in the SEM image indicating the damage layer,
although this layer is not even. The uneven nature of the damage layer is due to the
porosity of the material; the Au ions travel further in voids then in the solid material.
The SEM method used in this work uses a short working distance of 4 mm; using this
close distance allows the observation of changes of crystallinity. For NdCrO3 irradiated
with 10" Au-ions/cm?, the damaged part is darker than the undamaged material, and the
damaged layer is about 2 pm thick. For the calculated damage depth, it is 1.5 um with
ions confined within a depth of about 2.1 um through SRIM 2013 calculation, and the
measured depth is in agreement with the calculated depth. When observing 10" and
10'* Au-ion/cm? irradiated NdCrOs, it can be found that the grain morphology of these
two samples are round particles, but changed to more faceted grains when NdCrOs
followed 10'> Au-ion/cm?. The possible explanation is due to the sample preparation

sequence. For NdCrOs samples that are irradiated at 10'3 and 10'* Au-ions/cm?, they
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were fabricated and irradiated simultaneously. While for NdCrOs sample irradiated at
105 Au-ions/cm?, it was prepared later. Because of different preparation time and the
operator choice of specific area analysed, the grain morphology of these irradiated

samples may vary and present differently from SEM figures.

Cross-sectional SEM -Au ion
NdAIO;

Similar to NdCrO3, cross-sectioned SEM analysis was undertaken for NdAIO:s.

.....
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Figure 39. Crystallographic contrast observed following SEM analysis of the cross-sectioned of the

NdAIQ:; pellet irradiated with Au-ions at the fluence of 10'% ions/cm?.
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Figure 40. Crystallographic contrast observed following SEM analysis of the cross-sectioned of the

NdAIQ:; pellet irradiated with Au-ions at the fluence of 10'* ions/cm?.
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Figure 41. Crystallographic contrast observed following SEM analysis of the cross-sectioned of the

NdAIOQ:; pellet irradiated with Au-ions at the fluence of 10'S ions/cm?.

For NdAIlOs, the above three figures (Figure 39, 40, 41) indicate the damage layer
following different fluences. The sample irradiated with the fluence of 10'* Au-ions/cm?,
does not present a damage layer in the SEM image because of insignificant damage.
However, when the fluence increases to 10'* Au-ions/cm?, there is an obvious damage

layer that could be observed from the image, the damage layer is about 2.2 um. NdA1O3
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irradiated with 10'> Au-ions/cm? displays an even clearer damage layer with depth of
about 2.6 um. Through SRIM calculation, it was concluded that the peak depth was 1.8
um with a maximum depth of about 2.2 um. Comparing the measured and calculated
results, the cross-sectional SEM agrees with the calculated result as well. Interestingly,
SEM figures 39 — 41 seem to show that the pristine area of the sample irradiated with
10" Au-ions/cm? is denser than the pristine areas for the samples irradiated at 10! and
10'* Au-ions/cm?. All NdAIO3 samples were prepared simultaneously and all were
CIPed. Porosity was quite variable throughout the samples and the density difference
appear due to the small sample area observed in the SEM and the operator choice of

specific area analysed.

Cross-sectional SEM -He ion
He-1ons travel much further through the material than Au-ions. SRIM 2013 analysis

suggests a peak damage depth of ~ 15 um.

For both materials (NdCrOs and NdAIO3) that irradiated with He ions (Figure 42, 43,
44, 45), a distinct damage layer was not observed. He ions have a range of a few tens of
micrometres, and generally transferring their energy through a process of ionization and
near the end of their track through elastic collisions [40].

NdCrOs;
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Figure 42. Crystallographic contrast observed following SEM analysis of the cross-sectioned

NdCrOs pellet irradiated with He-ions at the fluence of 10'° ions/cm?.
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Figure 43. Crystallographic contrast observed following SEM analysis of the cross-sectioned

NdCrOs pellet irradiated with He-ions at the fluence of 10'7 ions/cm?.

NdAIO;
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Figure 44. Crystallographic contrast observed following SEM analysis of the cross-sectioned

NdAIQ:; pellet irradiated with He-ions at the fluence of 10'® ions/cm?.
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Figure 45. Crystallographic contrast observed following SEM analysis of the cross-sectioned

NdAIQ:; pellet irradiated with He-ions at the fluence of 107 ions/cm?

