ABSTRACT

LOPEZ MORALES, ANGELICA MARIA. Characterization of lon Irradiation Effects in FesOg,
a-Fe203, Cr203, a-Al203, and f-Ga203. (Under the direction of Dr. Djamel Kaoumi).

The object of this thesis is the study of irradiation effects in polycrystalline FezO4and a-Fe203,
Cr203, a-Al203, and B-Gaz0s single crystals through ion irradiation experiments. These oxides
were prepared by different techniques including natural oxidation, pulse laser deposition,
sputtering deposition, chemical vapor deposition, and Czochralski technology (for the B-Gaz03).
lon irradiation experiments were performed in-situ at the IVEM-Tandem User Facility at Argonne
National Laboratory using 1 MeV Kr?* ions irradiation with a flux close to 6.25x10* ions.cm.s’
1 at temperatures between -223.15C and 500 C. TEM bright-field images, diffraction patterns, and
nano-beam diffraction patterns were recorded in-situ at different doses to describe and quantify
the evolution of the microstructure of the oxides as a function of dose and temperature.

In the Fe and Cr oxide systems, these experiments revealed the formation and growth of loops
in the oxides, including  -loops in the hexagonal close pack oxide structures. In general, loop
size increased in size with dose and temperature in all compounds. Surprisingly high irradiation
enhanced defect mobility was observed to occur in magnetite compared to the pure iron metal. In
addition, magnetite was found to transform to a metastable phase when irradiated at cryogenic
temperatures. This transformation was not reported before for this oxide. This metastable phase
presents a lattice parameter that is half of the unirradiated oxide spinel lattice parameter and readily
recovers under temperature relaxation. The mechanisms are discussed.

In the Ga,O3 system, phase transformation B-Ga.Os to k-Ga,Os was also observed to take
place during the in-situ ion irradiation of 3-Ga>O3z samples regardless of whether they were doped
with different agents (Fe and H) or not. However, in contrast with the observation in FezOa, the
phase transformation in gallium oxide takes place even at room temperature and at very low doses
(<0.38 displacement per atom) and remains (meta)stable. The accumulation of irradiation-induced
atomic disorder is proposed to account for the phase transition in both oxides. Furthermore, it
appears to help resistance to amorphization in these systems.

Irradiations of multi-layer samples of Fe/Cr.O3/Fe203/Al>0O3 (grown by pulse laser deposition)
at roomtemperature and 300 @ also indicate that although chromium oxide, hematite, and sapphire
present the same corundum structure with similar physical and chemical properties, the kinetics of

irradiation loop formation and evolution with dose and temperature can be drastically different.



Possible mechanistic scenarios are given to explain the differences in loop evolution that take into
account other changes observed concomitantly in the samples such as atomic mixing at the
interfaces influencing the evolution and redistribution of cations and anions in the oxide layers and
the reduction of a-Fe>O3 towards y-Fe,O3 observed under the ion irradiation in the hematite. Such
reduction was identified through ex-situ analysis by means of electron energy loss spectroscopy
techniques (EELS). Such observations can help understand the evolution of oxide scales during
the corrosion of steel happening in the nuclear environment.

The difference in irradiation behavior of the oxides is not only noticed in terms of loop behavior
but also in terms of amorphization resistance at cryogenic temperature. Hematite appears to be
more resistant to amorphization while sapphire showed a larger degree of crystalline to amorphous
phase transformation.

Finally, the results presented in this dissertation confirm that preexisting features in the oxides
such as grain boundaries and interfaces play an important role in the microstructure evolution of

the oxides under ion irradiation.
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Chapter 1

Literature Review and Motivations

The sections of this chapter intend to establish the motivations and objectives of this
investigation as well as the scientific questions that guide this work. Theoretical information
necessary to understand the radiation effects in materials and in particular in oxides is presented.
Theoretical concepts such as amorphization and the mechanisms underlying these phenomena are
introduced. Finally, the structure and fundamental properties of FezOs, a-Fe203, Cr.03, a-Al20s,
and B-GaOs3 are described. A literature review that focuses on the state of the art of radiation
damage in these oxides is also included.

1.1Motivations of the study

Since the beginning of the nuclear industry, there have been sustained research efforts for the
design of materials, especially structural alloys, that are resistant to radiation damage. More
recently, the concept of Gen. IV reactors has input new challenges in this field since higher
irradiation flux and doses are expected for future reactor designs. Traditionally, however, the
analysis of the radiation effects were focused mainly on understanding the radiation damage and
effects in the alloys while less stress was put on characterizing the effects of irradiation in the oxide
scales that build upon those alloys under in reactor performance. Indeed, structural materials are
not only exposed to large radiation doses but also to corrosive environments. Under these extreme
conditions, the formation of an oxide layer is typically reported to occur on top of the alloy surface.
The formed oxide scales generally have a passivating character, providing further resistance of the
alloy to oxidation (in light water reactors for instance). Yet, under the external stimulus of
irradiation, the properties of these oxide layers can change and so can the corrosion mechanism at
play of the exposed materials.

The specific characteristics of the oxide layers reported being formed on nuclear materials
depend on the type and properties of the oxidizing agents as well as the characteristics of the
material itself. Of particular interest for light water reactors are steels (as well as Ni-based alloys
and Zr alloys). For the case where Cr, Al, and Fe are included in the steel as alloying elements,
alumina (a-Al203), chromium oxide (Cr203), and iron oxide -typically hematite (a-Fe.O3) and

magnetite (FesOa4)- can develop on the surface of the alloys which provide further resistance to
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oxidation. The underlying feature controlling the formation of such oxides is the mass transport of
species. On the other hand, the high radiation flux of energetic particles such as neutrons typically
encountered in nuclear reactors generates a large concentration of vacancies and interstitials. At
high enough temperatures, these primary radiation-induced defects can contribute to the transport
of species to and from the reactive surfaces, through the protective oxide layers, and across the
interfaces modifying the rate of the oxide growth. Furthermore, the primary defects may also
couple to the chemical species that drive the corrosion thereby changing the kinetics of the
corrosive degradation. Hence, to guarantee a safe operation of nuclear reactors it is critical to
indulge in how irradiation influences the corrosion of steel in passivating environments. In doing
s0, the design of these alloys for nuclear application can be enhanced.

Understanding how irradiation influences the corrosion mechanisms of steels exposed to
passivating oxidizing environments will require in the first place to characterize the non-
equilibrium population of defects induced during irradiation, either in the oxides as well as in the
bulk material, and ultimately, describe its evolution. In particular, an analysis of the irradiation-
induced phase transformation from the crystalline to the amorphous state of the oxides layers might
also take special relevance since the structural and chemical disorder-induced during
amorphization is commonly accompanied by volume swelling and elastic softening, which might
affect the integrity and stability of the oxides and therefore its ability to act as passivating barriers
[2].

Recently, studies of irradiation damage effects in some ceramic oxides for nuclear waste
applications have generated some attention [3, 4]. A number of ceramic materials are being
investigated as possible waste forms, especially oxides which present fluorite crystal structures
(AO2)[3]. In this group, we can find ZrO;, HfO, and TiO; [3]. Other oxides with pyrochlore
A2B207 (e.g., Gd2Ti.07, Gd2Zr207, and Er,Ti207) and spinel AB204 (e. g MgAI204) structure have
also been examined [5-8]. In these cited works, special attention was put on understanding the
amorphization behavior of these oxides, which is expected to greatly alter the mechanical
durability of the encapsulating systems (at temperatures relevant for waste forms).

An increasing interest in analyzing the irradiation effects in oxides has also been seen in the
semiconductor doping industry. In this field, active research has been carried out to develop
semiconductors with good resistance to irradiation damage and especially to amorphization for

application in electronic devices [9]. Specifically, the B-phase of the gallium oxide family has



found multiples application in high-power electronics devices and the metal-oxide semiconductor
industry since it presents an ultrawide direct bandgap of around 4.8-4.9 eV at room temperature
and high thermal and chemical stability [10]. This wide bandgap and strong intrinsics bonding also
bring promising application of this material as a radiation resistance oxide for radiation detection
purposes [11]. Besides, B-Ga20s has also found applications such as gas sensing at high
temperatures and in harsh environments [12] which increased interest in analyzing the irradiation
effects on these compounds.

Although some steps have been taken to understand radiation damage in oxides, still deep gaps
exist in our knowledge of this subject starting from simple characterization of the types of defects
forming, their kinetics and evolution. Notably, the impact of irradiation on the mobility and
transport of defects in oxides is still an open field of debate in the scientific community. In addition,
questions such as: why do some oxides with the same crystal structure respond differently to
irradiation? why are some oxides easily amorphized whereas others remain crystalline at a high
dose? why doesn’t the transition from crystalline to amorphous states of the oxides always occur
through the same mechanism? [13]Why can the continuous accumulation of radiation-induced
disorder lead to a crystal phase transformation in some oxides while in others it induces
amorphization? Which parameters affect the crystalline to crystalline phase transformations
observed in some oxides? Which physical properties have a higher impact on the response of
oxides under irradiation? How can irradiation affect the diffusion of cations and anions in oxides?
Which irradiation parameters (e. g. particle type (ion vs neutron vs electron), flux, dose, energy)
play a role in the diffusion of ionic species in the oxides? Does a ‘“sandwich”/multilayer
configuration between different oxides affect their response to irradiation? All these questions are
still open for discussion. These questions are specifically relevant for the oxide scales that form on
top of the steels used in nuclear reactors since, surprisingly, very little is known regarding the
radiation effects in such Fe and Cr oxides that form on top of them based on the scarcity of
publications on that matter for these oxides. This is all the more surprising since these oxides are
some of the fundamental oxides that are grown in nuclear materials and hence a characterization
and understanding of their radiation effects is necessary to guarantee the safe operation of the
nuclear reactors and the development of new radiation-resistant materials.

Here, in this investigation, first steps have been taken to develop an understanding of radiation

damage in a large spectrum of oxides including the family of Fe oxides, Cr.0s3, and p-Ga203. To



this end, a specific set of objectives has been established which respond to distinct motivating

questions:

(i)

(i)

(iii)

(iv)

Objective:Characterize the irradiation damage forming in the oxides: Cr203, Fe30a, a-
Fe203, a-Al203, and p-Gaz0:s.

Motivating questionsHow do these oxides respond to ion irradiation? Which type of
crystal defects form in the oxide layers when they are exposed to irradiation and how
do they form? Can irradiation induce any phase transformation in these oxides? To
which new phases?

Objective:Characterize the evolution of the microstructure of the irradiated oxides as
a function of dose and temperature.

Motivating questionsHow do the formed extended defects in the oxides evolve with
increasing dose and temperature? How can pre-existing features in the microstructures
of the oxides such as grain boundaries and interfaces affect the evolution of formed
defects? How can the evolution of the microstructure impact the transport of species
associated with corrosion? Which parameter has a higher impact over the others: the
diffusion of the cations/anions and other charged defect species affecting the evolution
of the microstructure of the oxides? or the microstructure (pre-existing features in the
oxides) affecting the diffusion of the cations and anions?

Objective:Understand the mobility and transport of irradiation-induced defects in the
oxide layers, the bulk material (metal), and through the interfaces.

Motivating questionsHow does irradiation affect the mobility and transport of species
through the oxides, the metal, and oxide/oxide, metal/oxide interfaces?
Objective:Elucidate the fundamentals of irradiation-induced phase transformation of
the different oxides of interest in this study.

Motivating questions: Can Cr20s3, FesOs, a-Fe203 a-Al20s, and B-Ga0s be
considered resistant to amorphization? Which physical properties influence the
amorphization behavior of these oxides? How does a change in the phase structure of

the oxides impact the properties of the oxides?



1.2Fundamental of radiation damage in materials

The elastic collision between incoming energetic particles such as neutrons or ions and the
atoms at “rest” in a material, can result in the displacements of atoms from lattice sites. These
directly displaced atoms for the incoming energetic particles are generally known as primary
knock-on atoms (PKA). When the energy transfer from the incoming particles to the PKA is higher
than a certain threshold energy (displacement energy Eq), the PKA atoms might also displace other
atoms, leading to a displacement cascade. The cascade continues until the displaced atoms do not
have enough energy to displace other atoms (E<Eq). This process results in large excess
concentrations of vacancies and self-interstitial (SIA) which are usually referred to as irradiation-
induced primary defects. At high enough temperature, these irradiation-induced primary defects
can then migrate contributing to the total transport of atoms in the system, a process commonly
known as Radiation Enhanced Diffusion (RED). It is important to note that RED is not the mere
enhancement of the diffusion paths by the produced excess of point defects, but new channels of
diffusion can also be opened by the way of defects species that are not available in normal
thermally activated diffusion process (e.g di-vacancies)[14]. This radiation-enhanced diffusion
will naturally then affect the corrosion paths.

As the irradiation-induced primary defects diffuse several possibilities may occur: vacancy-
interstitial recombination or annihilation at sinks, formation of dislocation loops, clustering of
vacancies resulting in voids that can interact with gas atoms present in the matrix (e.g. helium)
resulting in the formation of stable bubbles. Which type of ordered defects form will depend on
factors such as irradiation temperature, dose, dose rate, crystallography structure of the material
itself, its composition, and impurities present in it, just to name a few. It is, indeed, the large
multiplicity of parameters that influence the formation of the more ordered defects that have
hindered our complete understanding of these phenomena.

In nuclear reactors, neutrons constitute the fundamental particles that lead to the collision
cascade. However, studying the radiation effects on materials in nuclear experimental reactors
remains a challenge, primarily because test reactors can only reach 20 dpa/yr (displacement per
atom/year), making access to the required damage levels prohibitively time-consuming and
expensive. As a solution to this problem, the radiation effects on material investigations are
typically conducted under ion irradiation, as a surrogate for neutron irradiation. The fundamental

difference between ions and neutrons irradiation is that the interaction cross-section of ion-atoms



is much larger (1071® cm?) than the interaction cross-section of neutrons-atoms (10°2* cm?), which
results in a higher displacement rate [15]. However comparable results of ion and neutron
bombardment can be archived if the energy spectra of the PKA atoms produced by the two types
of irradiations are similar.

Independently of the type of particle that produced the primary displacement, the amount of
irradiation damage is typically quantified by the average number of displacements per atom (dpa)
in the crystal. If the flux of coming particles is known, then the damage rate can be computed by
knowing the average number of atoms displayed by a PKA and the per unit volume rate of PKA

creation.
1.3Dislocation loops

Dislocation loops are widely studied irradiation-induced defects, especially since they can have
an impact on mechanical properties and integrity. This type of defects form when the vacancies or
interstitials resulting from the displacement cascades cluster along a given crystallographic plane;
typically, densely packed lattice planes. Dislocation loops are designated by the plane in which
they reside and their Burgers vector. The Burgers vector of the dislocation loops is the same at
each point within the loops and its magnitude and direction will represent the magnitude and

direction of motion of the dislocation loops.

Dislocation loops in HCP systems:  -loops

In materials with hexagonal closed pack structure (hcp) —such as some of the oxides explored
in this work: a-Fe203, Cr.03 and a-Al>Oz-, two types of loops are commonly reported to form:
the  -loops and the  -loops depending on their Burgers vector.

The  -loops generally reside on the 1%t prismatic planes {1 ELO} of the hcp crystals as shown

in Figure 1.1. These loops have a Burgers vector = ]/3 1 20 and their shape is predominantly

elliptical with their major axis approximately parallel to [0001] and their minor axis within the

basal plane. This type of loop can be interstitial or vacancy in nature.
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Figure 1.1. A schematic illustration of the orientation of key crystallographic planes with respect

to the hexagonal symmetry of a-Zr [16].

The  -loops, on the other hand, reside on the close-packed basal planes {0 O Q df the hcp
lattice (Figure 1.1) and have Y2 Burgers vector along the c-axis. This implies that this type of loops
are sessile [17]. This type of loops, in contrast with ~ -loops shows a distinct alignment parallel
to the trace of the basal plane in hcp crystal. In addition, it has been reported that in hcp metals
and in particular for zirconium alloys the nature of the  -loops are mostly vacancy type. Because
there is a stacking order -ABABAB- in hcp materials, the formation of ~ -loops will necessarily
disrupt the staking sequence of the crystal lattice, generating what is known as a staking fault.
Hence, there will be a stacking fault energy associate with the formation of  -loops [17]. Once
the  -loop forms, it becomes a sink for other point defects, however, the diffusion of the
irradiation-induced primary point defects to the loop, while enlarging their size, also raises the
stacking fault energy associated with it [17]. Consequently, the growth of the  -loops will be
limited by this factor.

There are several studies that have related the formation of the  -loops components in hcp
alloys to the coalescence and subsequent collapse of the vacancy  -loops although more recent

studies attributed their formation to the collapse of triangle-shaped vacancy platelets [18]. On the



other hand, the formation and stability of the  -loops are believed to depend on several factors
including but not limited to the dose/fluence, temperature, and presence of alloying elements.

Regarding the dose, it has been established that a threshold incubation dose value is required
for the nucleation of the loops. For example, in neutron-irradiated Zircaloys,  -loops were
reported at 5 dpa [19], while for the system Zr0.1Fe irradiated with protons,  -loops nucleation
was observed at 3 dpa [20]. This “incubation” (or threshold) dose has been related to several
parameters including the dissolution and redistribution of alloying elements and precipitates. [21,
22]. For example, the presence of alloying elements in solid solution and or dissolution or
redistribution of Fe and Sn in zirconium alloys can decrease the stacking fault energy and vacancy
formation energy in the system, therefore assisting the formation of  -loops [21, 22].

On the other hand, temperature also greatly affects the nucleation of the  -loops components
since it directly influences diffusion processes in irradiated hcp crystals, which in turn governs
their microstructure evolution. In general, higher temperatures favor the formation of the  -loops.
Temperature also influences the stacking fault energy in the hcp structures such that with the
increasing temperature lower stacking-fault energy is reported, which means higher stability of the
faulted loops [23].

