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Abstract

In the face of ever-increasing demand for nuclear energy, the hunt for materials that can
endure the extreme radiation environments of the nuclear industry has become a vital challenge.
Ion beam irradiation offers sub-nanometer precision for localized material modification and is
applicable across a range of industries. This rapidly advancing field explores ion-induced changes
to solids, thin films, surfaces, and interfaces. Moreover, ion beam irradiation, with energy levels
ranging from a few electron volts (eV) to giga-electron volts (GeV), is esteemed for its capability
to effectively modify the properties of solids at shallow depths.

In a nuclear reactor environment, the interaction of ion beams results in energy loss
influenced by the energy of the incoming ions and the material's properties. The two main types
of energy loss are nuclear energy loss (S,) and electronic energy loss (S.). Radiation resistance to
swift heavy ions (SHI) and low-energy heavy ions in order to determine how well they can
withstand nuclear fission and alpha recoils, respectively; which can cause significant damage in
materials when used as nuclear fuels or waste immobilization matrices. Nuclear energy loss
occurs when ions transfer energy (< 100 keV) to atomic nuclei, causing displacement and
initiating elastic collisions. This can lead to effects like volume swelling, defect annealing, defect
clustering, and strain. In contrast, electronic energy loss (dominates at higher energies) involves
ions dissipating energy through ionization, creating a latent track just a few nanometers in size.

In contemporary, materials in the nano-regime are being extensively studied because of
significant changes in their optical, electrical, thermal, and mechanical properties. As we reduce
particle size, the increase in the surface-to-volume ratio unlocks remarkable enhancements in
material properties. It is quite obvious that nano-grain size materials have a significantly larger
fraction of grain boundaries compared to their bulk counterparts. It is also speculated that nano-
crystalline materials exhibit better radiation tolerance. Grain boundaries can act as "sinks" for
defects, absorbing irradiation-induced defects like interstitials and vacancies, which helps reduce
their accumulation and minimizes radiation damage. Advanced computational simulations have
provided insights into the interactions between grain boundaries (GBs) and irradiation-induced
defects, illustrating that these interactions play a crucial role in mitigating the net concentration of
defects and, therefore, the overall radiation damage. This is achieved through a mechanism often
described as ‘loading-unloading.’

Nuclear energy is the leading non-renewable source for electricity generation, known for
its high efficiency, abundant uranium availability, and lack of carbon emissions during operation.
This makes it a promising alternative, helping to meet global energy demands while reducing air

pollution from fossil fuels. The demand for nuclear energy has risen significantly due to the need
vii



for clean and efficient energy sources, especially amid dwindling fossil fuel reserves and climate
change challenges. In the future, coal, oil, and natural gas—major pollutants—may be largely
replaced by nuclear energy. However, the utilization of uranium as a fuel source in nuclear
reactors inevitably generates by-products, primarily plutonium (Pu) and minor actinides (MAs),
as a result of the fission process. A possible compelling solution to the challenges posed by
surplus plutonium (Pu) and other nuclear waste is to utilize it as fuel in power reactors,
specifically through the innovative concept of Inert Matrix Fuel (IMF). IMF must (i) exhibit
strong resistance to radiation damage, good compatibility with the fissile products, high melting
point, high thermal conductivity, ensure good chemical stability and should be transparent to
neutrons.

Ceria (CeQ,) is regarded as a surrogate for actinide dioxides with a cubic fluorite-like
structure, such as PuO, and UQO,, therefore making it an important surrogate material for studying
nuclear materials. It is also well reported that ceria is a promising inert matrix due to isostructural
properties with Uranium oxide. Gd>O;, which is a well-known burnable poison used in nuclear
reactors, possesses a cubic bixbyite (C-type, la-3) structure and is a superstructure of fluorite with
25% oxygen vacancies. Incorporating Gadolinium (Gd*") into CeO» enables the replication of the
behavior and performance characteristics of Gd-UO,, facilitating comprehensive studies and
assessments without direct involvement with uranium-based fuel. This surrogate system enhances
experimental safety and provides a valuable platform for investigating reactor dynamics, fuel
behavior, and safety protocols, thus contributing to advancements in nuclear technology.