6.2.3 Cross-sectional Raman analyses
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The Raman scattering technique is a vibrational molecular spectroscopy that derives
from an inelastic light scattering process. Raman spectroscopy is also utilized to study
the effect of ion-beam irradiation to complement the XRD analyses as it has a shorter
correlation length scale of about a few unit cells. It was performed on cross-sectioned
irradiated pellets at various damage depths to probe the un-irradiated and irradiated

materials and observe the changes between damaged and pristine material.

e Auions - NdCrOs

Figure 46 presents the Raman spectra of the NdCrOs sample irradiated with 10'° Au
ions/cm?. The line mapping was performed from the surface and into ~ 10.5 pm depth
with a step size of 1.5 um. At depth of 9 to 10.5 pm, Raman spectra for NdCrO3 sample
are identical to the pristine material that is discussed above (Chapter 4, Figure 25)
showing 9 Raman active bands. At the depth of 6 um, Raman bands at the wavenumber
of around 170, 288 and 577 cm™' show a slight broadening and the loss of Raman peak
intensity. The bands are broadened and the intensity of these bands decrease further at
the depth of 1.5 pum, where there is only a hump at the wavenumber of 212 cm™.
Therefore, the damage is evident at the depth of 1.5 um, which is close to the sample
surface. This damage depth corresponds to the calculated depth (1.32 um) via SRIM

calculation and is in agreement with cross-sectional SEM that is about 2pm.
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Figure 46. Raman spectra on cross-sectioned NdCrOs following 105 Au-ions/cm? irradiation.
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Figure 47. Raman micro-spectrometry spectra of sectioned pellets of pristine and Au-ion irradiated

NdCrOs.
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Compare samples irradiated with various fluences with the pristine sample (Figure 47),
it is found that there are three Raman peaks (at the wavenumber of 168, 212 and 452
cm™) are still clearly visible following 10'* Au-ions/cm? irradiation, and these bands are
related to CrOg octahedra [73]. Other peaks that at the wavenumber of 288, 335 and 577
cm’! cannot be observed after Au-ion irradiation, and they are corresponding to the Nd**
ions and bending and Cr-O bonds [73, 74]. With increasing fluence, the effect is more
obvious and these three left Raman bands display significant loss of peak intensity and
broadening of peaks. At the highest fluence (10'> Au-ions/cm?), only a very weak peak
at the wavenumber of 212 cm™', which is related to CrO¢ octahedra, is visible. Besides
these changes, peak shift is found in the Raman spectra, and the remaining peaks show a
slight shift (2 cm™) toward lower wavenumber from Pristine NdCrOs to NdCrO3
following 10'* Au-ions/cm? irradiation. This could be explained by Nasdala et al.[87]
that the shift of the remaining bands toward lower wavenumber indicates the average
distances between atoms become larger to some extent, i.e., the lattice is slightly
expanded. This is in agreement with the increasing lattice parameter calculated from GI-
XRD that indicates the expansion of lattice paramater. In other words, Raman bands
shift toward lower wavenumber is due to the general widening of bond length [88] and
this may be caused by the distortion of CrOs octahedra. However, at the fluence of 10'°

! shows a shift (3 cm™) towards

Au-ions/cm?, the peak at the wavenumber of 215 cm’
higher wavenumber and this is considered as the experimental error. The broadening of
Raman bands and disappearance of Raman signals indicate the loss of short-range order

in NdCrO3; and NdCrOs irradiated with 10" Au-ions/cm? shows featureless spectrum is

noted as the most heavily damaged sample.
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e Auions - NdAIO;