Although extensive work has been carried out to understand the underlying mechanism of
formation and growth of  -loops in metal/alloys, this type of analysis has been scarce for oxides.
Indeed, to our knowledge, the formation of  -loops in hcp Cr203 and a-Fe,O3 have not been
previously studied/reported. In the present investigation, we particularly inquired about these -
loops in hcp oxides and their evolution in function of dose and temperature as they may have an

impact.
1.4Fundamentals of irradiation effects in oxides

Ceramic oxides in contrast with metals are most commonly bonded with either ionic or
covalent bonds enlaced and therefore long-range Coulombic interactions can be present in their
crystals. This specific feature affects the response of these materials to irradiation. For example,
in oxides, there will be two distinct sublattices populated by different ion types, the anion and
cation sublattices. The threshold energy of atomic displacement can be different for each of them
which results in different damage production for each sublattice. Furthermore, the formed points
defects (vacancies and interstitials) are likely to be electrically charged, which can affect the
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process of diffusion, agglomeration or clustering of the defects. For oxides where the displacement
energy of the anions and cations is comparable, there will be a similar production of defects in
each sublattice, and the formation of the clusters can be expected to present a relation between the
number of cations and anions such that the charge in the defect is minimized if not neutralized.

In addition, in ceramic insulators, radiolysis effects are often observed. The phenomenon of
radiolysis takes place by electronic excitation that is produced by the interaction of the constituents
ions (i.e. cations and anions of the oxide crystal) with the ionizing radiation, resulting in
displacement through the lattice [24].

On the other hand, processes such as irradiation-induced amorphization (loss of long-range
order in the oxides due to irradiation damage), which is not commonly observed in metal, are,
however, frequently reported for oxides and ceramics in general. Furthermore, in oxides,
irradiation may also affect the diffusion process through distinctive mechanisms. An analysis of

these possible mechanisms is provided below.

1.4.1 Irradiation effect on defect diffusion/mobility in oxides

Atomic diffusion is a transport process that controls many phenomena in crystalline materials.
In nuclear materials, for example, processes such as void swelling, solute segregation, fission gas
releases, and also corrosion are normally diffusion controlled. The common diffusion paths are
through coupling with point defects in the crystal, either vacancies or interstitials, which give rise
to different diffusion mechanisms in solids such as vacancy diffusion, interstitial diffusion, ring
diffusion, direct interchange, etc. Therefore, under irradiation, where a large concentration of
vacancies and interstitials are induced by the irradiation, not only can diffusion rates be enhanced,
but also new diffusion paths become operative. For ceramic oxides, however, irradiation can affect
the diffusion processes through other distinctive mechanisms.

One of the mechanisms from which irradiation can affect the diffusion process in oxides is the
electron-migration model [1]. The model of electro-migration is illustrated in Figure 1.2 and it
postulates that in ceramic oxides, charge species might accumulate at sinks such as grain
boundaries which will interact with charge species inside the grain, affecting their process of
diffusion [1]. The charge accumulation at the grain boundaries plays a role if, for example,
interstitials flow faster to the grain periphery, leaving behind the slower vacancies of opposite

charge. The formation of a net charge at grain boundaries will repel further interstitials of the same



charge at the boundary area, pushing them back into the grain, where they can recombine with its
antidefect. Hence, not only the diffusion processes are affected but also recombination processes

will be sensible to the electrostatic interactions between sinks and charge defects.

GB Grain Grain
-
+ 1
v 2 v V2 2
v2+
- g 1-2,
I -2 V2+ M v2
=]
2 2
P2 l + v2+V2+ ! I
: VZ' | V2+
2+ + P +
LG, V s v
Early time Later time

Figure 1.2. Schematic of the electro-migration mechanism [1].

Another process that might also influence defect mobility of oxides under irradiation is
ionization-induced diffusion (I1D). The general idea behind the 11D mechanism is that the
migration energy of defects in ceramics () may change with the charge state of the migrating
defect [25] resulting in an overall lowered diffusion barrier, which, in turn, can enhance diffusion.
This process has been widely discussed in the literature [26-29] and seems to explain the
unexpected excellent radiation tolerance of some ceramic oxides (e.g. MgAIl.O4 and MgO) [28].
Of course, the 11D mechanism will be more relevant for light ions irradiation bombardment when
ionization processes are more likely to occur.

In addition to the 11D mechanism, two other ionization migration processes may be present in
ionic crystals. The first one is called the energy release mechanism and assumes that electron-hole
pair recombination (or energy released by de-excitation) may provide sufficient thermal energy to
induce point defect migration [25, 28]. The other mechanism is called Bourgoin mechanism, and
it is an athermal process. In this mechanism, point defect migration is possible if the stable site for
the ionized charge state corresponds to the migration saddle point for the non-ionized defect charge
state, and vice versa [25, 28]. For example, Figure 1.3 presents a schematics of two different states
S and B which have different activation energies for migration Es and Eg respectively. A transition
between both states can happen by losing or trapping one electron [30]. If a defect is a position in

state S at x point, and a charge state changes it to charge state B corresponding to a saddle point in
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energy, the defect will then want to relax to the potential energy minimum ( + A / 9), which

convey motion [30]. A continuous iteration of this process can then induce the motion through the

lattice.

%x—Ax X %+ A

x-Ax/2 x+Ax /2

Figure 1.3. The Bourgoin mechanism potential diagram vs distance (x) for two different charge

states (S and B) with the migration energies Es and Eg, respectively [25].

1.4.2 Amorphization of oxides

The transformation of a crystalline to an amorphous state as a result of irradiation is commonly
known as irradiation-induced amorphization or simple amorphization. During amorphization the
loss of long-range order in the crystal takes place. This phenomenon is commonly observed in
oxides and ceramics in general. However, whilst some oxides can be amorphized easily, others
continue to remain crystalline even upon irradiation at high doses.

This phase transformation from crystal to amorphous state induced by irradiation can occur by
two different but not mutually exclusive mechanisms. The first mechanism is the increased
accumulation of point defects in the lattice. When a critical value of supersaturated point defects
is reached, the lattice becomes unstable, and the crystalline or long-range ordered structure may
be lost leading to the amorphous structure. The second mechanism is the superposition of
amorphous regions that might be formed during the fast cooling phase of the thermal spike, where
incomplete recrystallization can happen especially when the surrounding bulk temperature is very
low [13]. In the former case, amorphization is considered to be quasi-homogeneous, whereas in

the latter case amorphization is considered inhomogeneous [13]. Which of the two mechanisms
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occurs or dominates depends mainly on the type of material and the type and energy of the
irradiation particle (e.g. electron irradiation vs ion irradiation).

Amorphization can be detected through different characterization methods including but not
limited to X-ray diffraction, measurements of changes in electrical resistivity or specific heat,
Rutherford backscattering, and electron diffraction [31]. Electron diffraction gives direct
information on the structural changes accompanying amorphization and it is the main technique
used in this work. In electron diffraction, the process of amorphization is evident by the
replacement of the crystalline spot pattern with an amorphous halo [31]. In addition, during
amorphization, the Bragg diffracting spots lose intensity which can be analyzed with image

analysis programs such as Image J.

Models to predict amorphization

Although the mechanisms for amorphization are rather well described in the literature [13], it
is still unclear all the properties that account for the full or partial amorphization of ionically
bonded crystals. The mechanisms of the amorphization process depend not only on the
characteristics of the material itself but as well as in the characteristics of the irradiation
experimental conditions. Regarding the material properties, the crystal structure, the atomic mass
of the constituent elements, the atomic bond type and strength, the impurity concentration, the
structural vacancy concentration, and the grain boundary structure are all thought to influence the
tolerance/resistance of ceramics to amorphization [13, 32, 33]. In terms of the impact of the
irradiation conditions, for a given material, the transformation from the crystalline to an
amorphized state is said to be influenced by the type and energy of the irradiation particle (e. g.
heavy ions vs light ions or electrons), the dose, dose rate, and irradiation temperature [13].

The early studies of amorphization including Naguib et al. [34] stated that the criteria for
amorphization are based on two principles. The first is the temperature-ratio criterion where
amorphization should occur whenever the ratio of the recrystallization temperature to the melting
point exceeds 0.30. The essence of the argument was related to the concept of thermal spike regions
created under the impact of heavy ions i.e. the creation of a small, hot, disordered region
corresponding to the point defect cascade region within the crystal, which is liquid-like and is
surrounded by crystal. Upon thermal spike cool down, this region cools rapidly, and crystallization

begins when the temperature falls below the melting point. This criterion is useful to predict
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possible phase transformation, however, data relating to recrystallization temperature is not always
readily available. The second criterion is the bond criterion which states that amorphization is
likely to occur whenever the ionicity (as defined by the Pauline principle) based on the bond type
is less than 0.47. This criterion proposes that the order of increasing radiation sensitivity of the
relevant bonds, i.e the metal-oxygen bonds, follows the order of decreasing ionicity. A third
criterion known as the crystal structure criterion was initially proposed based on the response of
solids to ion impact and refers to the bond directionality and directly relates to the second criterion.

Rooted in these principles, several correlation models have been developed to predict whether
or not a material is likely to be amorphized; it is important to mention that such models are not
mechanistic in nature but rather based on trends observed among data sets including a more or less
large number of different ceramic systems. For example, Wang et al. [35] highlighted that in
addition to the structure type, the chemical composition (which affects bond type and bond strength
within a given structure-type), and the thermodynamic stability are all important in determining
the susceptibility of a material to radiation-induced amorphization while Eby et al. [36] stated that
the amorphization also might depend on properties such as density and elastic moduli. They
describe, for example, that the structure of spinels is more radiation-resistant than olivines
(divalent cations attached to silica) and even for compounds with the same composition but
different structures, the amorphization may vary. This is because, commonly, the resistance to
amorphization increases with decreasing average oxygen-oxygen bond distance. Regarding
thermodynamic stability, it has been inferred that a phase that is more thermodynamically stable
tends to be more resistant to amorphization than less stable phases. It is also quite interesting to
cite the work of Liu et al. [37] who stated that for metal/oxide interfaces, the distribution of oxygen
is in an ordered arrangement. Here, the amorphization is explained as due to the destruction of this
ordered arrangement of the oxide grains of the oxygen interstitials, which stabilizes the metastable
phase by ion irradiation.

On the other hand, in work by Zinkle [27, 38, 39], the ratio of electronic to nuclear stopping
power (ENSP) has been related to the resistance of oxides to irradiation. This ratio is approximately
proportional to the amount of ionization per displaced atom [27] and therefore a correlation can be
established between (ENSP) and the mobility of the defect, with larger mobility leading to the

annihilation of damage and therefore more resistance to radiation damage.
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In more recent investigations conducted by Trachenko [40] the relation between interatomic
forces and the process of amorphization has been studied in nano-metallic materials. Their results
revealed that the resistance to amorphization of the compound is defined by the competition
between the short-range covalent and the long-range ionic forces: the ability to form a covalent
network led to damage stabilization and makes a material amorphizable by radiation damage.
This theory also relies on the type of bonding of the structure to predict the amorphization behavior
of ceramic oxides, however, emphasis is made that type of bonding should be judged on the basis
of electronic density maps calculation or experimentally from quantum mechanical calculations
[40].

Although there is a multitude of factors that can affect the amorphization tolerance of ionic
oxides, it can be said that the fundamental requirement for amorphization is that the thermally
activated recrystallization process occurs at a slower rate compared with the rate of point defect
production at the root of the loss of long-range order [39]. This condition can be reached when the
mobility of irradiation-induced defects is considerably limited compared with the rate of point

defect production.
1.51Irradiation effects in Fe2Os3, Cr203, FesOs, a-Al2O3, and B-Ga203

5.1 Crystal structure of the oxides of interest

a-Alx03, a-Fe203, and Cr.0z3 present a corundum type structure with very similar lattice
parameters as reported in Table 1.1. The structural unit cell representation for these oxides is
presented in Figure 1.4. The oxygen anions are stacked in an ABAB sequence typical of hcp
structures, with the metal cations (Al, Fe, and Cr respectively) occupying two-thirds (2/3) of the
octahedral interstitial position for a M/O ratio of 2/3. Each metal atom is coordinated by 6 oxygen
atoms, and each oxygen atom has 4 metal neighbors. Some properties of these oxides are listed in
Table 1.1.
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Figure 1.4. (a) Corundum structure of a-Al203, a-Fe>03, and Cr203 (b) top view of the corundum

structure and (c) octahedral structure. Picture modified from [41].

On the other hand, magnetite (FezO4), presents an inverse spinel structure that can be described
best by the formula (Fe3")®{(Fe?*)°{(Fe3*)°'O,. The spinel unit cell can be visualized as made up
of 8 FCC cells where the oxygen atoms occupy the FCC lattice points. The unit cell of Fe3Oa4 thus
presents 32 octahedral (B) and 64 tetrahedral (A) sites where Fe** occupies 1/8 of the tetrahedral
sites while 1/2 of the octahedral sites are occupied by Fe*? and Fe** in equal number leaving many
empty sites in the unit cell. A schematic representation of the unit cell of magnetite is given in

Figure 1.5 while values of the lattice parameters can be found in Table 1.1.
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Figure 1.5. Schematic view of the inverse spinel crystal structure of magnetite. On the left is the
ball and stick model and on the right the polyhedral model [42].
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Finally, B-Ga2Os presents a monoclinic structure where the Ga ions occupy two inequivalent
positions designated as Ga(1) and Ga(2) in Figure 1.6, and the oxygen presents three inequivalent
sites which are being designated as O(1), O(2), and O(3) respectively in Figure 1.6 [12]. The Ga(1)
is bonded to four oxygen atoms forming a slightly distorted tetrahedral while Ga(2) atoms form a
highly distorted octahedron with six neighboring O ions [12]. Meanwhile, O(1) and O(2) present
threefold coordination, and O(3) is fourfold coordinated [12].

Figure 1.6. Schematic of the B-Ga2,Os monoclinic structure [43].

1.5.2 Radiation damage

Very little is reported in the literature regarding the irradiation effect in hematite, chromia, and
magnetite. What can be said so far is that only partial amorphization was observed in a-Fe>O3 and
Cr,0s irradiated by 40 keV Xe ions to doses of 5x10'° or 2x10'® ions/cm? with a higher
susceptibility to amorphization observed in a-Fe2O3 compared with Cr.Oz [44]. Meanwhile, for
Fe3Os no amorphization was observed by irradiation with 0.1 MeV neutron at the fluency of
4x10%°, 9.2x10% and 20x10% neutron/cm? and at 350 K [45]. Yet, a change in the magnetic

properties of magnetite was reported for samples irradiated by 5.96 GeV Lead ions (0.8x10'?
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Pb/cm?) at room temperature (RT); however, the samples still maintained their crystalline cubic
structure without the observation of phase transition to an amorphous state [46]. No systematic
study of the amorphization behavior the oxide was found.

Studies of irradiation effects in a-Al.Oz sapphire are more abundant compared with similar
studies in chromia and magnetite. Results of irradiation of sapphire have been reported in both the
low and high temperature conditions. In the high temperature regime (925-1110 K), a large
concentration of dislocation loops and dislocation networks was observed to form in a-Al2O3 by
energetic (0.1 MeV) neutron irradiation [47]. A volumetric swelling of 4-3% was also measured
[47]. For the low temperature condition, irradiation up to 10 dpa with 4 MeV Ar ions at 300 K also

revealed nucleation of dislocation loops in the prismatic and basal planes, while no loops formation

was observed at 200 K [39]. The loops that form in sapphire can be described as ¥ 3[000(2 09

and ]/3 100 {1 60}. The former type resides in the basal planes and has a Burgers vector

parallel to the  -axis. This type of loop is equivalent to the  -loops formation readily reported
in hcp metal. On the other hand, the latter, which nucleate in the prismatic planes, are equivalent
to  -loops formed in hexagonal close pack metals. The loops that form in sapphire, however,

have four layers of altering sequences between the cations and anions to maintain charge neutrality

[24]. Either loop that forms in a-Al,Oz may unfault according to ]/3[0 004 ]/3 100

operation resulting in the unfaulted loops ]/3 1 @1 which are free to rotate and grow on their

glide cylinders; their growth leads to intersections and the generation of dislocation networks [24].

In addition, in terms of irradiation-induced amorphization, sapphire is known to amorphized
under heavy energetic ions at temperatures less than 160 K. For example, irradiation experiments
of a-Al203 performed in the temperature range of 60 to 160 K with 600 keV Kr ions (0.012-
0.21dpa/s) and 900 keV Xe ions (0.007-0.017 dpa/s) reveal that Al.O3 can be completely
amorphized at doses of 3 and 4 dpa respectively [48]. Meanwhile, for irradiation conducted at a
temperature below 30 K with 1 MeV Kr ions (5.0x10* dpa/sec) and 1.5 MeV Xe ions (3.3x1073
dpa/sec) amorphization was recorded at the critical dose of 3.40 and 3.78 dpa, respectively. In
contrast, for irradiations conducted with O and Ar ions at 90 K a drastic increase of the onset dose
for amorphization was observed to ~50 dpa[48]. This clearly indicates that the amorphization

tolerance of sapphire is also very sensitive to the ion mass. In the high temperature range (above
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room temperature), however, amorphization of alumina only occurs when the dose is extremely
high (>100 dpa), with concomitant implanted ion levels on the order of 50 at.% [39].