The research in this thesis highlights the necessity for a more comprehensive
understanding of how high irradiation temperatures can affect the radiation tolerance of Gd-doped
ceria (nano as well as bulk) exposed to swift heavy ions and low-energy ion beam irradiation. The
primary goal of this thesis is to meticulously explore and elucidate how environmental
temperature and the grain size of a specific material (5 mol% Gd-doped Ceria i.e.
Cei-» Gd x Oz-2 where x = 0.05) influence its radiation tolerance. Firstly, we investigated the
significant impact of grain size (nano vs bulk) on the radiation tolerance of Gd-doped ceria when
exposed to swift heavy ion beam irradiation with 80 MeV Ag ions, simulating the fission
fragment process. Secondly, we performed an in-depth analysis of Gd-doped ceria under high-
energy ion beam irradiation at elevated temperatures, contributing valuable insights to explore the
effect of a nuclear reactor environment. Thereafter, we the critical dependency of electronic
energy loss on variations in grain size in Gd-doped ceria, enhancing our understanding of material
behavior against 80 MeV Ag and 120 MeV Au ions. Lastly we analyzed the effects of low-energy
ion beam irradiation 400n keV Kr and the resultant grain size dependency in Gd-doped ceria,

simulating the a-recoil process.
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Figure 3.8

Ce 3d XPS spectra of the 5 mol% of Gd-Doped Ceria samples - (a) pristine
GDC-S, (b) 10" ions/cm? irradiated GDC-S, (c) pristine GDC-L, (d) 10
ions/cm? irradiated GDC-L

Figure 3.9

Gd 4d XPS spectra of (a) pristine GDC-S, (b) 10'* ions/cm? irradiated GDC-
S, (c) pristine GDC-L, (d) 10'* ions/cm? irradiated GDC-L
Figure 3.10

O 1s XPS spectra of (a) pristine GDC-S, (b) 10'* ions/cm? irradiated GDC-S,
(c) pristine GDC-L, (d) 10'* ions/cm? irradiated GDC-L
Figure 3.11

Schematic depicting the proposed correlation between radiation-induced
damage and grain size via the inelastic ‘Thermal Spike’ process. (a)
Interaction of ion beam with GDC-S and GDC-L but resulting in different size
of ion tracks. (b) Illistrutation depicts that the phonon mean free path is easily
approachable near the grain boundaries in GDC-S but not in GDC-L resulting
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in less damage in GDC-L. The symbols d and A, represent the grain size and
lattice thermal conductivity respectively.
Figure 3.12

Inelastic Thermal Spike simulation results for GDC-S and GDC-L irradiated
with 80 MeV Ag. The dashed lines indicate the material’s melting point. (a)
Variation in lattice temperature with time win GDC-S where the estimated
track radius is ~ 3 nm, (b) Variation in lattice temperature with time in GDC-
L where the estimated track radius is ~ 1.6 nm, (c) Comparison of lattice
temperature in 0 nm and 3 nm in GDC-S, (d) Comparison of temperature in 0
nm and 1.6 nm in GDC-L, (e¢) Comparison between the maximum lattice
temperature in GDCS- and GDC-L.

Chapter 4

Figure 4.1

FESEM images of 5 mol% Gd-doped ceria. a). S800- Nano-grained size
sample, and b). S1300 bulk grain size sample.
Figure 4.2

(a) GIXRD pattern of pristine 5 mol% Gd- doped Ceria GDC-S and GDC-L;
(b)inset: Zoomed view of the (111) diffraction maxima for both samples.
Figure 4.3

Recorded spectra of Raman spectroscopy of 5 mol% Gd-doped Ceria pristine
S800 and S1300.
Figure 4.4

GIXRD pattern of 5-mol% Gd-doped Ceria. a) S800, b) S1300.
Figure 4.5

Raman spectra of (a) S800 irradiated at the indicated fluences (ions/cm?), (b)
S1300 irradiated at the indicated fluences (ions/cm?).
Figure 4.6

Inelastic Thermal Spike simulation results for S800 and S1300 irradiated with
80 MeV Ag at room temperature and high temperature (~1000 K). The dashed
lines indicate the material’s melting point. (a) Variation in lattice temperature
with time win S800 at HT where the estimated track radius is ~ 2.4 nm, (b)
Variation in lattice temperature with time in S1300 at HT where the estimated
track radius is ~ 1.4 nm, (c) Comparison of lattice temperature in 0 nm and 2.4
nm in S800, (d) Comparison of temperature in 0 nm and 1.4 nm in S1300.
Figure 4.7

Schematics representation of in-elastic thermal spike model, where mainly
phonon mean free path variation is restricted at high temperature. Where d is
grain size, Ay is phonon mean free path, K, is the thermal conductivity of
nano grain size, Ky is the thermal conductivity of bulk grain size, g, is the
electron-phonon (e-p) coupling strength of nano grain size, and gy is the e-p
coupling strength of bulk grain size.

Chapter 5

Figure 5.1

GIXRD spectra of 5 mol% GDC pristine and irradiated samples with fluence
1 x 10" ions cm™. (a). S800 with inset zoomed view of (111), (b). S1300 with

inset zoomed view of (111).
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Figure 5.2 96

Raman spectroscopy spectra of electronic energy loss dependency, a). S800
irradiated with 80MeV Ag, b). S1300 irradiated with 80 MeV Ag, c). S800
irradiated with 120MeV Ag and d). S1300 irradiated with 120 Mev Ag.