Raman spectra for the cross-sectioned NdAIOs sample irradiated with Au ions at
fluence of 10'° Au ions/cm? are presented in Figure 48. Line mapping was performed
from the surface to the depth of 19.5 pm with a step size of 1.5 um. Raman spectra for
NdAIO; sample (at the depth of 10.5 to 19.5 um) are identical to the Raman spectra of
pristine NdAlO3 (Chapter 4, Figure 25) that show 8 Raman active modes. From the
depth of 7.5 um, these Raman bands show a slight broadening and all the Raman bands
are clearly visible even at the depth of 3 um. The most significant change occurs at the
depth of 1.5 um and no bands can be observed from the Raman spectra (Figure 48).
Therefore, for this set of samples, some irradiation damage can be noted in the Raman
spectra close to the sample surface, namely peaks intensity decrease and broadening of
the peaks. From Raman spectra, it is found that the significant damage occurs at the
depth of 1.5 pm, and this result is in agreement with SRIM calculation, which indicates

the damage depth of 1.28 um.

84 |Page



— 1.5um
—— 3um
——4.5um
— 6um
— ] SUM
— 10.5um
—2Um
—13.5um
— 15um
—q7.5um
—— 19um

Raman intensity

600 400 200

Wavenumber(cm™)

Figure 48. Raman spectra on cross-sectioned NdAlOs irradiated with 10! Au-ions/cm?.
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Figure 49. Raman microspectrometry spectra of sectioned pellets of pristine and Au-ion irradiated
NdAIQs.

Figure 49 presents the comparison of irradiated samples at various doses (10'3, 104,

10" Au-ions/cm?) with pristine NdAlO3. It can be observed that after being irradiated
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with 103 Au-ions/cm?, peaks at the wavenumber of 163, 240 and 509 cm™ are still
evident but show the loss of peaks intensity as well as the broadening of peaks; and
these remaining bands are attributed to Nd** ions and AlOs octahedra [77]. However,
peaks at wavenumber of 440, 454 and 556 cm! disappeared, and these three Raman
bands are assigned to the vibrations of Nd** in their own sites [78]. With increasing
fluences, the remaining Raman peaks all show significant broadening and loss of peaks
intensity; and there are only two very weak peaks at the wavenumber of 163 and 240

cm’! when NdA1Os followed 10'° Au-ions/cm? irradiation. The loss of peaks intensity,

disappearance of Raman bands and broader bands that shown in Raman spectra indicate
the loss of short-range order in irradiated NdAlOs and the effect increases with fluence.
The observed band broadening and disappearance of Raman signals indicate significant
radiation damage and the effect is most notable in the heavily damaged sample that
received a dose of 10'> Au-ions/cm?, which shows a featureless Raman spectrum with
two very weak peaks at the wavenumber of about 163 and 240 cm™. Aside from these
variations, it is observed that there is no peak shift between un-irradiated NdA1Os and
sample followed 10'* Au-ions/cm?, but there is band shift (2 cm™ wavenumber) towards
higher wavenumber and this could be considered as experimental error.

Combining Raman results with GI-XRD results of NdCrOs and NdAlO3 following Au
ion irradiation, both show similar trend that 10'3Au-ions/cm? irradiation causes little
damage with only slight loss of peak intensity in the XRD patterns, leaving
approximately 90% crystallinity and only slight intensity loss and broadening of Raman
bands with remaining Raman bands are still clearly visible. With increasing fluences,
there is server loss of peak intensity in XRD patterns and eventually almost no peaks
can be observed with the highest fluence (10'° Au-ions/cm?), which indicates the loss of
long-range order and irradiation induced amorphization. As for Raman results, the most
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heavily damage occurs at the fluence of 10'> Au-ions/cm? with only one to two very
weak peaks exist indicate the loss of short-range order. These remaining peaks are
related to CrOs or AlOs octahedra, respectively; and the presence of these weak peaks

indicates some short-range order remains.

e Heions- NdCrOs;

Raman spectra measured at different depths for NdCrOs irradiated with 10'7 He-
ions/cm? are shown in Figure 50. Due to the uneven surface, 3 um Raman scan was
treated as surface. There is some evidence for band broadening in the spectra measured
at depths of 3 to 12 um where energy loss from electronic interactions is predominant
[89, 90]. The effect is increasing and is particularly significant at the depth of 18 pum,
and this corresponds to the end of the He-ion track where energy losses through nuclear
displacements are maximized [90]. At depths of 19 to 45 pm, Raman spectra are similar
to that of the pristine NdCrO3 indicating that the implantation depth is below 19 um and
sample between the depths of 19 to 45 um are undamaged. This damage depth concurs
to the calculated depth using SRIM 2013 calculation (Chapter 3, Figure 19), which is

15.4 um.
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Figure 50. Raman spectra on NdCrOs following 10!” He-ions/cm? irradiation.