For B-Gaz0s3, a few studies of swift ion irradiation and ion implantation have been conducted
with several ion types and large energy ranges. For example, in Reference [49] B-Ga2O3 crystals
have been implanted with 160 KeV He" ions at a fluence of 5x10%° ions/cm?. The implantation
zone was then annealed at 200 C and at 500 C. The main observations were the formation of
bubbles and the formation of large cracks at the projected range which lead to the exfoliation of
the implanted layer [49]. 400 keV Ni ions have also been implanted in B-Ga.Os3 for a dose range
of 6x10%-x10'° jons/cm? (~ 1.26-210 dpa) - [50]. In this study, however, the fundamental
observation was a phase transformation to k-Ga.O3z. A similar phase transformation was also
observed in Reference [51] where B-Ga»Os crystals were implanted with Ge ions of energy
between 60 and 200 KeV and dose from 3x102 cm™ to 7x10% cm2. In this work, a partial
recovery of the k-phase was observed after annealing the implanted sample at 1150C for 60
seconds under the Oz atmosphere [51]. On the other hand, irradiation of B-Ga>O3 with swift heavy
ions ( Au, Ta, and Kr of energy 5-17 MeV) had also been conducted [43, 52, 53]. Here the
formation of ion tracks which were often amorphous was reported [53, 54], while on some

occasions it could also induce recrystallization of an amorphous matrix [43, 52, 53].
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Table 1.1. Properties of the oxide phases.
0-AlOs o-Fe203 Cr203 Fes3O4 B-Gaz03
Space group 3 3 3 Fd3m C2/m
Structure type Corundum Corundum Corundum Inverse spinel -
Crystallographic Hexagonal Hexagonal Hexagonal Cubic Monoclinic
_ _ 2- = 0.1 455] = 0.1 357] 3*-00620076
2- — 2- —
Atomic radius ("m) | 4. - g'g g‘[‘;ﬂ] o 8'3 g5;]5] 3 = 06 1 6] - 01 957] 2-01240126
s s 2~ = 0.1 455] [58]
=12 3002
_ = = 48.[59] =50 [60]| = = 495][Bl] e =304001
Lattice constant (A) - 1 3 159] =13 [60] - 13 7B a=h=c=8.37 [57] =580 001
= 1 0.B+ 0.3[58]
Threshold =18&50 A
Displacement =5079 - __44,i 163(162] - = 2 967]
Energy -Ea- (eV) [8, 6265] =423 [®6]
+3 \
— 3 5365 170] = 03 472] = 08 + 60.1[74]
Migration energy of =1.78 [68] = 05 969] =20 [71] 2 _ o5 169] 2+ 18[53]
defects (eV = 35 768 2 "2 A -
(eV) 168] 1.3 469] . 05 g69] - 07 473] ° - 2653]
= 2.3 770]
Mean free path of 91.82 80.45 81.83 79.61 77.38
electrons (1/nm)
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Chapter 2

Materials and Methods

The objective of this chapter is to present the materials and the experimental methods used in
this study. A description is included of the techniques used to grow the oxides as well as a
description of the fundamental techniques used for their characterization. Finally, the in-situ
irradiation experiments are described in detail, including a description of the facility used to
perform the experiments, as well as the software and calculations for the estimation of the damage

in the oxides.

2.1 Materials
2.1.1 Applied techniques to grow the oxides

Naturally grown oxide

First, a high-purity Fe foil was oxidized in air by PNNL. Two temperatures were used, 400 °C
and 600 °C. The metal oxidized at 400 °C was kept at this temperature for 1 hour, while the Fe bar
oxidized at 600 "C was maintained at this temperature for 8 hours. The resulting oxide in both
samples was classified as FesO4. These Fe/FesO4 heterostructural samples were used in this work
to analyze the effects of ion irradiation in magnetite. With these samples, the role of the natural
metal/oxide interface as sinks for point defects was also explored.

“Artificially” grown multilayer oxide samples preparation

For a more controlled experiments, with better defined flat interfaces, some oxide layers of
specific thicknesses were grown “artificially” that were used for irradiation experiments. They
were multilayer samples that present the configuration shown in Figure 2.1. These samples were
prepared by Pacific Northwest National Laboratory (PNNL). Here, Al,O3 with a (0001) orientation
was the substrate. FeOz (hematite) single crystal was built (epitaxially) on top of the buffer
sapphire followed by a Cr.Oz single crystal layer. These layers were deposited using a technique
known as pulse laser deposition. Finally, polycrystalline Fe was deposited on top of the samples

by sputtering technique at Los Alamos National Laboratory. Note that this multilayer configuration
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has the advantage that it allows to observe simultaneously the ion irradiation effects on the
different oxides layer under the same experimental conditions. This approach also facilitates

investigating the role of oxide/oxide and metal/oxide interface.

Fe
Polycrystalline
200 nm

Single Crystal

AlLO, (001)

Figure 2.1. Schematic representation of the grown sample by sputtering deposition and PLD. The
grown sequence followed the order: Al>Os (0001) buffer layer, Fe-Os single crystal, Cr.Os single
crystal, and 200 nm of polycrystalline Fe.

Sputter deposition technology was applied here to deposit the Fe layer on the multilayer
samples. In this method, charge argon or neon ions are accelerated into a target material that
generally functions as a cathode. This acceleration happens by applying a negative bias to the
target. As a result of this bombardment, atoms can be ejected from the target surface. The sputtered
atoms can then impinge onto the substrate that functions as the anode in the circuit. This method
allows for advanced processes such as epitaxial growth. A schematic representation of this

technique is shown in Figure 2.2 (a).
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Figure 2.2. Schematic representation of (a) sputtering deposition and (b) pulse laser deposition.

On the other hand, pulse laser deposition (PLD) was used to grow the Fe.O3 and Cr.O3 layers
in the multilayer samples. PLD takes place under high vacuum conditions. In contrast with the
sputtering technique, here, a high-power pulsed laser beam strikes the target causing electronic
excitation in the target. The energy associated with these electronic excitations can then be
converted into thermal, chemical, and mechanical energy. As a result, a plume of material will be
generated which can deposit on the substrate as illustrated in Figure 2.2 (b). An important
advantage of this technique with respect to the sputtering deposition is that oxides can be grown
significantly faster without affecting the quality of the crystal. However, one of the principal
disadvantages is that the large energy of the laser can eject particles with enough kinetic energy to
promote crystallographic defects in the film [75]. Pulse laser deposition is faster for oxide
deposition than metal deposition, this is why PLD was used for the oxides and sputtering was used

for the metal film deposition.
Gallium oxide

Gallium oxide is also a material of interest in this research. Two fundamental methods were
applied at Bowling Green State University to grow a high-quality single crystal of p-GazOs;
chemical vapor deposition (CVD) and Czochralski (CZ) crystal growth methods.

Chemical vapor deposition (CVD) is a method that occurs under vacuum conditions. Here the

substrate is generally heated and then exposed to chemical vapors which can react to produce a
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desired layer or coating. However, the substrate itself doesn’t need to be involved in the chemical
reactions.

On the other hand, in Czochralski (CZ) technology, a feed material is initially melted into a
crucible. Then a small seed material is inserted from the top and a small portion of the seed is
dipped into the melt [76]. Finally, the seed is slowly withdrawn and the melt is allowed to

crystallize [76]. An illustration of this CZ method is presented in Figure 2.3.

i
[ L | O L
d) e
: Melt. T iT
Crucible
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f) g) h) d) i)

Figure 2.3. Schematic of the principle of the Czochralski method (a) The polycrystalline feedstock
is melted in a crucible (b). (c, d) Seeding procedure: The seed crystal is dipped into the melt,
followed by dash necking (e), shouldering (f), cylindrical growth (g), growth of end cone (h), lift-
off (d), cooling down, and removing of the crystal (j) [76].

Fe203 and Cr20s single crystals

Finally, in addition to all the oxides that have been described previously, single crystals of
hematite and chromium oxide were also used in this work. These crystals were purchased from
Princeton Scientific Corporation. Both oxides had the (0001) orientation and present purity of

99%. A summary of the oxide samples used in this investigation is provided in Table 2.1.
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Table 2.1. Summary of the oxides samples that were grown.

Sample Technique

Al>O3 (0001) buffer layer/ 200 nm of Fe»Oz single | PLD for the oxides
crystal/ 200 nm of Cr20s3 single crystal/ 500 nm of

polycrystalline Fe Sputtering for the Fe

FesOa/Fe Iron oxide is grown in air at 600 °C
Fez04/Fe Iron oxide is grown in air at 400 °C
Cr,03 [0001] (Single Crystal) Etérr%hased from Princeton Scientific
o-Fe;03 [0001] (Single Crystal) Elérr%hased from Princeton Scientific
B-Ga203 H-doped EFG

-Ga>03 Fe-doped Cz

B-Ga,030n CZ Gax03 CvD

2.1.2 TEM sample preparation

From the grown oxide samples, TEM lamellas were extracted. The primary technique to
prepare TEM lamellas was by focused ion beam (FIB) lift-out technique. The TEM samples were
prepared using the FEI Quanta 3D FIB system located at the Analytical Instrumentation Facility
(AIF) of North Carolina State University (NCSU). For the naturally grown heterostructure
Iron/Fesz04, the samples were prepared to contain a few microns of both regions, the metal and
oxide regions of the interface. The area selected on the bulk samples for extraction was protected
by the deposition of 200 nm of platinum with the electron beam followed by a deposition of 2-4
pum of platinum with the ion beam. The samples were then thinned, using Ga* ions of energies
down to 2 keV to keep the amount of FIB damage as minimal as possible. For the case of the single
crystals of Cr203, a-Fe203, and B-Ga203, as well as for the multilayer samples, the TEM lamellas
were prepared such that the samples presented regions of different thicknesses. This type of
configuration allows exploring the effects of thickness on the formation of extended defects in the
oxides during the in situ irradiation experiments in the TEM. A schematic representation of the

FIB lift-out process is presented in Figure 2.4.
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Figure 2.4. Schematic representation of the FIB lift-out technique.

2.1.3 Pre-irradiation characterization of the thin-film samples

Preliminary characterization of the samples was then conducted using TEM Bright Field
Imaging (BF) techniques as well as electron diffraction pattern (DP) analysis, ChemiSTEM, and
thickness mapping. This preliminary characterization was conducted using the FEI Talos F200X
Microscope of the AIF at NCSU.

The FEI Talos F200X Microscope at AIF is a high-resolution analytical scanning/ transmission
electron microscope. It can be operated at different voltages ranging from 80 to 200 KeV. This
microscope is equipped with an X-FEG electron source. It also is equipped with a dispersive X-
ray spectrometer (EDS) for compositional mapping.

In the FEI Talos, ChemiSTEM analysis, as the name suggests it, is performed in STEM mode.
Here the beam is focused and rasterred across the sample. As the electrons go through the thin
lamella, they can interact with it producing ionization of the constituent atoms. These electronic
excitations result in the emission of X-rays that can be collected in X-ray detectors. The FEI Talos
F200X system at NCSU counts with four Silicon Drift Detectors (SDD) that offer maximum
collection efficiency and are able to collect X-Rays at very high count rates. Note that these x-rays
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are characteristics of each atom type so that elemental and compositional quantification of the
atoms of the samples can be performed.

To acquire the thickness maps, an energy-filtered transmission electron microscopy (EFTEM)
technique is required. In this technique, the transmitted electrons are tracked in terms of the energy
they lose when they go through the samples; and only the electrons that have undergone inelastic
scattering interactions are used to reproduce the maps. The thickness maps presented in this work
are given as a number of mean-free-path of the electrons which represent the mean distance that

the electrons travel between to successive inelastic collisions.
Single crystals of a-Fe203, Cr203, and B-Ga20s

A typical preliminary characterization performed in single crystals a-Fe2Os, Cr.Oz and f3-
Gay0s is presented in Figure 2.5. Here, low magnified BF images (a, e, i) of the samples are
included. The dark layer on top of the samples corresponds to the Pt that was deposited to protect
the crystals during the FIB preparation. The electron diffraction patterns presented allowed for the
identification of the phases (b, f, and j) as well as the orientation of the crystal. Thickness maps (c,
g, k) are also included. Note that these thickness maps are given in number of mean-free paths of
the electrons. The mean free of the electrons in each material of interest in this investigation was
estimated using Digital Micrograph software. These values were included in Table 1.1 of the
previous chapter. Finally, chemical maps of the single crystal samples were also acquired as part
of the pre-irradiation characterization of the crystal. No foreign impurities were found to be present
in the samples.
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Figure 2.5. Typical pre-irradiation characterization performed in single crystal samples of Fe>Og,

Cr203, and B-Gaz0:s. (a, e, and i) bright field images of the Cr.03, Fe203, and p-Ga>O3 respectively.
(b, f, and j) electron diffraction patterns corresponding to Cr203, Fe203, and p-Ga20s respectively.
The zone axis of the diffraction patterns had been indicated. (c, g, and k) thickness acquired for
Cr203, Fe203, and B-Ga203 respectively using EFTEM. These maps are given in number of mean-
free-path of electrons. (a, e, and i) Chemical maps were acquired for Cr203, Fe203, and p-Ga203

respectively.

Fe/FesOa heterostructure (naturally grown oxide) sample

The pre-irradiation characterization performed in Fe/FesO4 heterostructure sample (naturally
grown oxide) is presented in Figure 2.6. Here, the metal matrix can be considered single crystal
while the oxide was polycrystalline with grain sizes ranging from a few hundred nanometers to a
few microns as shown in Figure 2.6 (a). Oxide grains closer to the metal interface (fresh oxide)
were on average smaller compared to the oxide grains close to the surface, which presented
elongated/columnar shapes. Pores were also identified to be presented in the oxide layer, especially

close to the metal/oxide interface. The processed samples also presented regions of different
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thicknesses across the metal at the oxide regions. These characteristics of different thicknesses in
the lamella were typical for all heterostructures that were processed. On the other hand, the electron
diffraction pattern analysis revealed that the metal part of the sample corresponds to bcc Fe (as
expected) while the oxide was characterized as FesOs magnetite. No chemical impurities were

detected to be presented in these samples as indicated by the ChemiSTEM analysis.

(c) * Fe;Q, [100]

. 004
022%™
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Figure 2.6. Typical preliminary characterization of Fe/FesO4 heterostructures (a) TEM bright-field
images of the sample. The metal and the iron oxide region hand has been delimited by the red
arrows. (b) Thickness map of the Fe/FesOa. The thickness map is given in units of mean-free paths
of the electrons. (c) Electron diffraction pattern corresponding to a FezOs grain in the sample. (d)
ChemiSTEM elemental mapping of the as-oxidized microstructure is shown with the HAADF

image on the left.
Multilayer samples

A typical preliminary characterization of the multilayer sample is presented in Figure 2.7 and

reveals that the multilayer samples grown by sputtering deposition and PLD presented a clean
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delineation and well defined flat interface between the oxide layers and metal/oxide interfaces. In

addition, no major impurities were detected in any of the sample types either.
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Figure 2.7. Typical preliminary characterization that was performed on the thin-film multilayer
samples (a) Low magnification images: the highlighted regions 1 and 2 represent two regions of
different thicknesses. (b) HAADF high magnification image of the samples. Each of the
constituent layers of the samples had been labeled. (c) Thickness maps of the samples with each
region of different thickness identified. (d) Chemical map corresponding to the HAADF images.
The clear delineation between the different layers can be appreciated. (e) Indexed electron

diffraction patterns corresponding to each of the layers;the zone axis is indicated on the patterns.

— High-resolution imaging of the interfaces of the multilayer samples

To better characterize the interfaces of the multilayer samples, atomically resolved STEM
imaging was also acquired for these samples as presented in Figure 2.8. These images were
acquired in the ThermoFisher Titan 80-300 probe aberration-corrected scanning transmission
electron microscope at AIF at NCSU. Here we observed that the interfaces between Al>O3/Fe2O3

and Fe203/Cr203 in the multilayer samples were in general coherent, uniform, and with only minor
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defects. The epitaxial growth between the layers can be evidenced in the Fast Fourier
Transformation (FFT) that had been included in Figure 2.8. A small mismatch in the FFT was
observed for Fe,O3/Cr.03 can probably be related to the small difference in the lattice parameter
of these crystals. For the interface Cr.Os/Fe, however; the orientation of both crystals is different
as suggested in the high-magnified images (Figure 2.8 [c]) and its corresponding FFT. Small steps

of a few atomic planes were also found to be present along with this interface- as a reminder, the

Fe was deposited by sputtering method whereas the oxides were grown by PLD

Figure 2.8. High Resolution STEM images taken across (a) Al.O3s/Fe20s interface (b) Fe203/Cr.03
interface and (c) Cr20s/Fe. The inset in the images represents the Fast Fourier transformation
(FFT).

2.1.3.1 STEM-EELS analysis

In addition to the mentioned basic characterization performed on all the thin film samples
analyzed in this study, scanning transmission electron microscopy (STEM) coupled with electron

energy loss spectroscopy (EELS) techniques was also performed in some select samples. This
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technique is commonly referred to as STEM-EELS, which allows to map the charge state of the
cations and anions of the oxide ionic lattice which allows for unique identification of the oxide
phase. This is particularly useful when considering polymorphic oxides, especially polymorphs
which can be difficult to differentiate by just relying on electron diffraction patterns (e.g.
maghemite versus hematite). Besides, EELS spectra can also be acquired before and after
irradiation (post-experimental characterization). An analysis of the possible change of the charge
of the ions as a result of irradiation damage can then be conducted. When valence maps are
generated at interfaces, this type of analysis can allow for evidencing and possible defect migration

across the interface.
Fundamentals of STEM-EELS

STEM-EELS works by rastering the electron beam through the sample. As electrons pass
through the volume of the sample, they can interact with it through elastic or inelastic scattering
interactions with the atoms of the sample. A set of detectors will collect the transmitted electrons
which can then be analyzed in terms of the energy they lost through the interactions. A typical
EELS spectrum is shown in Figure 2.9. Note that the first peak appears at zero energy, and it is
therefore called the zero-loss peak. This peak represents the electrons that undergo only elastic
scattering during the interaction with the specimen [77].

In the spectrum of Figure 2.9 two important regions can be identified, the low energy region
(from 0 ev to 100 ev) and the high-energy region (greater than ~100 ev). In the former one, the
incoming electron beam interacts with the weakly bound electrons in the sample (low-loss
distribution) and as a result, the valence electrons can be excited to the conduction band; hence,
this region is generally known as valence EELS [77]. In this low-energy region, the peaks are
generally broadened (larger energy window). The plasmons peak presented in Figure 2.9
represents the oscillation of weakly bound electrons. An analysis of the position and width of the
peaks in the low energy spectrum can provide information on the electronic structure of the sample
material, bandgap, and even optical properties of the sample [77]. On the other hand, in the high
energy loss region, electrons interact with tightly bound core electrons of the sample resulting in
ionization [77]. The amount of energy required for the ionization of different shells is specific for

each element and therefore information can be gathered about the bonding and valence state of the
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ions (in the ionic structure of the oxides) [77, 78]. The core excitations are generally labeled

according to the type of core state that was excited as presented in Table 2.2.
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Figure 2.9. Typical features of EELS spectra.

Table 2.2. The convention for naming core excitations depends on core state quantum numbers n,
I, and j [79].

Label Core state
K 1s1p
L1 2512
L. 2P
Ls 2psi2
M1 38112
M2 3pire
M3 3par
Mg 3d32
Ms 3ds12

32



In the EELS spectrum, however, the signal can be altered by the background noise. This
background noise results from the tails of all lower-lying excitations and generally follows a power
low function [79]. The power low function can be described as:

B(E)=AE" (Equation. 1),
where A and r are parameters that depend on the experiment and E is the energy loss [79].
Typically, the background is removed by fitting the experimental data to Equation 1.