Figure 5.3 99

Inelastic Thermal Spike simulation results for S800 and S1300 irradiated with
120 MeV Ag at room temperature. The dashed lines indicate the material’s
melting point. (a) Variation in lattice temperature with time win S800 where
the estimated track radius is ~ 5.0 nm, (b) Variation in lattice temperature with
time in S1300 where the estimated track radius is ~ 4.0 nm, (c) Comparison
of lattice temperature in 0 nm and 5 nm in S800, (d) Comparison of
temperature in 0 nm and 4 nm in S1300.
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Figure 6.1 106

(a). XRD pattern of pristine Smol% Gd- doped Ceria S800, S1000 and S1300
(b). Zoomed view of the (111) diffraction maxima for both samples.
Figure 6.2 107

Field emission scanning electron microscopy, microstructure images of 5-
mol% Gd-doped Ceria. a). S800, b). S1000, c). S1300.
Figure 6.3 109

GIXRD patterns of irradiated 5 mol% Gd-Doped Ceria with 400 KeV Kr 1ons

a). S-800 with indicated fluences uptol X 10'”ions/cm? with inset zoomed
view of (111) diffraction maxima peak. b). S1000 irradiated sample with
indicated fluences. c¢). Zoomed view of S1000 irradiated sample with
indicating shift towards lower diffraction angles. d). S1300 irradiated sample

with indicated fluences. €). Zoomed view of S1300 irradiated sample with
indicating shift towards lower diffraction angles. f). Summarized values of
shifting in S800, S1000 and S1300 post irradiation. g). Comparison showing
change percentage of FWHM. h) Change in lattice parameters.

Figure 6.4 113

Raman Spectroscopy of 5mol% of Gd-Doped Ceria. (a). Pristine S800, S1000

and S1300 with inset: zoomed view of defects bands ranges from 490 to 620

cm! (b). Irradiated S800 with 400 KeV kr upto fluence 1 x 10%7ions/cm?
Inset: zoomed view of defects bands ranges from 490 to 620 cm™.(c).
Irradiated S1000 with 400 KeV kr upto fluence 1 X 10*7ions/cm? Inset:
zoomed view of defects bands ranges from 490 to 620 cm™'.( d). Irradiated
S1300 with 400 KeV kr upto fluence 1 x 10'7ions/cm? Inset: zoomed view

of defects bands ranges from 490 to 620 cm'.

Figure 6.5 115

XPS Spectra for Ce 3d of 5mol% of Gd-Doped Ceria. (a).Ce 3d spectra of
Pristine S800.(b). Ce 3d spectra of S800 irradiated with 400 KeV kr; fluence

1 x 10Yions/cm?. (c).Ce 3d spectra of Pristine S1000. (d). Ce 3d spectra of
S1000 irradiated with 400 KeV kr; fluence 1 X 107ions/cm?. (e).Ce 3d
spectra of Pristine S1300.(f). Ce 3d spectra of S1300 irradiated with 400 KeV

kr; fluence 1 x 1017ions/cm?.

Figure 6.6 117
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XPS Spectra of O 1s spectra for 5 mol% Gd-Doped Ceria. a).O 1s spectra of
Pristine S800. b). O 1s spectra of S800 irradiated with 400 KeV kr; fluence
1 X 10'7jons/cm?. ¢). O 1s spectra of Pristine S1000. d). O 1s spectra of
S1000 irradiated with 400 KeV kr; fluence 1 X 10Y7ions/cm?. e). O 1s
spectra of Pristine S1300. f). O 1s spectra of S1300 irradiated with 400 KeV
kr; fluence 1 x 10'7ions/cm?.

Figure 6.7

Ce’*/Ce*" ratio obtained from XPS.
Figure 6.8

Schematic showing the particle size variation and defects annealing via grain
boundaries. Red clusters encircled in black are mobile clusters as they are
located near the grain boundaries. Red clusters encircled in red are immobile
clusters as they are located away from the grain boundaries.

Figure 6.9

TRIM simulations, the quantity of Ce and O vacancies generated per unit
length per ion under 400 keV Kr irradiation.
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Nomenclature

Ag: Silver

Ce: Cerium

FWHM: Full Width at Half Maxima

GBs: Grain Boundaries

Gd: Gadolinium

GDC: Gadolinium doped ceria

GIXRD: Glancing Incidence X-ray Diffraction

g: Electron phonon coupling constant / factor / strength
HT: High Temperature

IMF: Inert Matrix Fuel

K: Lattice thermal conductivity

Kr: Krypton.

MA: Minor Actinides

NC: Nano-crystalline

RT: Room Temperature

FESEM: Field Emission Scanning Electron Microscopy
SHI: Swift Heavy lons

SEs: Secondary Electrons

Se: Electronic energy loss

Sn: Nuclear energy loss

TEM: Transmission Electron Microscopy
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