Figure 51 shows the Raman spectra of pristine NdCrO3 and NdCrOs following 10'7 He-
ions/cm? irradiation at a constant depth of 18 um. The reason for choosing 18 um is that
at the depth of 18 um, sample has been damaged most heavily, the deposited nuclear
energy is significant and He ions transfer all its energy near the end of ~18 um tracks
[40, 90]. As NdCrOs is porous, it is not necessary to compare the intensity change
between pristine and 10'7 He-ions/cm? irradiated NdCrOs. However, the bands
broadening at the wavenumber of 240 and 700 cm™ with all the Raman bands still
evident were observed and these Raman signals indicate there is little damage on

NdCrOs irradiated with He ions up to 10'7 ions/cm?.
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Actually, little difference between the Raman spectra of pristine and He ions irradiated
NdCrO:s is due to the kinetic energy deposition of He ions. The energy from 5 Mev He-
ion irradiation is deposited into NdCrO3; mainly through electronic interactions and a
very small fraction of energy in the form of elastic collisions generating a few atomic
displacements toward the end of the track which cause little damage on the sample [40,

90].
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Figure 51. Raman microspectrometry spectra of sectioned pellets of pristine and 10!7 He ions/cm?

irradiated NdCrOs taken at a depth of 18 pm.

e He ions- NdAIO;3

Figure 52 presents the Raman spectra of NdAIOs irradiated with 10'7 He-ions/cm? at
different depth; 1.5 um Raman scan is treated as surface, all Raman bands become
broadened at the depth of 7.5 um and the effect is particularly notable at the depth
between 10.5 and 12 pm, where there is loss of peak intensity and peak broadening. At

the depth of 12 pm and beyond, Raman spectra are similar to that of the pristine
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NdAIlOs. This result corresponds to the SRIM calculation that the damage depth for

NdAIOs3 irradiated with 10'7 He-ions/cm? is 12.6 pm.
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Figure 52. Raman spectra of NdAIO; following 10'” He-ions/cm? irradiation.

The following figure (Figure 53) shows the Raman spectra of sectioned pellets of
pristine and He ion irradiated NdAOs3 at a constant depth of 12 um and the reason for
choosing this damage depth is the same as that for NdCrO3 that mentioned above. The
broadening of all bands can be observed with NdAIOs3 irradiated with 10'® He-ion/cm?.
The effect is more significant for NdAlO3 following 10'” He-ions/cm? irradiation; all
the Raman bands show severer band broadening, loss of peak intensity and the

disappearance of peaks at the wavenumber of 510 and 560 cm™'. He ions irradiation up
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to 10'7 ions/cm? do induce some damage on NdAIlO; at the depth of 12 pm and this
corresponds to the end of the He-ion track where energy losses through nuclear

displacement are maximized.
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Figure 53. Raman microspectrometry spectra of sectioned pellets of pristine and He ion irradiated

NdAIQOs. Spectra were taken at a depth of 12 pm.
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6.2.4 Hardness Measurements

The following figures show about 20 tests of the load on sample, and hardness as a
function of displacement for un-irradiated NdA1O3, NdCrO3, and NdCrO3 and NdA1O3
irradiated with 10'° ions/cm? Au ions. The average hardness for each sample calculated
using hardness from 200 to 400 nm displacement is presented in Table 9. Table 10
presents the standard deviation of hardness (from 200 to 400 nm displacement) of un-

irradiated and irradiated NdA1O3 and NdCrOs3 to see the hardness fluctuation.
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Figure 54. Load on sample versus displacement in un-irradiated NdAlOs.
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Figure 56. Load on sample versus displacement in NdAlOs irradiated with 10'5 Au-ions/cm?.
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Figure 57. Hardness variation versus displacement in NdA1Q; irradiated with 10'S Au-ions/cm?.
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Figure 58. Load on sample versus displacement in un-irradiated NdCrOs.
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Figure 59. Hardness variation versus displacement in un-irradiated NdCrOs.
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Figure 60. Load on sample versus displacement in NdCrQs irradiated with 10'° Au-ions/cm?,
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Figure 61. Hardness variation versus displacement in NdCrOs irradiated with 10'S Au-ions/cm?.
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Table 9. Average hardness of pristine and 10" Au-ions/cm? irradiated NdCrO3 and NdAlOs.