After the background is removed, the spectrum is further corrected for the multiple scattering
of the electrons that go through the sample. Multiple scattering happens when an electron loses
energy to more than one excitation process when going through the sample [79]. Correcting for
this signal is especially relevant for thicker samples that do not have an ideal thickness for EELS
and for which multiple scattering processes will be more pronounced. Correcting for this multiple
scattering is mainly done by a Fourier deconvolution of the core-loss spectrum with a low-loss
spectrum [79].

Application of STEM-EELS techniques for mapping the charge of the ions

In this work, STEM-EELS was used to map the valence state of the ions (cations and anions
of the ionic lattice of the oxides), especially in the multilayer samples. Confirmation of the
successful application of this technique to the measured change in the valence states of the oxide
ions as a result of irradiation damage came from the work of Aguiar et al. [78]. In Aguiar’s work,
an analysis of the change in valence states of cations (metal atoms) in the system CeO2/SrTiOz at
the interface as a result of irradiation damage and defect migration was performed [78]. For that
matter, EELS spectra were acquired before and after irradiation of the sample to map the Tit, OK,
and CeM near-edge fine structures finding that the titanium valence remains unperturbed after
irradiation with 400 KeV neon ions while the oxygen content and cerium valence redistribute to
form stoichiometric ceria with Ce*" ions across the interface. The redistribution of ions was
accompanied by oxygen interstitial migration to the interface leaving behind a large concentration
of vacancies that ultimately lead to local amorphization of the material [78]. Aguiar’s work also
proved that irradiation can alter the charge state of the ions (of the oxide lattice) affecting their
process of migration and redistribution in the system. Here, a similar analysis was aimed for in the
multilayer samples and in particular to map the change in the Fe charge in Fe>O3 as a result of the

Kr ion irradiation.
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— Quantification of iron oxidation state

To quantify the iron oxidation states using EELS techniques, two necessary methodologies
were followed in this work. The first method is the use of external standards. The external
standards are simple reference samples from which the oxidation states of the iron ions are known.
For example, single crystals of hematite Fe,Os are typically used as standards for Fe* since all the
iron ions in this oxide present a +3 charge. Note that the white edges of iron of different oxidation
states are known to present distinctive features. Furthermore, the peak of the white edges shifts
position for iron ions of different valence. For example, the maximum peak of the L3 edge of iron
ions with higher oxidation state tends to occur at higher energy compared with the peak of the L3
edge corresponding to iron ions of lower oxidation state. These features in the spectrum obtained
from the known reference sample can then be used to compare with a sample of unknown iron
valence to classify or quantify the oxidation state of the iron ions in that sample.

In addition to the described method, the well-known “Ls ratio” procedure was followed as
well in this study. In this procedure, the background is removed as described previously. Multiple
scattering of electrons is then corrected for. This allows isolating the Fe Lz and L peaks. Gaussian
curves are then used to fit the isolated Lz and L, edges from which the amplitude of the curve was
extracted to estimate the Ls/L, ratio. By knowing this ratio, the proportion of Fe**/ZFe can be

quantified as illustrated in Figure 2.10.
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Figure 2.10. White-line intensity ratio versus ferric iron concentration for garnets, pyroxenes,
spinels, oxides, hydroxides, and olivines. The solid line is the universal curve, described by a
second order hyperbolic function. The dotted lines represent the error range with A(Fe®*/XFe) = +
0.03 [80].

— Data acquisition

All the EELS spectra presented in this study were acquired in the Thermo-Fisher Titan
microscopy in the AIF at NCSU. The data was collected in scanning transmission electron
microscopy (STEM) mode with an accelerating voltage of 300 KeV and a beam current of ~90pA.
The EELS spectrometer dispersion was set to 25 meV per channel. The convergence angle of the
microscope was set to ~25.1mrad and the spectrometer entrance angle was ~80mrad. The
monochromator excitation and spot size were chosen to achieve an energy resolution of ~0.2eV
and a spatial resolution of ~110pm.

All the spectra that were acquired were processed using Digital Micrograph Suite software.
Here, the background was removed by fitting the data to the power function B(E)=AE™ as
suggested in the literature [79]. Multiple scattering of the electrons was also corrected by the

deconvolution process of the core-loss spectrum with a low-loss spectrum [79].
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2.2 Irradiation Experiments
2.2.1 The IVEM-TANDEM facility at Argonne National Laboratory

The in-situ ion irradiation experiments were performed at the IVEM-Tandem User Facility at
Argonne National Laboratory. In this NSUF facility, in-situ studies range back to 1995 [81].

The IVEM includes a TANDEM ion accelerator which is coupled to a 300 kV Hitachi TEM
microscope [81]. The microscope can operate with accelerating voltages ranging from 100 KeV
to 300 KeV while the specimen chamber vacuum is ~1-4 x 107 Torr [81]. Here, the dosimetry is
continuously monitored by a Faraday cup system installed within the microscope [81], and the
special resolution for imaging can reach 0.25 nm point to point although in our experiments such
resolution was not reached [81]. The facility also includes several special specimen holders that
allow performing experiments at different temperature ranges. A picture of the facility is presented
in Figure 2.11.

In the IVEM microscope, the angle between the electron and ion beams is about 32 degrees.
Samples are typically oriented at 16 degrees with respect to each of the beams. This configuration
ensures true in-situ irradiation and observation conditions. Besides, this configuration also

contributes to the reduction of shadowing by the specimen holder.

Figure 2.11. IVEM-Tandem User Facility at Argonne National Laboratory.
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2.2.2 Irradiation conditions

All the experiments performed at the IVEM were conducted using 1 MeV Kr?* ions. The ion
flux was approximately 6.25x10*! ions.cm™.s™. lon flux is measured to an accuracy of £10% by
annular Faraday cup (FC). The corresponding damage profiles in the different oxides of interest
were estimated using Stopping and Range of lons in Matter (SRIM)[82] under the Kinchin-Pease
calculation mode. For this calculation, a displacement energy (Eq) of 28 eV was used for the
oxygen while a value of 40 eV was used for Fe, Cr, and Al and 24 eV for Ga. The SRIM results
are presented in Figure 2.12. Note that the simulations were run for a maximum depth of 300 nm
(the maximum thickness of the TEM samples processed throughout the experiments). Table 2.3
summarizes the damage rates in the first 100 nm, which represents the nominal thickness of TEM

samples.
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Figure 2.12. Damage profiles of 1 MeV Kr ions into Fe, Al,O3, Cr203, FesOs, Fe203, and Gax03
using Ed 28 eV for O and 40 eV for Al, Fe, and Cr and 24 eV for Ga.
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Table 2.3. SIRM simulation results for Fe, Al.O3, Cr203, Fe203, FesOa4, and Gaz0:s.

Phase Density Damage rate at 100 nm  Average dpa/sec
(g/cm?) (dpa/sec) over 100 nm
Fe 7.865 1.33E-03 1.21E-03
Fe203 4.001 1.11E-03 7.29E-04
FesOq4 4.185 1.09E-03 7.42E-04
Cr203 4.313 7.96E-04 7.33E-04
Al203 2.064 5.09E-04 4.80E-04
Gaz03 3.217 1.06E-03 9.99E-04

2.3 Experimental matrix

Table 2.4 summarizes the experimental matrix followed in this work. Here the experiments
were grouped into three major categories that give rise to the results and discussion presented in
each of the subsequent chapters (Chapters 3, 4, 5, and 6). The first group (Chapter 3), comprehend
experiments performed on Fe/Fe3O4 heterostructures at “higher” temperatures. Here the samples
were irradiated up to 10 dpa at three different temperatures 25C, 300 C, and 500 C. The radiation
damage was characterized in both, the metal and the oxide parts, as a function of dose and
temperature. The role of the grain boundaries and thickness effects in the oxide was also analyzed
through this first set of experiments. The results allowed for qualitative assessment of the
surprisingly high mobility of defects in the FesO4. In the second group (Chapter 4), experiments
performed in Fez04 at cryogenic temperatures and experiments performed in 3-Ga>O3 samples are
grouped together based on the observations of a phase transformation in both samples type (FezOa
and pB-Ga203). An analysis was also conducted to assess the role of these phase transformations in
the amorphization behavior of both oxides. Then, in the third group of experiments (reported in
Chapter 5), the focus was put on the multilayer samples irradiated at RT and 300 C up to 10 dpa.
Here the radiation damage was followed in the a-Fe2Oz and Cr.Oz layers of the samples. The
results allowed for a quantitative assessment of the damage evolution in terms of irradiation-

induced loops and Fe and oxygen diffusion in the hematite regions. Finally, group 4 experiments
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(reported in Chapter 6) include experiments performed on multilayer samples and single crystals
of hematite and chromium oxide irradiated at 50 K. These last set of experiments target the analysis

and comparison of the amorphization behavior of Fe>O3, Cr.O3, and Al>Os.

Table 2.4. Experimental Matrix.

Experiment sample Temperature | Maximum
type P (°C) Dose (dpa)
Group 1
FesO4/F 25, 300, 500 10
(Chapter 3) GeLulre
Fe3O4/Fe -223.15 53
Group 2 Single Crystal p-Ga>,03 H-doped RT 15
(Chapter 4) Single Crystal p-Ga.0O3 Fe-doped RT 1.5
Single Crystal f-Ga203 RT 1.5
Al>03 (0001) buffer layer/200 nm of 10
Group 3 Fe>0s3 single crystal/200 nm of Cr.03 RT 300 (defined at
(Chapter 5) single crystal/ 500 nm of ' the Fe20s
polycrystalline Fe layer)
Al>03 (0001) buffer layer/200 nm of
Fe203 sllngle crystal/200 nm of Cr203 293.15 10
single crystal/ 500 nm of
Group 4 polycrystalline Fe
(Chapter 6) Single Crystal a-Fez0s 22315 6
Single Crystal Cr.03 -223.15 8
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Chapter 3

Irradiation induced defects mobility in FesO4: experimental results and

discussion

In this chapter, the experimental results for the Fe/FezO4 samples irradiated at 25 'C, 300 C,
and 500 C to a maximum dose of 10 dpa (dose calculated in the metal) are presented. The formation
of irradiation-induced defects was followed in the metal and in the oxide parts of the samples as
well as at the metal/oxide interface. The extended defects were characterized in terms of size, and
number density. The dynamic observation of the spatial distribution of the defects allowed for a
qualitative assessment of the mobility of defects in the oxide as a function of temperature revealing
evidence for enhanced mobility of charge defects in the magnetite. Mechanisms of defect mobility
in the spinel are discussed to account for the observations.

3.1 Experimental Method
Preliminary characterization with EELS

The standard preliminary characterization for the Fe/FezOs heterostructure was presented in
section 2.1.3 of the previous chapter. Here, the metal part was characterized as single crystal bcc
Fe whereas the oxide was found to be polycrystalline with grains that varied in size and shape. The
grains closer to the metal interface were smaller and presented a rather circular shape compared
with the grains towards the surface which were larger and elongated/columnar. In addition to the
basic characterization presented previously, EELS spectra were also acquired for the two
distinctive oxide grains formed in the sample. The spectra were acquired in the ThermoFisher
Titan TEM at NCSU operated at a voltage of 300 KeV. The spectra were then processed using
Digital Micrograph software (GMS). Zero loss peaks in low loss spectrum images were first
aligned at 0 eV. The background was removed by fitting a selected region of 15eV preceding the
Fe-Ls excitation edge to the inverse power low function mentioned in chapter 2. Results of the
processed spectrum are presented in Figure 3.1. Here, the spectra for both iron oxide grains
presented a similar shape. The Lz edge was found at 710.5 eV for both grains with a separation of
12.5 eV between the Lz and the L edges (Ls-L2). Note the Lz edge is almost shapeless (no minor
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pre-peak or post-peak is found in the Ls white line). This characteristic is typical of magnetite and
it could be related to the contribution of Fe?* and Fe3* [83]. Besides, an analysis of the oxidation
states of the Fe cations in both grains was also carried. The relative intensity of Lz and L, edges
was calculated as described in the previous chapter. A result of Ls/L>=5.37 was found for the oxide
grains closer to the metal and a value of Ls/L>=4.99 was recorded for grain at the surface further

indicating that the main oxide phase in the lamella is Fe3Oa.
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Figure 3.1. Processed EELS spectra acquired for an iron oxide grain formed near the metal/oxide

interface and from an oxide grain closer to the surface of the sample.

In-situ TEM irradiation and characterization

The heterostructure Fe/FesOs was irradiated in-situ using a flux of ~6.25x10'! ions.cm?.s™.
The TEM cross-section sample was irradiated in plan view mode irradiating both the Fe and FezO4
at the same time whilst simultaneously observing the microstructure.

The irradiation experiments were performed at 25 C, 300 °C, and 500 °C at intervals of 1 dpa

(5.65x10' ions cm™ fluence) irradiation steps to a maximum dose of 10 dpa (in the pure iron).

41



During the experiment, bright field and weak beam dark-field images were taken of the same
regions at successive doses to track the formation and evolution of visible defects. In addition,

selected area diffraction patterns (SADP) were acquired at each irradiation step.

Dislocation loops measurements

A generic elliptical shape was assumed to measure the dislocation loops formed during the
irradiation. A larger (di) and a smaller (ds) diameters were measured for each loop and the reported

loop size was taken as the equivalent diameter (deq) of the disc of an equivalent area i.e. =

v x  .Whenadislocation loop appeared edge-on, the size of the loop was taken as the Feret’s

diameter (elongated distance of the defect).

3.2 Results
3.2.1 Irradiation of Fe/FesOsat 500 &
Observations in the metal region

For the metal part of the heterostructure Fe/Fe3Og irradiated with 1 MeV Kr ions at 500 C,
small sized dislocation loops were resolvable under the TEM already at 1 dpa, as illustrated in
Figure 3.2 (a). For this region, the size and density of the dislocation loops increased with
increasing dose. Here, the average dislocation loops size was measured at 1, 3, and 5 dpa. This
process of measurements is presented in Figure 3.2 (b) where the loops that were measured are
highlighted. The results of the measurements are presented in Figure 3.3. As can be observed, the
size of loops increases rapidly from 1 dpa (average size ~15.9 £ 5.3 nm) to 3 dpa (~47.6 £ 15.2),
similarly to the previous in-situ irradiation studies of model steel systems [84, 85]. At the 5 dpa
the size of the average loop was 68.7 + 24.1 nm. The size distribution of the loops in the metal is
presented in Figure 3.3 (b). The size distribution is a single bell shape and shifts to larger sizes

with higher doses.
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and 10 dpa. Loop formation and growth can be appreciated in these pictures. (b) Sequence of BF

images selected to perform the loop size measurements. The loops that were counted are
highlighted in yellow.
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Figure 3.3. (a) Plot showing the trend of the average dislocation loop size vs dose in the metal
part at 500 °C (b) loops size distribution as a function of defect dose for doses of 1, 3, and 5 dpa.
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Observation in the oxide region

Observations of the oxide part of the Fe/FesO4 heterostructure irradiated at 500 C is presented
in Figure 3.4. In (a), a sequence of BF images from the same region of the oxide taken at different
doses is presented. As can be seen, no irradiation-induced defect is visible in the oxide region of
the sample regardless of the dose. In (b), a sequence of BF images taken across the interface
Fe/Fe30s is also included. Here, the metal and the oxide region as well as the interface are
identified. As can be seen, in contrast with the metal were extended loops were visible already at
1 dpa, in the oxide no visible defect is being recorded under the TEM even at the largest dose. This
indicates that in the magnetite individual defects failed to cluster sufficiently to form defect
structures large enough to be resolved by TEM. In addition, diffraction patterns acquired for all
the irradiation steps for both the pure iron and the oxide part did not indicate any phase changes at

these higher temperatures.

(b) 1 MeV Kr irradiation at 500°C - Fe,0,
0 dpa (in Fe)
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Figure 3.4. (a) TEM Bright Field image of the sample acquired at a lower magnification level.
The oxide and the metal region are delimited. The blue and yellow squares represent the regions
of interest that were followed in sequences (b) and (c). (b) Sequence of BF images taken in the
oxide part of the sample at doses of 0, 1, and 10 dpa; No defect is visible in this sequence. (c)
Sequence of BF images taken at the Fe/FezOainterface at 0, 1, 3, and 10 dpa. Defect formation can

be seen in the metal part while no defect has been recorded in the oxide at any dose.
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3.2.2 Irradiation of Fe/FesO4at 300 &
Observations in the metal

At 300 C, the trends of defect formation in the metal and its evolution were similar to those at
500 C i.e. resolvable loops were observable already at 1 dpa and they grew with increasing doses
as presented in Figures 3.5 and 3.6. However, in terms of their size, the loops grew larger at 500
'C compared with the 300 C conditions. Indeed, at 300 C, dislocation loops had an average size of
~12.7 £ 2.9 nm at 1 dpa, which increased to ~17.9 + 5.0 and 21.9 £ 6.1 nm at 3 and 5 dpa
respectively. For comparison, at 500 C, the average size of the dislocation loops at 2 dpa was
measured to be ~15.9 £ 5.3 nm and increased significantly to ~47.6 + 15.2 and 68.7 £ 24.1 nm at
3 and 5 dpa respectively.

(a) 1 MeV Kr irradiation at 300°C - metal

1dpa 3d

(b) Measurement of loops
1 dpa 3 dpa

Figure 3.5. (a) Sequence of BF images taken at the metal part of the sample and dose of 1, 3 and
5 dpa; Loop formation and growth can be seen in those pictures. (b) Sequence of BF images
selected to perform the loops measurements. The loops that were counted are highlighted in

yellow.
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Figure 3.6. (a) Trend of the average dislocation loop size vs dose in the metal part at 300 °C (b)
loops size distribution as a function of dose.