Fluence
Un-irradiated 10" ions/cm?
Hardness(GPa)
NdAIO3 18 8
NdCrO; 6 7

Table 10. Standard deviation of average hardness of pristine and 10" Au-ions/cm2 irradiated
NdCrOs and NdAIO3

Fluence
Un-irradiated 10" ions/cm?
Standard deviation
NdAIO3 0.9 1.5
NdCrOs; 3.2 3.1

From Table 9, compare with pristine NdAlO3, as fluence increases, the hardness shows
a downward trend. The hardness of NdAlOs decreases from 18 GPa to 8 GPa after
irradiation and this hardness reduction is ~50% for material irradiated at 10'> ions/cm?.
The effects of a-decay induced amorphization on hardness have been studied previously
in several ceramic phases and the phenomena of material softening after ion beam
irradiation can be observed generally [34, 40, 90]. The literature from Weber et al. [34]
explained that material softening with 10'> Au ions/cm? irradiation is due to irradiation
induced amorphization that results in a lower density structure and eventually become
softened. However, from SEM figures, it can be observed that NdA1Os irradiated with
10" Au-ions/cm? seems to have the highest density, this can be explained that from GI-
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XRD results of NdAIOs3, it is found that with the increase of ion fluence, NdA1O3
experienced significant radiation damage, and the sample eventually became near
completely amorphous. From the hardness variation, it can be seen that the hardness of
NdAIOs showed a decrease with increase of ion fluence. Combining with the results of
GI-XRD and hardness variation, it is suggested that when NdA1O3 was irradiated with
10'5 Au-ions, it became near completely amorphous forming a glassy material with
reduced hardness when compared to the initial crystalline state. The effects of a-decay
induced amorphization on hardness have been studied previously in several ceramic
phases and the phenomena of material softening after ion beam irradiation can be

observed generally for ceramics.

In my case, the “densification” the can be observed from SEM figures is due to the
amorphization and the formation of a glassy material with reduced porosity but the

actual hardness reduces significantly during this process.

For variation of hardness of the NdCrOs samples, Au-ion irradiation appears to have
little effect. For un-irradiated NdCrOs, the average hardness is 6 GPa, and after
irradiation with 10" Au-ions/cm?, the hardness shows a slight increase to 7 GPa,
although given the spread of the data, these results may be within the experimental error.
As mentioned above, ceramic materials generally show softening after irradiation, while
NdCrOs shows perhaps slight hardening. The possible explanation is through the porous
nature of the material. As the material is amorphous, the pores in the damaged material

may collapse, and this may densify the damaged material to some extent.

Standard deviation (Table 10) was calculated to show the spread of hardness data of
each sample visually. For both un-irradiated and irradiated NdA1O3, the standard

deviation is 0.9 and 1.5, respectively, which means that 20 tests of each sample have
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similar trend and there is a little fluctuation between each test. This is in corresponding
to Figure 55 and Figure 57. However, the calculated standard deviation of NdCrOs and
irradiated NdCrOs is more than 3, which indicates a larger spread of data between each
test, and this is obvious in Figure 59 and Figure 61. The calculated standard deviation
further indicates that with the spread of data, we can only indicate general trends rather

than accurate variations.

To sum up, it is better to measure the hardness of dense material, as the pores of
material will have an impact on the measurement thus reducing accuracy. It is clear that
NdCrOs and NdAIOs are not optimal materials for hardness measurements because of
porosity, but it can still show general hardness trends. SEM figures have been
summarized in Chapter 4 and they show that NdAlOs is a dense material with 1%
porosity and therefore it shows the tendency of softening after irradiation similar to
other ceramic materials. The porosity of NdCrOs that is shown clearly from the SEM
figure (Chapter 4 Figure 23) is significant (23%) and this would have implications on

hardness measurements before and after irradiation.