Observations in the oxide region

In the oxide part, however, observations depended on the thickness of the observed region.
Indeed at this new condition (300 C) defects were visible in the thicker areas of the sample (as
shown in Figure 3.7 (a) and (b)), whereas in the thinner parts, TEM resolvable defects were not
visible (Figure 3.9), just like in the 500 C samples, even at the maximum dose of 10 dpa. The effect
of sample thickness and free surfaces are well illustrated in Figure 3.7 (a) which highlights a region
of the sample where the FIB thinning process resulted in different thicknesses within the same
grains. Such a configuration was extremely useful to substantiate the thickness effect (i.e. the effect
of the foil-free surfaces) and to demonstrate the mobility of the defects. Indeed, in the grains where
one part was thicker than the other part, defects were only observed in the thicker part. This is a
testament to the mobility of defects in the oxide and the foil surface sink strength. In the thinner
region of the grain, the defects were mobile enough to get lost to the surface sinks before they
could cluster to form larger defects visible in TEM, whereas, in the thicker region of the same
grain, some of the radiation-induced defects could not readily escape to the free surface sink, and
defects could accumulate into large enough loops to be resolved in TEM — (in fact some loops
even reached ~30 nm in size). This could explain why at 500 C no defects were observed as all
produced defects may have flown to the free surfaces before they could participate in any loop
nucleation and growth.

Also, at 300 C, even in the thicker region of the grains, defect-denuded zones were observed

nearby the grain boundaries as presented in Figure 3.7(a), a testament to the mobility of the defects
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in the lateral directions (in directions more or less parallel to the surfaces) towards the grain
boundaries (GBs). Denuded zones were observed in several grains with widths as large as 60 nm
on each side of the grain boundary interface. Assuming similar mobility in other directions
intersecting the free surfaces (considered as the strongest sink for defects), this could mean that
the foil would have to be thicker than 120 nm in order to be able to retain some defects in the
midplane. At 500 C, the critical sample thickness to retain defects (which are even faster at this
higher temperature) is obviously larger than the actual thickness of the TEM sample used and that

is why no defects at all could be seen at 500 C.

a
( ) Thin region

Denuded zones at
grain boundaries

Figure 3.7. (a) Bright-Field TEM image of FesOs irradiated at 300 C using 1 MeV Kr ions at 10
dpa highlighting the effect of thickness and denuded zones at grain boundaries which can be as
large as 60 nm on each side of the grain boundary interface. (b) Image taken in a thicker part of
the oxide where the formation of resolvable defects is evident. (¢c) Low magnification image of the
sample; locations corresponding to the images presented in (a) and (b) are highlighted. The

direction of increasing thickness in the samples has been indicated by red arrows.

47



(a) 1 MeV Kr irradiation at 300°C - oxide

3
g

E 18-

£ — =

S | ® 1MeVKrin Fe,0,at300°C (c) - (d) B 3dpa

316 , 160 Y%e

- W 10 dpa

B .

o

- 1 |

F 14 § zo‘

312« © go.

K3 ‘

o -

o 10 - 40

>

s | l I .11

z 8 . oy eyt 0! e ~A_ 1 =
2 3 4 5 6 7 8 9 10 1" 0 5 10 15 20 25 30

Dose (dpa) Dislocation loop size (nm)

Figure 3.8. (a) Sequence of BF images taken at the oxide part of the sample and dose of 3, 5, and
10 dpa. Loop formation and growth can be seen in those pictures. (b) Sequence of BF images
selected to perform the loop measurements; the loops that were counted are highlighted in yellow.
(c) The trend of the average dislocation loop size vs dose in the FesOq4t at 300 C (b) loop size

distribution as a function of dose.
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(b) 1 MeV Kr irradiation at 300°C - Fe,0,

0 dpa (in Fe) .

Fe;0,

Figure 3.9. (a) Low magnification bright-field TEM image of the sample irradiated with 1 MeV
Kr ions at 300 & showing the location in the sample where the sequences of images presented in
(b) and (c) were taken. (b) Sequences of bright field images acquired in the oxide region of the
sample from O to 7 dpa; No loops were observed to form in this thin part of the oxide. (c) Bright-
field TEM images of the Fe/FesO4 heterostructure from 0 to 10 dpa at 300°C, showing dislocation
loop build-up in the metal part in contrast with the oxide part showing no TEM visible defects.

The oxide regions presented in (b) and (c) were the thinner part of the sample.

Quantification of the necessary thickness needed to retain defects in FesO4

In order to quantify more precisely values of the thickness needed to retain defects in Fe3O4, a
Fe/FesO4 sample was prepared such that the oxide part presented regions of different thicknesses
on purpose, as illustrated in Figure 3.10 (a). The thickness of each of the sections was quantified
through the acquisition and analysis of the corresponding thickness map ( Figure 3.10 [b]). Three
fundamental regions were delimited: the top section whose thickness ranges from 104+18 nm, the
middle region 0f235£60 nm thickness, and the bottom part of 166+33 nm thickness. After
irradiating the sample at 300 C up to 3 dpa, defects were only seen to accumulate in the middle
region which indicated that a minimum thickness of ~175 nm (i.e. 235-60) is needed to see the

accumulation of defects under this condition.
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Figure 3.10. (a) Bright-field image of Fe/FesOs irradiated with 1 MeV Kr ions at 300 & up to 3

dpa. Regions of different thicknesses had been delimited; Dislocation loops are only seen forming
in the middle region where thickness range from 175 nm up to 295 nm. (b) Thickness maps
corresponding to the image (a); The thickness of each of the regions was estimated using the mean

free path of the electron in Fe3O4 reported in Table 1.1 of Chapter 1.

3.2.3 Irradiation of Fe/FezOsat 25 &

At 25 C resolvable dislocation loops showed up within the oxide grains at relatively low doses
(by 1 dpa), as seen in Figure 3.10. This is in contrast with the higher temperature irradiations,
where no dislocation loops were observed at 500 C anywhere in the sample and in the thin regions
of the sample at 300 C. The dislocation loops grew larger with dose from an average size of 14.0
nm + 4.0 at 1 dpa up to a size of 22.3 + 4.1 nm at the maximum dose of 10 dpa (as calculated in
the metal) as presented in Figure 3.10 (c). The largest measured dislocation loop was ~35 nm.
Here, denuded zones were also observed around the grain boundaries (Figure 3.11) indicating that
defects were still mobile enough to get lost to the close by grain boundaries even at 25 C. Like at
300 C, the denuded zones extended to widths as large as 60. The average width of the denuded
zones at the grain boundaries at this dose was similar to that at 300 C with average values of 40.9
+ 7.0 and 38.8 £ 9.7 nm for the 25 C and 300 C respectively.
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Figure 3.11. (a) Sequence of BF images taken at the oxide part of the sample irradiated at 25 C
and dose of 1, 3, 5, and 10 dpa. Loop formation and growth can be seen in those pictures. (b)
Sequence of BF images selected to perform the loop measurements; the loops that were counted
are highlighted in yellow. (c) The trend of the average dislocation loop size vs dose in the Fe3Oat

at 25 C (b) loop size distribution as a function of dose.
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Figure 3.12. Bright Field Image of the Fe3Oy4 irradiated at 10 dpa at RT. The formation of defect

denuded zone along the grain boundaries is highlighted in red.

3.3 Discussion

The current in-situ TEM observations demonstrate that point defects formed in FezOs
magnetite under ion irradiation are quite mobile and interact significantly with free surface and
grain boundary sinks. At 500 C, irradiation leads to no resolvable defects in the magnetite foil. At
300C, only in the thicker regions of the sample did loops grow to sizes large enough to be resolved
by TEM. Localized defect-free zones formed at grain boundaries at 300 C and even at 25 C, as
large as 60 nm on each side of the grain boundary interface further indicate that the formed point
defects are highly mobile in the oxide. At a minimum, these defects are mobile enough to favor
loss at sinks (grain boundaries and free surfaces) before clustering can take place. As mentioned
earlier, there is not much in the literature on radiation damage in Fe oxides however a comparison
can be made with MgAI>04 which shares a similar crystal structure. Indeed, similar observations
— in terms of formation of low density of observable defects over a large range of temperature and
doses, formation of denuded zones, and high critical amorphization dose — have also been observed
in the isostructural spinel MgAl2Oa, but at higher temperature (420 C) [27, 28, 86-88]. Both spinel
systems present close-packed oxygen layers arranged in cubic ABC packing. In MgAIl20a, half of
the octahedral interstitial sites are occupied by AI** while one-eighth of the tetrahedral interstitial
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sites are occupied by Mg?* [89, 90]. This is referred to as a normal spinel. On the other hand, in
the ground state of the ferritic spinel magnetite, half of the Fe** ions occupy tetrahedral sites, while
the reminder Fe** and the Fe?* ions occupy the octahedral positions, forming an inverse structure
(“inverse spinel”), although cations tend to have a random distribution with increasing temperature
[91].

On the possible intrinsic difficulty to nucleate loops

Several theories have been developed to explain the resistance behavior of MgAl.O4 to
irradiation. One accepted argument is an intrinsic difficulty of defect cluster formation in this
system, Indeed, according to some simulation work, because of the complexity of this spinel, a
minimum number of 7 interstitials would be required to form the nucleus of a stable dislocation
loop embryo that could further grow into a loop in MgAIl.O4 because of the complexity of this
spinel [24, 92]. So it might be appropriate to think that in FesOs, which presents a similar
crystallographic structure as MgAl>Oa, a similar requirement may be needed to nucleate interstitial
loops. Careful analysis of the loop nucleation in MgAl>O4 has also indicated the formation of two-
loop systems: 110 ¥%<110> and 111 1/6<111>. The system a/6<111> (111), which is more
favorable to nucleate first, especially at lower temperatures and fluences, consists of faulted loops
and exhibits a linearly increasing elastic energy per added interstitial [24]. Thus the formation of
loop aggregates does not appear to be energetically favored in spinels, and most of the irradiation-
induced punctual defects can be expected to recombine or migrate to sinks, accounting for the low
density of observed loops. One may speculate that similar behavior can be expected in the Fez04
and that the difficulty in forming stable dislocation loops might, in fact, account for the low density
of observed defects in the oxide region in our experiments. However, this argument fails to explain
why loops nucleate in the thick region of the oxide grains, even if the thinner regions of the same
grains are devoid of defects. Furthermore, the formation of extended denuded zones in the oxide
—even at room temperature - with concurrent loops of considerable density within the grain interior
- clearly indicates that high mobility of defects to sinks is more responsible for the observed

resilience of Fe3O4 to grow large defects.
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On the currently existing models that could explain the enhanced mobility of defects in

oxides

One theory that has been widely discussed in the literature and supports the high mobility of
point defects in ceramic materials is ionization-induced diffusion (I1D) [27, 28]. The IID
mechanism, as mentioned in chapter 1, relies on the fact that the migration energy of defects ()
in ceramics may change with the charge state of the migrating defect [25], resulting in an overall
lowered diffusion barrier, which in turn can enhance ionic diffusion. This theory has been widely
discussed in [27-29, 92] in light of the “insensitivity” of magnesium aluminate spinel MgAl204 to
irradiation, and it provides not only a plausible explanation for the low density of observed defects
in these materials, but it might also account for the observed amorphization resistance of the spinels
since it is unlikely that the necessary chemical disordering to induce amorphization can be reached
if diffusion processes are enhanced. The 11D mechanism has also been proposed to explain the low
measured surviving defect fraction observed in MgO and Al>Os for low energy primary knock-on
atoms (PKA) [28], accounting for higher efficiency in the recombination of the primary damage
defects. It is worth noting that low-energy PKAs produce a high rate of ionization per dpa.

Recently, accelerated molecular dynamics simulations have been performed to estimate the
migration energy of defects in spinels [90, 93]. For the case of magnesium spinel systems, the
simulations suggest that the diffusion process is very complex, and might depend on the exact
chemical composition/stoichiometry of the system as well as the degree of cation disorder. For the
normal spinel-MgAl,O4 the migration energies of magnesium and oxygen vacancies were reported
to be 0.68 and 1.67 eV respectively, whilst the activation energy for migration of magnesium and
oxygen interstitials was estimated as 0.59 and 0.29 eV respectively[93]. As far as the mobility of
clusters, it was found that clustering of defects greatly reduced their ability to diffuse [90].
However, the potential used in these calculations did not account for the ionization of defects,
which, as pointed out by several authors[25, 28, 94] and discussed above, can significantly boost
defect mobility through the process of ionization-induced diffusion.

It is important to note that not all spinel structured materials exhibit amorphization resistance.
In fact, Mg-bearing spinels with Ga or In as the B cation can be readily amorphized under
conditions in which MgAI>04 is amorphization resistant [95, 96]. The relative radiation resistance

of these compounds has been linked to the propensity for cation disorder in the material, with
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greater resistance for those compounds that are energetically difficult to disorder [96]. Thus, defect
mobility is not the only factor that governs the radiation resistance of these compounds.

For the specific case of FezOy4, the available studies are considerably more limited. An estimate
of the energy barrier for Fe vacancy migration in FesO4 of 0.7 eV was given by Muhich et al. [72].
Other estimated values according to different possible migration mechanisms are given by G. V.
Lewis [91]. For example, a value of 1.60 eV was found for Fe?* migration according to octahedral
vacancy jump into nearest-neighbor occupied sites while for an interstitial-jump mechanism, a
value of 0.92 eV was found[91]. For estimates of defect migration energies in other oxides,
references [27, 97, 98] are recommended. It must be stressed that many molecular dynamics
calculations report very limited mobility of some defect species in oxides, even to the point of
categorizing them as “immobile” [98]. For example, vacancies are considered “immobile” at room
temperature in MgO, whereas interstitials diffuse quickly [98]. Interestingly, interstitial clusters
still exhibit considerable mobility in MgO (in some cases) [98]. Clearly, the details of ion and
defect diffusion in ceramics are very complex and defy simple extrapolations, including situations
where the mechanism of IID might not be “relevant” or the dominant mechanism [25]. Hence,
different oxides can be expected to present different behaviors regarding the mobility of
irradiation-induced defects.

This picture is further complicated when comparing the behavior of the oxide with the pure
metal. We consistently observed greater damage accumulation in the metal than the oxide despite
calculations that indicate in metals both interstitials and vacancies migrate relatively quickly with
migration energies of 0.34 eV and 0.67 eV, respectively [99]. Bearing the effects of IID, this
indicates that defects in the metal move at least as fast as in the oxide, if not faster. This suggests
that the high rate of defect annihilation observed in the oxide is not solely attributable to the defect
migration rate unless current defect migration energies in the oxide found in the literature can be
questioned.

Finally, we are left to consider that the microstructure of the magnetite region also contributes
to the enhanced radiation tolerance observed at higher temperatures compared with the single-
crystal Fe in the present experiments. Indeed, the oxide region was polycrystalline (whereas the
metal part was a single crystal), with grains sizes on the order of tens to hundreds of nanometers
and with multiple grain boundaries which serve as effective sinks to the mobile defects as

evidenced by the presence of defect denuded zones in their direct vicinity. Elsewhere, where the
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oxide layer may be thinner than the iron layer and allow the mobility of defects to the free surface,
the oxide is also free of visible defects. It is worth mentioning that in similar experiments [100]
made on Zr-1.0Nb alloys with a metal/ZrO: interface ion irradiated with 1 MeV Kr ions at 310 °C,
no defects were observed in the oxide with a relatively small grain structure, similar to our 300 °C
and 500 °C experiments. Furthermore, past work on MgGa>Os spinel has shown a dramatic effect
of grain boundaries on radiation tolerance, even at cryogenic temperatures at which defect mobility
is presumed to be negligible [101]. In this study, a substantial enhancement of radiation resistance
and amorphization resistance was found for polycrystalline MgGa,O4 compared with irradiated
single crystal samples.

In addition to the role of the grain boundaries as strong sinks for point defects, the grain
boundaries in the magnetite may also give rise to the electro-migration model [1, 102]. This model
postulated that charge accumulation at grain boundaries might interact with ionic species inside
the grain, affecting their diffusion process [1]. In that case, a net charge in the grain boundaries
can be created if, for example, it is considered that interstitials flow faster to the boundaries,
leaving behind slower vacancies of opposite charge. The accumulation of interstitials in the
periphery of the grain will repel further interstitials, pushing them back into the grain where they
can recombine with the vacancies that are migrating to the grain boundaries attracted by the
opposite grain boundary net charge. This model can take special relevance at low temperatures,
where radiation-enhanced-diffusion models fall short of explaining the unexpected radiation
tolerance of spinels. However, the electro-migration model rests on several assumptions that
cannot be overlooked. First, the model only accounts for point defects, interstitials and vacancies,
with equal or opposite charges assigned to them. For example, all interstitials are considered to
have a 2- charge while vacancies will present a 2+ charge. However, in reality, both, cation
interstitials and anion interstitials might be present in irradiated ionic materials, and the same holds
true for vacancies. If interstitials of different types accumulate in the same grain boundary region,
the local space charge may be annulled or at least damped, obstructing the process of charge
accumulation at grain boundaries, which in turn should hinder the process of electro-migration.
For example, in FesOys, if both Fe?* and O% interstitials are allowed to migrate to the same sinks,
the resulting local charge will be null either inside of the grain or at grain boundaries, having a
direct impact on the net charge accumulation at grain boundaries. Despite these limitations, the

possibility of electro-migration operating in the present experiments cannot be disregarded. In
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particular, the diffusion rate of interstitial species is expected to depend on their chemical nature

and the flow of cation vs anion interstitials could be different, even if their charges were the same.

3.4 Summary

In this chapter, the results of ion irradiation on Fe/Fe3z04 at temperatures of 25 C, 300 C, and
500 C to a maximum dose of 10 dpa (as measured in the Fe matrix) were presented. The following

observations were made:

1 At 500 C, no TEM visible defects were observed in the iron oxide indicating that at
higher temperatures, the defects throughout the sample were able to escape to the
surfaces before visible loops could build up.

1 At 300 C, visible dislocation loops and defect clusters could only be imaged in the
thicker regions of the oxide, indicating that defects can easily escape to the surface in
the thinner regions.

1 At 25C and 300 C, dislocation loops (resolvable by TEM) were observed in the oxide
after irradiation. At grain boundaries, defect-denuded zones as large as 60 nm from the

grain boundary interface were observed at both 25C and 300 C.

In contrast, in the metal, radiation-induced loops were observed at all temperatures at relatively
low doses (~1 dpa) and grew larger with increasing doses.

The mobility of the defects in the oxide and the presence of sinks such as grain boundaries and
free surfaces account for the difference in defect content observed in the oxide and the metal.