6.2.5 Thermal annealing after ion irradiation

GI-XRD was used to study the recrystallization and structural recovery of the ion-beam
damaged samples following various heat treatments. In each case (NdCrOs and
NdAIQO:s), the most heavily damaged sample that received a fluence of 10'°> Au-ions/cm?,
was annealed in air at temperatures between 600 and 1600°C in 2h. The XRD patterns
of each sintering temperature are shown in Figure 62 and 63 for NdCrOs and NdAIO3,

respectively.
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Figure 62. Temperature evolution of the GI-XRD data using a 2° incidence angle for NdCrO: with
a fluence of 10'5 Au-ions/cm?. Samples are annealed for 2h at the designated temperature and then
measured before further annealing at higher temperature. Patterns are plotted as diffraction
intensity vs angle (° 20). Main peaks in the pattern are for NdCrOs, and # indicate neodymium

oxide, * indicate chromium oxide.
For the Au-ion beam irradiated NdCrOs (Figure 62), significant increases in peak
intensities are observed in the samples annealed at 600, 800 and 1200°C. The
crystallinity of sample heated to 800°C is about 63.5% of that of the un-irradiated
material. However, in the sample annealed at 1000°C, there are several extra peaks
which appear around 28°, 30°, 46° and 56° 20, which may indicate the presence of
neodymium oxide (Nd203) and chromium oxide (CrOs3), respectively. The peaks around
28° 20 are still evident at annealing temperature of 1200 and 1600°C, but the peaks are
very weak. At these temperatures, most of the oxides have reacted to reform NdCrOs.
After annealing NdCrOs3 to 1600°C, the crystallinity is almost identical when compared

with the pristine material.
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Figure 63. Temperature evolution of the GI-XRD data using a 2° incidence angle for NdAlOs with a
fluence of 10'> Au-ions/cm?. Samples are annealed for 2h at the designated temperature and then
measured before further annealing at higher temperature. Patterns are plotted as diffraction
intensity vs angle (°20). Main peaks in the pattern are for NdAlQOs3, # indicate neodymium oxide and

* indicate alumina.

For the Au-on beam irradiated NdA1Os (Figure 63), there were no significant variations
in the XRD pattern could be seen following heat treatment at 600°C. However, the
broad amorphous hump was no longer visible. Significant increases in peak intensities
are observed in the samples annealed between 800 and 1200°C, the increase of intensity
of the diffraction peaks corresponds to approximately a 55% recovery of the crystalline
material annealed at 1000°C as compared with the undamaged sample. For the sample
annealed at 1200°C, several extra peaks appear at around 28°, 30°, 45° and 54°,57°,58°
20. Aside from the peak around 28° 20 which is an intense peak, all others are weak
peaks. These peaks may indicate the presence of neodymium oxide (Nd203) and

aluminium oxide (Al203) which are not reacted. Then, the sample was sintered to
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1600°C, the XRD pattern exhibits the single rhombohedral structure with no extra peaks
and the material is almost recovered to crystalline.

Overall, 5MeV He-ion irradiation was utilized on NdCrO3 and NdA1Os, and as a result
of He-ion irradiation, it was not apparent in crystallographic contrast changes in the
SEM; but the broadening in cross-sectional Raman spectroscopy indicated that
significant damage had occurred at depths of around 15 pm, corresponding to the He-
ion track. Au-ion irradiation was selected to simulate the recoil particle during a-decay
processes. Au-ion irradiation resulted in an increase in samples volume, a loss in long-
range order as determined by GI-XRD, NdAIO3 material softening and NdCrO3 material
hardening. Raman spectroscopy implied notable distortion to the bonds in the CrO¢s and
AlOs octahedra at high fluence. Crystallographic variations were observed through
contrast changes in the SEM between 2 and 2.6 um. Therefore, both materials appeared
to become amorphous with macroscopic, mechanical and structure changes observed at

fluences = 10'* Au-ions/cm?. These results above confirm that the properties of

NdCrOs and NdAIOs have been modified due to nuclear effects.
In order to compare the radiation tolerance of Orthorhombic Pnma structure and
Rhombohedral R-3c structure, it is necessary to compare the results from

characterization of NdCrOs3; and NdA1O:s.

Specifically, at the fluence of 10'* Au-ions/cm?, Raman spectra and GI-XRD results for
both NdCrOs and NdAIOs3 materials show a few variations as almost all the XRD and
Raman peaks still exist with only loss of peak intensity and slight peak shift; also, the
crystallinity for both materials remain at about 90% of pristine materials. The effect is
increasing with fluence for both materials, and at the dose of 10'* Au-ions/cm?, NdA1O3
experienced severer damage than NdCrOs as more dramatic loss of peak intensity

together with peak shift were observed in NdAlO3 GI-XRD patterns; and NdA1O3 only
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kept 18% crystallinity of pristine NdAIOs after irradiation, whereas NdCrO3 remained
about 56% crystallinity. NdAlO3; became almost complete amorphous after irradiated

with 10" Au-ions/cm?

as no peaks were observed in GI-XRD pattern as such no
crystallinity could be calculated; While NdCrOs, 15% crystallinity was observed. While
for Raman spectra of both materials at the fluence higher than 10'* Au-ions/cm?, both
showed band broadening and became featureless at fluence of 10'> Au-ions/cm?, which
indicated the loss of short-range order in materials. As Raman spectroscopy is the
complement of XRD analysis to study the effect of ion beam irradiation, therefore,

combine GI-XRD with Raman results, it can be concluded that NdCrO3; may have better

radiation tolerance than that of NdA1O:s.

6.3 Conclusions
In this chapter, neodymium chromate and neodymium aluminate were irradiated with
Au- and He-ions to simulate the effects of a-decay. Characterizations were utilized on

neodymium chromate and neodymium aluminate following irradiation with Au ions at

different doses (10'3, 10'* and 10" ions/cm?) and He ions at 10'® and 10'7 ions/cm?.

As for NdCrOs and NdAIO3, 12MeV Au ions showed a significant volume swelling of
~7% and ~9%, a loss in long-range order at fluences above 10'* Au ions/cm?, a slight
increase in hardness of ~10% for NdCrOs and a reduction in hardness of ~50% for
NdAIOs. Raman analysis further demonstrated significant distortions of the CrOs and
AlOg octahedra. Little effect on the materials effects was noted for NdCrO3; and NdA1O3
samples irradiated with 5MeV He ions up to a fluence of 10'7 ions/cm?, although
broadening in the Raman spectra suggested some loss of short-range ordering at depths

at the end of the He-ion track. Thermal treatment to the highest fluence Au-ion
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irradiated NdCrOs and NdAIOs3 samples resulted in limited recovery of the crystalline
structure at temperatures between 800 and 1200°C. At the higher temperature at 1600°C,
NdCrOs; and NdAIO3; both showed nearly complete recovery of crystalline structure.

NdCrOs showed perhaps better radiation tolerance than NdAlOs.
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Chapter 7 Conclusion

In summary, nuclear power is popular to generate heat and due to the popularity of
nuclear power, it is important to take the increase of nuclear fuel burn up as a
consideration to make it much more economical. However, when additives such as
Cr203 and Al203 added into the UO2 fuel, PuCrOs and PuAlOs may be formed in this
system and the presence of these Pu-doping phases may have impact on the properties
of UOz2 and could have detrimental effects when stored as waste for a long time. Limited
computational works focused on the behaviour of PuAlOs and PuCrOs indicated that the
presence of PuCrOs and PuAlOs could cause alterations to the microstructure and
macro-scale effects. In order to have a further understanding on PuCrO3; and PuAlOs,
we selected NdCrOs and NdAIOs as surrogates to simulate Pu-doping phases and the

thermal conductivities and radiation tolerance of these two phases were investigated.