Several mechanisms can concomitantly operate in the present irradiation experiments of the
Fes3O4/Fe system, to account for the observed enhanced defect mobility in the oxide and
consequently higher defect loss to sinks (such as free surfaces and grain boundaries) thus leading
to a lower density of visible loops in the oxide compared with the single-crystal metal Fe. The
possible mechanisms at play include ionization-induced diffusion (11D), electro-migration, and the
inherent difficulty to form stable dislocation loops in spinel systems. More experiments are needed
to quantify the contribution of each mechanism. The mobility of these defects in the spinel is
critical to understanding the contributed effect of irradiation to corrosion when such a system is
subject to both corrosion and irradiation at the same time, as is the case in nuclear reactor

environments.
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Chapter 4

Irradiation induced phase transformation in FesOs and B-Ga.Os under in-situ

ion irradiation: results and discussion

This chapter includes the results and analysis of the phase transformation observed in FezO4
irradiated at 50 K and the phase transformation observed in -Ga>O3z samples irradiated at room
temperature with 1 MeV Kr ions. The implication of these results on the amorphization resistance

of both oxides is the subject of discussion.

4.1 Reversible phase transformation in FesOs irradiated at cryogenic

temperature

4.1.1 Experimental Method

The sample used for this experiment was the naturally grown oxide Fe/FesO4 sample. The pre-
irradiation characterization of this sample was included in sections 2.1.3 and 3.1 of chapters 2 and
3 respectively. For the present experiment, however, irradiation was performed in two major steps.
In the first step, the sample was mounted on a Gatan cryo-holder and cooled to 50 K using liquid
He. Irradiation was then performed using 1 MeV Kr?* ions with a flux close to 6.25x10* ions.cm”
25’1, After reaching a maximum dose of 15 dpa, the sample was allowed to naturally warm up in
the microscope with the ion beam and electron beam turned off. After 15 hours, the sample was
imaged again and characterized again. Once the characterization was complete the sample was
cooled again to 50 K. A second irradiation was then performed to add another 38 dpa. During the
experiments, the irradiation damage was followed in four grains of different sizes and orientations.
One of these grains was near the metal-oxide interface. Bright-field images and diffraction patterns
were acquired for each of these grains before and after the cooling of the sample and at every 5

dpa up to the maximum dose.
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4.1.2 Results
The Verwey transition of FesOas

Magnetite is known to undergo structural changes when cooled to cryogenic temperature
where the “cubic” inverse spinel structure of FezsO4 can change to monoclinic. For bulk magnetite,
this transformation- known as the Verwey transition- happens at 120 K [103, 104]. For thin film
samples, however, the Verwey transition temperature tends to be much lower while widespread
values of the transition temperatures have also been reported to occur [103, 104]. These values
depend on the thickness of the samples as well as the distribution of domain sizes while no clear
transformation is observed for samples of 50 nm or less [103, 104]. When the transformation takes
place, however, a distortion of the spinel FezOs to a distorted (a=b#c) monoclinic structure Is
reported. Twin-related crystal orientations are reported to exist between the cubic and monoclinic
phases [105]. From the established twin-related crystal orientations, the d-spacing of the cubic
structure can be equivalent to the d-spacing of the monoclinic structure at different reflections.

In this work, when cooling down the sample, the formation of twin domains as large as 45 nm
was observed at ~ 90K in some of the Fes3O4 grains as illustrated in Figure 4.1(b). This
transformation was recorded to happen in grains of different sizes and thicknesses. In addition, the
DP acquire at RT and after cooling to 50 K for one of the grains that were followed also showed
evidence of the structural transformation as presented in Figure 4.1 (d). This is seen in the DP
presented in Figure 4.1 (d) which shows second order reflections (identified by the red arrows)
whose intensity is much lower than the strong fundamental reflections that were measured at RT.It
is important to note that most of the magnetite grains in this study do not show any clear evidence

of the structural transformation from the cubic to the monoclinic phase.
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Figure 4.1. (a) TEM bright-field image of the region corresponding to the iron oxide acquired at
RT; (b) TEM bright-field image of the same iron oxide region presented in (a) after cooling the
sample to 50 K; Both images were acquired in the same diffraction condition. The boundary of a
grain where the twin formation was recorded is highlighted by red lines while the formation of
twin domains is highlighted by the red arrows. (c) DP acquired from an iron oxide grain at RT; (d)
DP acquired for the same grain after cooling the sample to 50 K: Formation of second order
fundamental reflections indicated by the red arrows indicating the structural transformation from

the cubic to the monoclinic phase.

Metastable transformation of FesOs during ion irradiation

Figure 4.2 illustrates a sequence of DP that was acquired for one of the oxide grains that was
followed during the experiment. TEM-BF images of the grain that were acquired at RT and upon
cooling to 50 K are also included. For this grain, the formation of twin domains was not observed.
In addition, the DP acquired at RT ((Figure 4.2 [c]) and upon cooling to 50 K (Figure 4.2[d]) are
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identical. Indeed, the pattern acquired upon cooling to 50 K (Figure 4.2[d]) does not show any
distinctive features that can indicate a possible transformation from the cubic to the monoclinic
phase of Fe3Oa4. So this grain is considered to be the inverse spinel crystallographic structure and
the results presented are thus for the spinel structure.

At 1 dpa condition, the ion irradiation was stopped and a DP was acquired. The resulting
pattern is presented in Figure 4.2 (e and f) —Figure 4.2 (f) is a lower magnification picture than
Figure 4.2(e). Here, the <022> family of first-order fundamental reflections disappear from the DP
implying the transition to a new phase that has a lattice parameter corresponding to half of the
lattice parameter of the unirradiated FesO4 crystal. The missing reflections are indicated by the
yellow arrows. The persisting reflections on the other hand appear to present a d-spacing that
correlates to the anion sublattice of Fe3O4 spinel. Besides, it can be implied by the DP analysis that
the new phase presents a high degree of symmetry; similar at least to the cubic FesO4. With
increasing doses to 5 and 15 dpa, no further change was observed in the DP (Figure 4.2 [f and g]).

After 15 dpa, the sample was allowed to naturally warm up to RT inside TEM without
irradiation. Then, a DP was acquired again. As shown in Figure 4.2 (h), the <022> family of
reflections that vanished during the irradiation at 50K reappeared as indicated by the yellow arrows
in Figure 4.2 (i). Indeed the DP acquired at 15 dpa RT was identical to the DP acquired before the
irradiation. This strongly indicates that the crystal recovered at RT.

A second irradiation process was then carried out on this same sample after cooling again to
50K to another 38 dpa. Every 5 dpa, the DP and the BF images were recorded. The diffraction
patterns acquired for the second irradiation at 50 K are presented in Figure 4.2 (i and j) for the
initial condition and after an additional 35 dpa. Here the observations were very similar to the first
irradiation step with loss of first-order fundamental reflections. For the other 3 grains that were
followed during the experiment, the observations were exactly the same i.e. the loss of fundamental
reflections during irradiation and the recovery of the crystal upon relaxation of the temperature
from 50 K to RT.
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Figure 4.2. (a) TEM bright-field image of the FesOs grain followed during the experiments
acquired at RT. (b) TEM bright-field image of the same FesO4 grain after cooling the sample to 50
K;(c-k) DP acquired for the FesO4 grain fallowed at (c) the beginning of the experiment at RT (d)
after cooling the sample to 50 K (e and f) 50 K 1 dpa (g) 50 K 5 dpa (h) 50 K 15 dpa (i) after the
first irradiation was completed and the sample was naturally warmed from 50 K to RT (j) after
cooling again the sample from RT to 50 K (k) after an additional 35 dpa at 50K. All reflections
identified in the DP are referring to FesO4 spinel with a= 8.3958(2) A (PDF# 04-005-4319).
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4.1.3 Description of the phase transformation in FesOs and its influence on the

amorphization behavior of the oxide

Fe304 is an inverse spinel (above the Verway transition temperature) that can be described by
the formula (Fe**)®{(Fe?*)°Y(Fe®*)°'O,. The spinel unit cell can be visualized as made up of 8 FCC
cells where the oxygen atoms occupy the FCC lattice points. The unit cell of FesO4 present 32
octahedral (B) and 64 tetrahedral (A) sites from which Fe3* occupies 1/8 of the tetrahedral sites
while 1/2 of the octahedral will be occupied by Fe*2 and Fe** in equal number leaving many empty
sites in the unit cell. The lattice parameter of the cubic FesOs is a=8.3958(2) A (PDF# 04-005-
4319), therefore the basic FCC cell will have a dimension close to a=4.1979 A,

In this work, first-order fundamental reflections of FesO4 vanish upon irradiation of Kr ions to
1 dpa. The d-spacing of the reflections that subside under irradiation correspond to half of the d-
spacing of the reflections that were measured for the unirradiated crystal (along with all

crystallographic directions that were analyzed). Based on equation = vV 2+ 2+ 2 jtcan
be implied that the lattice parameter of the crystal is reduced in half (a= 4.1979 A) corresponding
to a basic FCC cell of the oxygen lattice. Hence, since the d-spacing of the reflections that subsist
under irradiation correlates with the oxygen sublattice, it is reasonable to think that the anions
sublattice persists under irradiation while the cations disorder and/or are displaced to unoccupied
interstitial positions. The possibility of cation disordering and displacement in FezOs is also
supported if one considers that the large number of vacancy sites exist in the cation sublattice to
begin with whereas the anion sublattice is totally packed. These empty sites can easily
accommodate the atomic displacements and the valence changes induced by irradiation on the
cations. Besides, the closer atomic number of the bombarding ions (Kr ions) and with that of Fe
promotes a higher efficiency for kinetic energy transfer during scattering events with the cations
in the Fe3O4 crystal more so than with the lighter O anions. Furthermore, above the Verway
temperature, FesO4 is an inverse spinel with cations tending to a random distribution with
increasing temperature [91], from these correlations it can be implied that the energy cost to
disorder the crystal will be relatively low at least when compared with other spinel structures such
as MgAl>O4 which degree of inversion is close to zero [106]. It is however important to note that
at low temperatures, such as the one used in the present experiment, FesO4 naturally tends to an

ordered state. Finally, another idea that helps support this hypothesis is the fact that in FesOs in
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contrast with other complex spinels (e.g. MgAlI204) the cations sublattice is only populated for Fe
ions, which can facilitate the interchange of the Fe cations at A and B position as parameters such
as differences in atomic number, atomic mass, and atomic radius of the cations species does not
have to be considered in the easiness of the cations sites interchange. All these assumptions can
also be correlated to the good amorphization resistance found for Fe3Os. Here, magnetite was
observed to be very resistant to amorphization which can be explained by the possibility to
accommodate (cation) atomic disordering without losing crystallinity due to the large number of
sites in the unit cell that can accommodate the displaced atoms and the higher transferred energies
during elastic scattering with the ions leading to efficient displacements of the cations compared
with the anion lattice. It can be inferred that the amortization of Fe3s04 would likely be driven by
the continued accumulation of cations disordering/displacement. Having said that, other authors
have found that the disorder and displacement of cations in spinel oxides such as MgAl>O4 -from
which the loss of fundamental reflections also occurs under irradiation - leads to the
transformation of the spinel lattice to defective rocksalt structure [107, 108]. The idea of the
formation of the rocksalt cell can readily explain the observation of a reduction in half of the lattice
parameter which cannot be explained by the mere interchange of cations sites in the spinel crystal
[109]. In the proposed rocksalt cell, the oxygen will maintain the close pack arrangement while
the cations will occupy only the octahedral positions in a random configuration [109]. Hence,
under this model, as the lattice parameter of the spinel is halved the miller indices will also be
halved. For example, 222 reflection of spinel will correspond to 111 of the rocksalt crystal. In this
experiment, when the pattern was analyzed along the [011] zone axis all odd reflections
disappeared (referencing to FesOs spinel) while reflections such as 022 which will correspond to
011 for the rocksalt cell also vanished as presented in Figure 4.4 (the same happened along all the
other zones axes that were analyzed as seen in Figure 4.2). Note that the 011 reflection is not an
allowed reflection (lattice absent) in the FCC rocksalt. Hence, only reflections that are allowed for
the rocksalt model persisted in the irradiated FesOa, which indicates that this model is also effective
for ferrite spinel. Although a detailed analysis of the rocksalt structure factor has not been carried
out in this work, the loss of diffraction spots and the ready reordering process observed in this
experiment allows us to confirm that FesO4 will transform to a higher energy metastable phase
under irradiation at cryogenic temperatures, with half of the lattice parameter of the original

crystal, and the metastable structure will readily recovery under a temperature relaxation when
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the diffusion processes may be active. The recovery of the crystal can be facilitated by the large
presence of cation vacancies in the irradiated system along with the fast migration of Fe ions in
FesOa. Indeed, although an estimate of the migration energy barriers for Fe3* and Fe*? interstitials
in FesO4 was not found in the literature, an estimated value of only 0.7eV was reported for Fe
vacancy [72]. In addition, DFT calculation also predicts a migration barrier of 1.48 for Fe®*
vacancy and 0.45 eV for anion interstitial implying a faster migration of these species in Fe3Oa.
On the other hand, the warming of the sample above the Verway transition temperature will allow
for a reduction of the effective charge on the formed defects by a strong Coulomb screening which
will tend to alter the local charge distribution [91]. As a result of this process, local rearrangement

of the ion near charge crystal defects can take place, facilitating the reconstruction of the lattice.

(a) 50K 0 dpa (b) 50K 1 dpa

Fe30,4[011]

Figure 4.3. DP of a FesO4 grain oriented along [011] acquired at (a) O dpa. (b) 1dpa; the row
corresponding to odd reflections is indicated by the red arrow; the indexed spots for both patterns
correspond to FesOs spinel with a= 8.3958(2) A (PDF# 04-005-4319).
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4.2 Phase transformation in gallium oxide samples under ion irradiation
4.2.1 Experimental Methods

As mentioned earlier, CVD and CZ technology were used to grow three gallium oxide samples
by BGSU collaborator. One of the samples was undoped, one was doped with Fe, and another one
was doped with H. Still the initial phase on all three samples was B-Ga20s. The preliminary
characterization of the samples was included in Chapter 2. The single crystals of gallium oxides
were irradiated using 1 MeV Kr?* ions with a flux close to 6.25x10%! ions.cms™. The irradiation

was carried out at RT and the maximum dose achieved was 1.5 dpa.
4.2.2 Results
B-Ga20s3 to k-Ga20s3 phase transformation during ion irradiation

Figure 4.5 shows the DPs that were acquired for each of the samples at 0, 0.38, and 1.5 dpa.
Here the initial phase of the samples was identified as p-phase according to the SADP analysis.
The B-phase has a monoclinic structure with space group C2/m [110]. This phase is generally the
most common one as it is the one that presents the minimum Gibbs free energy of formation. In
other words, this -phase is also the most thermodynamically stable polymorph of the gallium
oxide family.

In this work, upon irradiation, the diffraction pattern of the crystals started to change very
quickly. At doses as low as 0.38 dpa, for each of the three different samples, the SADP that was
acquired in-situ already showed a distinctive configuration that resembles a flower pattern with
hexagonal symmetry. These changes in the DP of the three samples advocate that a phase
transformation took place. The analysis of the SADP that was acquired at 0.38 dpa for each of the

three gallium oxide samples also indicates that the new phase that forms is k-Gaz0:s.
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Figure 4.4. Sequence of electron diffraction patterns acquired for (a) B-Ga203 Fe-doped, (b) B-
Ga203 H-doped, and (c) B-Ga20s3 crystals at 0, 0.38, and 1.5 dpa.

Another piece of evidence that indeed the 3-phase transformed to k-phase came from the EELS
spectra acquisition of unirradiated gallium oxide samples and EELS spectra analysis acquire for
two of the irradiated gallium oxide samples ( the undoped and H-doped samples). The spectra
around the Oxygen K edge from these samples are illustrated in Figure 4.6. Here, it can be seen
that O-K spectra present two major peaks designated as O1 and O in Figure 4.6 a and b. These

two fundamental peaks are related to O 2p—Ga 4s and O 2p—Ga 4p bonding, respectively [50].
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Notice that in the non-irradiated samples the intensity ratio of those two peaks ( ¥ ) is much
2
larger compared to the intensity ratio of the irradiated samples. As explained in Reference [50]

this decreases in ¥ s related to the formation of the k-phase and can be attributed to either
2

the increase in O 2p—Ga 4p hybridization or to the transfer of electrons from O 2p—Ga 4p band
into another band. At this point, it is important as well to notice that the intensity differences
between the O1 and O, peaks are also more pronounced in the sample doped with H compared to
the undoped samples, which suggests that the transformation happened to a larger degree in the H-

doped irradiated foil.

1200
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Figure 4.5. EELS spectra of the oxygen K edge, acquired from (a) unirradiated 3-Ga>Os H-doped
and corresponding irradiated sample (b) unirradiated B-Ga,Oz undoped and corresponding

irradiated sample.

k-Ga20s3 presents an orthorhombic structure (Pna2l1 space group symmetry26). This phase is
known to be a subgroup of e-Ga>0s which pertains to the hexagonal P63mc space group [111].
According to density functional theory (DFT) calculations of the total lattice energies of the Ga>O3
polymorphs [50] and calculations of the Helmholtz free energies —the energy required to create a
system at constant temperature and volume-. [112] the stability of the gallium oxides polymorphs
increases in the following order f<e= k <a<y. Hence, the k phase can be considered the most stable
one after the B-phase [111]. Indeed, the energy minimum of the x-phase was found to be closest

to the B-phase compared to the other polymorphs [50]. It is then not surprising that the B-phase
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transforms to the x-phase upon irradiation if it is assumed that the incoming energetic Kr ions can
transfer enough energy to the system to destabilize the B-phase and provide the energy needed to
induce the conversion to the next gallium oxide polymorphs that follows in terms of
thermodynamic stability (minimization of energy).

It is important to mention that the B-to-x transition was observed in previous studies where
single crystals of $-Ga»,0Oz were implanted with 400 KeV Ni ion at RT in a wide dose range of
6x10% — 1x10% cm™2 (~ 0.90-146 dpa) [50]. Here the phase transformation was explained through
a continuous accumulation of the strain in the lattice induced by the implanted ions [50]. Our
studies, however, indicate that implantation of ions while it might assist B-to-« transition is not
required to trigger the transformation since the Kr ions go through the samples with very limited
implantation as indicated by the SRIM calculation (Figure 4.7). Hence, retention or implantation
of the Kr ions can also be discarded as a factor that influences the -to-k transformation in the
present work. Also worthy of mentioning is the fact that in this work, the B-to-k transition was
observed for three different gallium oxides samples from which two of them were doped with
foreign atoms and the transformation process happed in all of them regardless of whether the
crystal was doped and regardless as well of the atomic species used to dope the crystals. This
suggests that the presence of the foreign atoms and the strain that may be induced by them while
it can assist the B-to-x transition are likely not to be the fundamental factor dictating the

transformation between gallium oxide polymorphs.
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Figure 4.6. Kr concentration and damage profile for Ga,Os. These calculations were obtained
through SRIM software using an Eq of 25 eV for Ga [67] and 28 eV for oxygen.
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Here it is also important to note that while the B-to-k transformation takes place at a very low
dose, the k phase seems to be very stable under further irradiation since the SADP that were
acquired at higher successive doses did not present any other major changes. This indicates that
the irradiation with the Kr ions up to a dose of 1.5 dpa is enough to ignite B-to-k, but falls short to
propitiate B-to-a. or k-t0-o phase transition. Besides, DP were taken from the gallium oXxides
samples 1 year after the experiments were performed revealing that no recovery took place over
time (Figure 4.8). This suggests that the k-phase once forms is very stable not only with further
irradiation but also through time (at room temperature).

(@) k- Ga;05[001] * k- Ga,05[001] (c) #k — Ga03 [001]

Fe — doped

’

Figure 4.7. SADPs acquired for the gallium oxide samples irradiated with 1 MeV Kr ions at RT
one year after the irradiation experiments (a) SADP corresponding to the Ga>Os undoped sample
(b) SADP corresponding to the Ga,O3 Fe-doped and (c) SADP corresponding to the Ga.Oz H-
doped. Note that one year after the experiments were conducted the SADP corresponding to each

sample still shows the flower-like pattern with hexagonal symmetry characteristics of the k-phase.

On the other hand, the results presented here also reveal a good amorphization resistance
behavior of Ga>Os since no amorphization was observed for the irradiated samples, at least at RT
up to the maximum dose reached here. As suggested in [50] the B-to-k transformation may play
an important role in the amorphization behavior of gallium oxides by suppressing the
amorphization with the polymorphic transformation. This likely opens a new field of the design
and selection of compounds that are resistant to radiation damage and particularly to

amorphization.
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4.3 Differences in the mechanisms of the irradiation-induced phase

transformations in FesO4 and B-Gax03

While a phase transformation from one crystalline phase to a different crystalline phase is
observed to occur in both oxides (FesO4 and f-Ga203) upon Kr ion irradiation, it is important to
stress that both transformations present drastic differences. Here, while the f-Ga,Oz samples
transformed to another polymorph of the gallium oxide family, magnetite does not transform into
a polymorph of the iron oxide family but instead, transforms into a rocksalt system. The reason
why the magnetite transforms to rocksalt while 3-Ga2Os3 transforms to a different gallium oxide
phase is an interesting question that might open new perspectives for further exploration. It could
however be speculated that the difference in transformation that happens in both crystals may be
related to the fundamental differences in the lattice structure of these oxides along with a dissimilar
efficiency of the damage created in the cation and anion sublattice in both systems. For example,
as subjected by the SRIM calculation presented in Figure 2.12 the displacement rate in -Ga20siis
much higher than the displacement rate in the magnetite lattice which may be related to the
differences in the Ed for the Ga and Fe which were taken to be 25 eV [67] and 40 eV respectively.
In addition, the crystal structure of p-Ga»Os is made of distorted polyhedrals while the oxygen
sublattice of Fe3Os is totally packed. A higher damage rate in the B-Ga»Os sublattices can provide
the destabilization energy needed to transform the crystal to the next polymorphs that follows in
terms of thermodynamic stability. Meanwhile, the energy transferred by the Kr ions irradiation to
the FesO4 system might not be enough to transform the magnetite system into a polymorphic
version of the iron oxide but instead, the unit cell of the ferritic spinel is reduced to a sub-unit in

the structures of Fe3Os.

4.4 Summary

In this chapter the results of Fe3Og irradiated at 50 K and B-Ga>O3z samples irradiated at RT
were presented. The fundamental observations are:
91 Fe3O4 will transform to a higher energy metastable phase under irradiation at cryogenic
temperatures, with half of the lattice parameter of the original crystal, and the metastable
structure will readily recover under a temperature relaxation where the kinetic processes

are active.
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T

B-Ga203 transforms to k-Ga»0s3 at very low doses regardless of whether the samples were
doped or not and regardless of the doping species. This phase is then stable through further
irradiation (to 1.5 dpa) and through time (at RT).

The phase transformation observed in B-Ga,Os and FesOs might account for the good
amorphization resistance of these compounds because of the ability to accommodate for
the accumulation of atomic disorder/displacement through a phase transformation
(crystalline to crystalline phase transformation) instead of the amorphization of the oxides.
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Chapter 5

In situ TEM study of radiation damage and defect evolution in
Fe/Cr.03/Fe.O3/Al,Osmultilayers: comparison of loop formation and growth

between oxides

This chapter presents the results related to the Fe/Cr.0s/Fe;O3/Al03 system irradiated at room
temperature and 300 € with 1 MeV Kr ions. In these experiments, special attention was put on
following the radiation damage in the (hcp) Cr203 and the (hcp) hematite Fe2Os regions and at
each of the interfaces which were expected to play an important role in the evolution of the
microstructure in these systems. The results presented here bring insights to the characterization
of the type of defects that form and grow in these oxides (in terms of dislocation loops) and the
diffusion and redistribution of the cations and anions in each of the layers and through the
oxide/oxide interfaces as a result of ballistic effects, local charge accumulation, and thermal

diffusion.

5.1 Experimental Method

Multilayer samples consisting of AloOs/Fe>Os/ Cr.0O3/Fe were grown by a combination of PLD
and sputtering techniques as described in chapter 2. From the bulk samples, TEM lift-outs were
prepared by FIB containing two windows of different thicknesses (one thinner than the other one).
The thinner part was used to perform an electron energy loss spectroscopy analysis, which required
the sample to be less than 100 nm while the thicker region was used to follow the radiation damage
in the different layers during the in-situ experiments (to avoid loss of defects to the free surfaces
as much as possible). A preliminary characterization of this sample type was presented in Chapter
2.

The multilayer samples were irradiated in-situ at the IVEM-Tandem User Facility at Argonne
National Laboratory at two different temperatures: RT and 300 C. The samples were irradiated in
plan view mode irradiating all the layers at the same time whilst simultaneously observing the
microstructure. Irradiation was performed using 1 MeV Kr?* ions and a flux of ~6.25x10%!

ions.cm-2.s-1. The maximum dose reached in the samples was 10 dpa.
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During the experiments, bright field images, selected area diffraction patterns, and nanobeam
diffraction patterns (NBDP) were acquired at incremental dose steps of 1 dpa. Here, although
information was gathered for all the layers in each of the samples, special attention was put on
following the radiation damage in the chromia and hematite regions since these are the oxides of
interest in steels used in the nuclear industry and also because the scarcity of the literature reporting
on radiation damage in these oxides. Dislocation loops that formed in the oxides were measured

as previously described. Special attention was also put to the damage across the interfaces.
5.2 Results

5.2.1 Multilayer sample irradiated at room temperature

Figure 5.1 (a-f) illustrates the radiation damage formation in the sample irradiated with 1 MeV
Krions at RT for doses of 1, 3, and 6 dpa respectively. At 1 dpa, loops of average size 23.3% (9.8)
nm formed at Cr,Oz whereas no resolvable loops were imaged in the hematite layer. With the
increase in dose from 1 to 3 dpa, the average dislocation loop size in Cr203 stays about the same
(22.6 nm £6.7 nm). Then, in the range from 3 to 6 dpa, the average size of the dislocation loops
formed in the chromia increased by approximately 4 nm. In contrast, in the hematite region, no

resolvable loops were seen at 3 and 6 dpa.
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Dose (dpa)

Figure 5.1. (a-f) TEM bright-field images of the sample; (a and b) are images acquired at 1 dpa;
the image (b) is a high magnification image corresponding to the section delimited by the blue
square in (a); (c and d) are images acquired at 3 dpa; the image (d) is a high magnification image
corresponding to the section highlighted by the yellow square in (c); the yellow circle highlights
the formation of a circular loop whose direction is not perpendicular to the Z-axis while the red
arrow points to a loop that looks edge-on and perpendicular to the Z-axis; (e and f) are images
acquired at 6 dpa; the image (f) is a high magnification image corresponding to the section
delimited by the green square in (). The direction of the alignments of the loops is indicated; (g)
DP acquired in the middle of the Fe2O3/Cr.0s3 interface; the XYZ coordinate directions are
indicated in the diffraction pattern; the DP corresponds to the region highlighted by the white
circle in (c); (h) Measurements of the average dislocation loop sizes forming in Cr.O3 at RT.

As mentioned in chapter 2, Cr203, Fe203, and Al,O3 present an hcp structure where the oxygen
anions are stacked in an ABAB sequence while the metal cations (Fe, Al, and Cr respectively)

occupy two-thirds (2/3) of the octahedral interstitial position for a M/O ratio of 2/3. In the hcp
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crystals, two fundamental loops can form: the  -loops which generally resided on the 1%
prismatic planes {1 60} and has a Burger vector = ]/3 1 20 and the -loops which reside

on the close-packed basal plane {0 O Q df the hcp lattice and have Burgers vector along the c-
axis. Besides, the  -loops, in contrast with  -loops show a distinct alignment parallel to the
trace of the basal plane in hcp crystals. Loops of a mixed character (i.e. with a component on a
and a component on c) can also form.

In Figure 5.1 (g) an SADP corresponding to the middle of the Cr.0O3 and the Fe>Os layers (right
at the interface)was included, showing the expected epitaxy. The region where this DP was
acquired was identified in Figure 5.1 (c) (white circle). Note that both crystals (Cr.Oz and Fe>Oz)
present the same orientation indicated by the XYZ coordinates according to the epitaxial relation
between these oxides. Based on the identification of the Z-axis, it can infer that both types of loops
( and  type) are likely to be present in the Cr.O3 layer since dislocation loops with different
orientations with respect to the Z-direction could be identified. For example, the loops highlighted
in yellow and the one pointed by the red arrow in Figure 5.1 (d) are oriented differently with
respect to the Z-direction for a more perpendicular relation for the dislocation loop pointed by the
arrow. Note, however, that with an increase in dose from 3 to 6 dpa, the loops imaged in the
chromia layer tended to align in a direction more perpendicular to the Z-direction as presented in
Figure 5.1 (f).

To investigate further the radiation damage effects in the multilayer sample irradiated at RT,
NBDP was also acquired in-situ for each of the layers at successive doses. Figure 5.2 illustrates
the electron diffraction patterns acquired for Cr.03, Fe2O3, and Al20O3 at 0, 6, and 10 dpa and for
the Fe layer at 0 and 10 dpa respectively. These diffraction patterns were acquired in the middle
of each layer. Note that the NBDP corresponding to the hexagonal oxides are all oriented in the
same direction as can be expected due to the epitaxial relation between the oxide layers. The zone
axis corresponding to the Cr.0s, Fe.O3 and Al2O3 patterns presented in Figure 5.2 is [120]. A
simulation of the electron diffraction pattern along this zone axis was also performed for each of
the layers and the generic results were included in Figure 5.2 (j). As can be appreciated in Figure
5.2, the NBDP acquired for Cr.O3, Al2Oz and Fe did not change under irradiation, however, the
NBDP corresponding to Fe>Os seems to have evolved with dose suggesting that structural
transformation or a possible phase change took place in the hematite layer. At 10 dpa, the NBDP

acquired in the middle of the Fe>Os layer indicated that the orientation of this crystal had not
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changed but extra spots that were not present at the beginning of the experiments were clearly
identified in the DP as highlighted in Figure 5.2 (i).

Odpa 6 dpa 10dpa

Al,04[120]

Cr,05[120]

Fe,05[120]

Figure 5.2. (a-c) NBDP acquired in the Al2Os layer at (a) 0 dpa, (b) 6 dpa and (c) 10 dpa; (d-f)
NBDP acquired in the Cr203 layer for (d) 0 dpa, (e) 6 dpa and (f) 10 dpa; (g-i) NBDP acquired in
the Fe2Oz layer for (g) O dpa, (h) 6 dpa and (i) 10 dpa; (j) electron diffraction pattern simulation
for Cr203, Fe,0O3 and Al2Oz along the [120] zone axes; (k and I) NBDP acquired in the Fe layer at
(k) 0 dpa and (1) 10 dpa.
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An analysis of the DP corresponding to Fe,Oz at 10 dpa was performed as presented in Figure
5.3 using the ImageJ software. Here, 10 measurements were done. The spots that were measured
are numbered in Figure 5.3 (a) from 1 through 10 and the corresponding experimental
measurements are shown in Figure 5.3 (b). Note that the experimental values are very close to the

theoretical values for all three compounds i.e. Fe203, FesO4, and y-Fe20s3 ( for example spots 4 and

5 have a relative error [( )/ ]of less than 0.3%), which

makes it difficult to assess with certainty to which phase they actually correspond based on
diffraction analysis alone. In this case, EELS spectrum is, however, a very useful complementary

technique to determine and identify the iron oxides as explained previously (Chapter 2).

(a) (b)

Experimental Fe,0; Fe;0, 7 -Fe,0,
Measurement |Theorical(hkl)|Theorical(hkl)| Theorical(hkl)
(nm) PDF# 00-033-0664 | PDF# 04-005-4319|  PDF #00-039-1346
1 2.56 2.51(110) 2.53(311) 2.51(311)
2 245 2.42(222) 2.41(222)
3 9.07
4 252 2.51(110) 2.53(311) 2.51(311)
5 250 2.51(110) 2.53(311) 2.51(311)
6 217 2.20(113) | 2.09(400) 2.23(321)
7 1.69 1.69(116) 1.61(511) 1.67(430)
3 122 1.22(306) 1.21(444) 1.23(631)
9 1.11 1.10(226) 1.09(731) 1.11(642)
10 471 4.84(111) 4.82(111)

Figure 5.3. (a) DP corresponding to Fe>Os layer of the multilayer samples irradiated with 1 MeV
Krionsat RT up to 10 dpa; the measured spots are highlighted on the DP; (b) Table of experimental
d-spacing measurements and the theoretical interplanar distance and the corresponding hkl values
for Fe203, Fe304, and y-Fe 03,

To investigate the reason for the NBDP evolution in the Fe;,Os layer with dose, EELS spectra
were then acquired in this layer. The EELS data acquisition was carried out ex-situ at NCSU. The
results of the EELS analysis are presented in Figure 5.4. Here, the acquired spectra for the
multilayer sample irradiated at RT (green curve) and the spectra obtained for the hematite region
of the unirradiated sample are included in Figure 5.4. Note that both spectra present similar

characteristics, with a pre-peak on the Lz white line (edge) typical of hematite crystals. This pre-
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peak is related to the to 2p to 3d electronic transition [113] [114] and allows for a clear
identification of the Fe>Osz phase through the EELS technique. The electron beam was rastered
throughout the iron oxide region of the multilayer sample starting at the Cr.O3z interface towards
the Al.Os interface as indicated in the high energy loss image included to the left in Figure 5.4, we
can see that the spectra all over the layer was consistent with the hematite phase. It is relevant as
well to mention that in addition to the surveyed region presented in Figure 5.3, two additional line

profiles were acquired at two other regions of the iron oxide layer giving the same results.

(b) | Unirradiated sample |

Crzoal a

r

[ Sample irradiated at RT 10 dpa ]

Intensity (a. u.)

Fe,0,

705 710 715 720 725 730
Energy Loss (eV)

Alzoal
Figure 5.4. (a) EELS spectrum image of high loss region; the delimitation of each of the layers is
indicated; (b) EELS spectra corresponding to the hematite region of the unirradiated (blue) and
irradiated (green) states and the spectra corresponding to the integrated region highlighted in red

in (a).

In addition to EELS analysis, atomic STEM images were also acquired in the Fe,O3 layer as
illustrated in Figure 5.5. The high-resolution images reveal the presence of micro-twining and
stacking faults in the Fe,O3 layer. These defects were found to be present in different parts of the
layer. It is unclear if these defects were present in these regions before the irradiation and if they
evolve under the damage because such high-resolution TEM images were not taken prior to
irradiation. However, it is important to note that the FFT presented in Figure 5.5 (a) —corresponding
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to this image- shows the presence of less intense spots in addition to the main fundamental
reflections. The appearance of the FFT is similar to the NBDP acquired for Fe;Os in-situ at a higher
dose (Figure 5.2 [i]) which indicates that the changes observed in the NBDP corresponding to the
Fe2Os region could be related to the development of these defects. Indeed, staking faults and twins
are common defects that can develop in hcp Fe20s. The twin formation in hematite has been

proposed to form through a screw operation [115]. For example, the twin can form through a pure
180° rotation about [011 ] combined with a parallel translation of (¥ 2) [011 1[115]. In general,

the twin regions present low interfacial energy at least when compared with random boundaries
since they generally have a good match of atomic structure as is the case in our experimental results
presented in Figure 5.4 [116]. Hence, these can be relatively stable under the damage. Furthermore,
it has been proved that the twin boundary zone can influence the evolution of the microstructure
since it can interact with a considerable number of defects possibly affecting as well the diffusivity

of the atoms within the twin interior generally providing fast diffusion channels [117].