Firstly, NdCrOs and NdAIOs ceramics have been successfully synthesised using the co-
precipitation method followed by conventional sintering. These two sintered samples
were then characterized through X-ray diffraction (XRD), scanning electron microscopy
(SEM) and Raman spectroscopy to identify their structure and purity. It was found that
NdCrOs had the same structure (Orthorhombic Pnma) as PuCrOs;, and NdAIO3

possessed the same structure (Rhombohedral R-3¢) as PuAlQOs.

For the next step, thermal conductivities of these two materials were calculated by
measuring the heat capacity, bulk density and thermal diffusivity. NdCrOs was found to
have lower thermal conductivity than that of NdAIOs; and it had lower thermal

conductivity than that of UO2 from literature. By contrast, NdAlO3 held higher thermal
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conductivity than both NdCrOs and UO2, and this is similar when compared to values

for the Pu-doped phases with UO2 obtained through computational methods.

For the rest of these samples, neodymium chromate and neodymium aluminate were
irradiated with Au- and He-ions to simulate the effects of a-decay. There were some
characterizations utilized on samples following irradiation with Au ions at different
fluences (10%%, 10'* and 10'° ions/cm?) and He ions at 10'¢ and 10'7 ions/cm?. For
NdCrOs and NdAIOs3, 12MeV Au ions showed a significant volume swelling of ~7%
and ~9%, a loss in long-range order at fluences above 10'* Au ions/cm? a slight
increase in hardness of ~10% for NdCrOs and a reduction in hardness of ~50% for
NdAIOs. Raman analysis further demonstrated significant distortions of the CrOs and
AlOg octahedra. By contrast, there was little effect on the materials effects was observed
for NdCrOs and NdAIOs samples irradiated with 5MeV He ions up to a fluence of 10"
ions/cm?, although some loss of short-range order could be observed through
broadening in the Raman spectra at depths at the end of the He-ion track. Thermal
treatment to the highest fluence Au-ion irradiated NdCrO3; and NdA1O3 samples resulted
in limited recovery of the crystalline structure at temperatures between 800 and 1200°C.
At the higher temperature at 1600°C, NdCrOs and NdAIOs both showed nearly

complete recovery of crystalline structure.

Overall, NdCrO3 had lower thermal conductivity than that of NdAlOs and UOz2, while
showed perhaps better radiation tolerance than NdAIOs3. As neodymium was selected as
the surrogate of plutonium, therefore, it could be concluded that the presence of these
Pu-doping phases (PuCrOs and PuAlOs3) may have significant effect on the thermal

behaviour and properties of the UOx.

As for this project, it has some contributions:
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e [t provided a detailed description of the synthesis of neodymium chromate and
neodymium aluminate; gave guidance on how to measure the thermal conductivity
and characterize on samples following ion beam irradiation.

e It measured the thermal conductivity of NdCrOs; and NdAIOs at high temperature
that above 1000°C and this is helpful to simulate the variation of thermal
conductivity of Pu-doping phases at elevated temperatures.

From this project, one will be able to have comprehensive knowledge about the

synthesis procedure, the thermal conductivity and radiation tolerance of NdCrOs and

NdAIlO3.With this understanding, it will be helpful for the further investigation on

PuCrO3 and PuAlOs or other phases that could be formed in nuclear materials.

Within this project, there is still a long way to understand how these Pu-doping phases
can affect the thermal behaviour and properties of UO2; as NdAlIO3 and NdCrOs are
only selected as surrogates and are for simulation only. In order to get accurate result of
thermal conductivity and radiation tolerance of NdCrO3 and NdAIO3 and make better

prediction, some future works are recommended here:

e Perspective on our experiment itself, when synthesize NdCrOs pellets, it was
found that it is difficult to synthesize dense NdCrOs sample and the grain size is
very fine that may be an obstacle for ion beam irradiation. Therefore, it is
necessary to decrease the porosity and increase the grain size of NdCrOs. This
may be done by increasing the sintering temperature or time such that the grain
size can compact better or by using alternative techniques such as hot isostatic
pressing or spark plasma pressing.

e For the investigation on the hardness of NdCrOs, because of the porosity of

NdCrOs, the measured variation of hardness was different from the general trend
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of other ceramics. By increasing the density and decreasing the porosity of
NdCrOs, the hardness could be measured more accurately and other

characterization techniques may also be employed.
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