2 nm

Figure 5.5. (a and b) Atomic images acquired for the irradiated sample at the Fe>Os layer
indicating the formation of micro-twining, twining (TW), and stacking faults (SF). The insertion

in (a) is the FFT corresponding to the image which are showing the extra spot configuration.
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Atomically resolved images, and chemical maps were also acquired at these positions to better
characterize the microstructure at the interfaces. These results are presented in Figure 5.6. Here
the images and the chemical maps indicate that some atomic mixing happened along the interfaces.
For example, in Figure 5.6 (e) a mixing region extending over 17 nm between the Fe and Cr.03
could be identified. In addition, a different atomic arrangement develops at the Cr.Os/Fe>O3 and
Fe>03/AlL03 interfaces as illustrated in the atomic resolved images included in Figure 5.6 (c and
J). Indeed, the segmented FFTs that were acquired at each of these interfaces included in Figure
5.6 (d and k) are proof of this statement. Notice, for example, that the FFT corresponding to the
Cr203 region highlighted in blue in Figure 5.6 (c), the FFT corresponding to the Cr.Os/Fe203
interface region acquired for the section highlighted in yellow on the same image, and the FFT
coming for the selected Fe>Os section inside the red rectangle in Figure 5.6 (c) all present different
fundamental reflections and/or orientation. The same holds true for the Fe,O3/Al>O3 interface
(Figure 5.6 [j and K]). This strongly indicates that, at the local positions across the Cr,0O3/Fe;O3
and Fe2O3/Al>0s interfaces, the atomic mixing is not leading to a solid solution of the oxides but
actually new different phases might develop at least at some localized positions across the
interfaces. The new phases forming were found to be CrFeO4and AlFeOs as presented in the FFT
analysis of Figure 5.6 (k and d).
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Figure 5.6. (a, e, and h) Bright-field images of the sample irradiated with 1 MeV Kr ions at RT
acquired at the(a) Cr203/Fe20s interface; (e) Cr.Oz/Fe interface, and (h) Fe2O3/Al20z interface; (b,
f, and i) ChemiSTEM maps of (b) Cr.0s/Fe;Oz interface, (f) Cr.Os/Fe interface, and (i)
Fe203/Al>03 interface; (c, g, and j) atomic resolution STEM images acquired for (c) Cr203/Fe203
interface, (g) Cr20s/Fe interface, and (j) Fe203/Al>03 interface; (d) FFTs corresponding to the
sections highlighted by the color rectangles in the image (c); (k) FFTs corresponding to the sections

highlighted by the color rectangles in the image (j).
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5.2.2 Multilayer irradiated at 300 C

Figure 5.7 (a-i) illustrates the radiation damage observed in the sample irradiated with 1 MeV
Kr ions at 300 C for doses of 1, 3, and 6 dpa respectively. The images in Figure 5.7 (b), (e), and
(h), are higher magnification images centered in the Fe2Os layer at 1, 3, and 6 dpa respectively
while the images presented in Figure 5.7 (c), (f) and (i) are high magnification images centered in
the Cr203 layer for 1, 3 and 6 dpa respectively. At 1 dpa, dislocation loops were clearly visible in
all the layers. The loops that form in Fe.Oz and Cr,Oz were measured using the methodology
previously described. The results of the loop measurements in the hematite and chromia oxide
layer are included in Figure 5.7(K). Here, at 1 dpa, the loops imaged in the Cr.O3 layer (25.6£11.7
nm) have an average size larger than the loops that were imaged in the Fe>Oz region (15.6+(7.6)
nm). With an increase in dose to 3 dpa, however, the loops formed in the Fe,Os increased
significantly their average size to 21.09+£8.7 nm while no significant change in size was observed
for the dislocation loops in the chromia layer as indicated in Figure 5.7 (k). Note that the increase
in the average size of the dislocation loops in the hematite layer from 1 to 3 dpa is obvious when
looking at the BF images presented in Figure 5.7 (b and e) that were acquired for the Fe>Os layer
at 1 and 3 dpa respectively. Moreover, at 6 dpa, the average size of the loops corresponding to the
hematite region surpassed the size of the dislocation loops imaged in the chromia part for values
of 33.44+13.9 nm and 30.95+12.5 nm respectively. This indicates that the kinetics of loop growth
in the hematite layer is fast compared with the kinetics of loop growth in Cr2Os. Indeed, the kinetics
of loop growth in the Fe>Oz layer seems to present an almost linear trend for every loop and for
the average size. This means that when the loops form they grow linearly with dose (i. . the growth
of the dislocation loops takes place at a constant velocity depending on the irradiation flux). Note
as well that based on the identification of the c-axis (Z orientation presented in Figure 5.6 [j])-
Figure 5.7 (j)-, it can be inferred that at a low dose, both types of loops ( and  type) are likely
to be present in the hematite and the chromia layers since dislocation loops with different
orientation with respect to the c direction can be identified in both crystals. For example, the
dislocation loops pointed by the red arrows in Figure 5.7 (b and c¢) present an orientation
perpendicular to the c-direction while this trend does not hold for the loops highlighted by the
yellow circle. Another particularity of the Fe>Os layer in this sample irradiated at 300 T is a
significant contrast developed that resembles Moire fringes. This type of contrast was pointed out

by yellow arrows in Figure 5.7 (h). Besides, a different type of contrast also progresses at the
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Fe>O3/Al03 interface as highlighted by the yellow rectangle in Figure 5.7 (e) which can be
possibly related to the accumulation of stress at the interfaces due to radiation-induced damage.
Besides, chemical maps obtained across the interfaces also indicated that, similarly to the RT
condition, atomic mixing took place at the interface of the layers as illustrated in Figure 5.8.
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Figure 5.7. (a-i) TEM bright field images of the sample acquired at (a, b, and c) 1 dpa; (d, e and
f) 3dpaand (g, h, i) 6 dpa; (b, €, and h) are high magnification images centered in the Fe,O3 layer
while (c, f, and i) are high magnification images centered in the Cr.O3 layer; the yellow circle and
the red arrow in (b and c) are highlighting loops that are oriented differently with respect to the ¢
(2) direction; the loops highlighted by the red arrow present a more edge-on configuration
perpendicular to the c-axis; in (g) the yellow arrows point to a “contrast” similar to Moiré fringes
while the red ovals highlight examples of dislocation loops; (j) Electron diffraction pattern
acquired in the middle of the Fe.O3/Cr,0Os3 interface; XYZ direction are indicated in the diffraction
pattern corresponding to regionhighlighted by the white circle in (d); (k) Measurements of the

average dislocation loop sizes forming in the Cr.O3 and Fe2Os3 layers at 300 C.
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(b) Fe,03/Al,0; (a) Fe/Cr,03

(C) F8203/CI’203

Figure 5.8. (a) HAADF, BF, and chemical maps for the multilayer sample irradiated at 300 & up
to 10 dpa for (a) Fe/Cr203 (b) Al.O3/Fe;03 and (c) Cr.O3/Fe20s.

In addition to the BF images, NBDP were acquired for this sample during the in-situ
experiment at successive doses. Figure 5.9 illustrates the NBDP acquired for Cr.03, Fe2O3, and
Al203 at 0 and 6 dpa and for the Fe layer at 0 and 10 dpa respectively. Here all the NBDPs
corresponding to the oxides are oriented along the same [010] zone axis as can be expected from
the epitaxial growth of the layers. The indexation corresponding to this zone axis for Cr203, Fe20s3,
and AloOzis presented in the simulated electron diffraction pattern included in Figure 5.9 (g). Note
that while the NBDPs acquired for Cr.0s, Al2Osz and Fe did not present any change under
irradiation the NBDP acquired for Fe2Oz region did change with a dose similar to the observation
for the sample irradiated at RT. As presented in Figure 5.9 (f), at 6 dpa extra spots that were not
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present at the beginning of the experiment were recorded in the pattern acquired for the Fe,O3
layer, which indicates fundamental changes in the Fe>Os region as a result of irradiation damage.
The diffraction pattern presented in Figure 5.9 (f) was analyzed using ImageJ as presented in
Figure 5.10. The experimental reflections that were measured were compared with theoretical d-
spacing of Fe>Os (PDF#00-033-0664), FesOs (PDF#04-005-4319), and y-Fe O3 (PDF#00-039-
1346). Note that here, in contrast to the analysis performed for the hematite region of the multilayer
sample irradiated at RT at 10 dpa ( Figure 5.3), most of the reflections can be ascribed to y-Fe Oz,
which indicates that there is a phase transformation of Fe,Oz to y-Fe20s.
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Figure 5.9. (a-f) Nano-beam diffraction patterns acquired for (a) Al2Oz layer 0 dpa, (b) Al.Oz layer
6 dpa and (c) Cr.0Oz layer 0 dpa, (c) Cr20z layer 6 dpa, (e) Fe2Os3 layer 0 dpa and (f) Fe>Os layer 6
dpa; (g) Electron diffraction pattern simulation for Cr.03, Fe.O3 and Al,O3 along the [010] zone
axes; (h and i) NBDP acquired in the Fe layer at (h) 0 dpa and (i) 10 dpa.
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Figure 5.10. (a) DP corresponding to the iron oxide region of the multilayer samples irradiated
with 1 MeV Kr ions at 300 C and 6 dpa. The spots that were measured are being highlighted and
measurements are numbered. (b) Table of experimental d-spacings that were measured and the

theoretical interplanar distance and its corresponding hkl values for Fe;O3, Fe304, and y-Fe20s.

In complement, EELS data was acquired for a cross-section profile of the iron oxide region as
presented in Figure 5.11 (a) — for the high energy loss region-. Here, two fundamental spectra were
included. One corresponds to the iron oxide region of an unirradiated multilayer sample and the
other one corresponds to the iron oxide region of the sample irradiated at 300 C (after irradiation).
The iron oxide region in the irradiated sample appears to have reduced since the maximum of the
L3 edge shifted by 0.27 eV towards lower energies. In addition, a noticeable change in both spectra
can also be appreciated in the peak in the shape of the Ls peak. For the case of the unirradiated
sample, the “pre-peak” is very strong and positioned at 1.53 eV from the maximum of the Lz edge
whereas for the irradiated sample, the “pre-peak” is very shallow and is positioned at 1.26 from
the maximum of the Lz white line indicating the formation of maghemite (y-Fe2Os3) during the

irradiation of the sample at 300 C to 10 dpa.
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Figure 5.11. (a) EELS spectrum image of the high loss region corresponding to a cross-section of
the multilayer sample irradiated at 300 C up to 10 dpa; the delimitation of each layer is indicated:;
(b) EELS spectra corresponding to the iron oxide region of an unirradiated multilayer sample and

the spectra corresponding to the iron oxide region of the sample irradiated at 300 @ 10 dpa (after
irradiation).

5.3 Discussion
On understanding the a-Fe20s layer reduction under ion irradiation at 300 C
One of the important observations of the experiments performed on the multilayer samples is
a reduction of a-Fe20s to y -Fe203 for the multilayer irradiated at 300 € up to 10 dpa. A reduction

of hematite under ion irradiation was reported in Reference [118] and it was related to the

formation of some local nanoporosity along with the formation of voids. However, neither of these
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two factors were observed to be present in our study. Another idea that can be used to explain the
reduction of hematite under ion irradiation and in vacuum conditions (typical of a TEM column)
could be a preferential sputtering of the oxygen atoms which are light atoms compared with the
cations species in this system. Indeed, an estimate of the sputtering yield of oxygen and Fe in Fe>O3
was performed using Stopping and Range of lons in Matter (SRIM) under the full damage cascade
calculation mode. The calculation was carried for a total number of 1,000,000 Kr ions using a
displacement energy (Eq) for Fe of 40 eV and a displacement energy for O of 28 eV. The estimated
sputtering yields were 2.98 and 1.33 (atoms per ion) for O and Fe respectively. When oxygen
atoms are preferentially sputtered, the iron to oxygen ratio can thus increase, allowing for reduction
of the layer. This theory, however, does not explain why the reduction of hematite only happened
in the sample irradiated at 300 C while no reduction in the hematite layer was observed for the
sample irradiated at RT. Also, it is uncertain when this reduction starts in terms of dose and how
it would evolve with increasing dose. To explore furthermore into the kinetics of the a-Fe20z—y-
Fe>O3 transformation, EELS spectra were also acquired for a similar multilayer sample irradiated
under the same experimental conditions (1 MeV Kr ion irradiation at 300 C) but only up to5 dpa.
The results are presented in Figure 5.12 which includes two spectra. The spectrum presented in
Figure 5.12(b) was acquired for the top part of the iron oxide layer which was highlighted in red
in Figure 5.12 (a); while the spectrum presented in Figured 5.12 (c) corresponds to the bottom
section of the Fe2Oz layer highlighted in blue in Figure 5.12(a). Note that the Lz white line in both
spectra presents a distinctive shape. In Figure 5.12(c), the Lz edge presents the strong pre-peak at
707.72 eV (indicated by a black arrow) characteristic of hematite while for the spectra acquired
closer to Cr.03 (Figure 5.12 (b)) the characteristic pre-peak is much shallower indicating that at
least that portion of the layer has been reduced to y-Fe>Os. In addition, a small shift was also found
from one spectrum to the other one. For example, the peak of the Lz white line of the spectrum
present in Figure 5.12 (b) occurs at 708.53 eV while the peak of the Lz edge of the spectrum is
presented in Figure 5.12 (c) takes place at 709.07 eV. This chemical shift also suggests that the
spectra correspond to different iron oxide phases [114] which further supports the conclusion that
at least two different iron oxides phases coexist in the Fe>O3 layer with a steady progression of a-
Fe203 transforming to y-Fe>O3 when going from the Al,Os interface towards the Cr.Oz region as
schematically represented in Figure 5.9 (a). Note that these results rule out the theory that

preferential sputtering of the oxygen would play a fundamental role leading to the reduction of
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hematite since this sample was irradiated in plan view mode with all the layers irradiated
simultaneously. Furthermore, these results strongly indicate that a preferential diffusion and
redistribution of the ions must take place in the iron oxide layer since only the top part of the layer
reduced and since the reduction is only observed in the sample irradiated at 300 @ where thermal

diffusion process can be expected to be more pronounced.

EELS spectrum
image high loss

Figure 5.12. EELS data acquired for the multilayer sample irradiated at 300 & up to 5 dpa (a)
EELS spectrum image of the high loss region; the delimitation of each layer is indicated; The
red/blue color indicates the direction of a-Fe>Os transformation towards y-Fe»>Os. (b) EELS spectra
acquired for the top part of the Fe2Os layer highlighted in red in (2); (c) EELS spectrum acquired
for the bottom section of the Fe2Os layer highlighted in blue in (a).

Under these circumstances, two possible scenarios are possible. The first one is the diffusion
of Fe ions from the bottom part of the Fe>O3 toward the top part of the layer which can lead to a
reduction of the oxygen to iron ratio on the top part of the iron oxide layer explaining the reduction
of this section. The second possibility that might also explain a reduction of Fe,Oz under a vacuum
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is the diffusion of oxygen from the top part of the Fe,O3 layer towards the Cr.Oz layer or to the
bottom part of the same Fe>O3 layer. Note that either of these processes of preferential diffusion
may be driven by the atomic mixing that happened at the interfaces. As demonstrated previously,
during the point defect cascades, atomic mixing (ballistic mixing) at the interfaces takes place. The
efficiency of this process depends on several variables including the enthalpy of mixing, the kinetic
energy deposited by the incident energetic particles into nuclear collisions, as well as the energy
of displacement (Eq) related to each of the atomic species in the sample. Under these assumptions,
the Al ions may have a large probably to be displaced and relocate at the Fe»O3 adjoining layer
compared with Cr and Fe ions since AI** is the smallest of the ions at play (0.0 5 8 mand it also
presents the lowest energy of displacement (18-40 eV) [8, 62-65]. Besides, for Cr,0O3 and a-Fe;03
the enthalpy of mixing was found to be positive, but small enough to allow the development of a
stable solid solution [119]. Still, regarding Al.O3 and Fe.Os mixability, some studies reported a
higher solubility of Al>O3z in Fe2O3 than of the Fe2Os into Al.Oz which has also been related to the
small size of AI®* cations compared to the Fe*® ijons [120]. A proof of large mixing at the
Fe>03/AlL03z interface also comes from EELS analysis where the signal from both species Fe and
Al can be found over a region close to 20 nm across the interface as shown in Figure 5.13 and
5.14. If for example, more A" ions are relocated in the Fe,O3 layer compared to the number of
Fe*3 jons relocated at Al,O3 layer, this can favor an oxygen diffusion towards the Al,Os/Fe203
interface to maintain the charge neutrality at this region. Alternatively, the Fe diffusion toward
the top layer could lead to the preferential reduction of this section. Also, the diffusion of the
oxygen atoms in the hematite layer will be more favorable in the sample irradiated at 300 C (higher
temperature), which can also account for the thermal diffusion explaining why the transformation

of Fe>O3 to y-Fe20zis only observed for the sample irradiated at higher temperatures.
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Figure 5.13. (aand b) Annular Dark Field (ADF) spectra image acquired for the sample irradiated
at RT up to 10 dpa; (c and d) EELS spectra acquired at different positions across the Fe/Al203
interface; the positions where the spectra were integrated are highlighted by color rectangles in
(b); Numbers were assigned to the spectra and their corresponding region for easier identification;
Note that over 20 nm across the interface signal from Al-L and Fe-M peaks are recorded in the

spectra. This region corresponds to the intermixing section.
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Figure 5.14. (aand b) Annular Dark Field (ADF) spectra image acquired for the sample irradiated
at 300 & up to 10 dpa; (c and d) EELS spectra acquired at different positions across the Fe/Al,O3
interface; the positions where the spectra were integrated are highlighted by color rectangles and
numbers in (b). Over 20 nm across the interface signal from Al-L and Fe-M peak are recorded
indicating his region corresponds to the intermixing region.
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On the dislocation loop formation and growth in the a-Fe2O3 and Cr20s layers

An interesting observation of the experiments conducted in the multilayer samples irradiated
at RT and 300 C reported above is that they reveal different kinetics for the dislocation loops
nucleation and growth in the hematite and chromia layers. The plots presented in Figure 5.15(a)
summarize the effect of temperature and dose on the evolution of the dislocation loops in the
chromia and hematite layers described earlier, while the results of the total number of loops in
Cr203 and Fe2O3 layers is presented in Figure 5.15 (b)for 300 C and RT
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Figure 5.15. (a) Average dislocation loop sizes at 300 & and 25 & as a function of dose in the
chromia and hematite layers. (b) Number of loops counted in hematite and chromia at 300 & and
25 &: Only the extended loops that were measured were counted to generate figure (b); the

formation of black dots has not been considered in the measurements.

In the chromia layer, we can see that at both temperatures the average size of the dislocation
loops does not change considerably between 1 and 3 dpa while the density increases in this range.
Meanwhile, a rather small increase in the average size of the dislocation loops takes place from 3
to 6 dpa. The fact that the average size of the dislocation loops does not change considerably
between 1 and 3 dpa in the chromia layer of both samples may be related to easier nucleation of
loops at a lower dose driven by a reduction of the excess of Coulomb energy in the crystal.
However, with an increase in the number density of loops, the diffusion of the cations and anions
through the layer may be compromised so a reduction of the energy might be more effective by
the addition of point defect to the loops propitiating the increase of the size of the loop in Cr203
between 3 and 6 dpa. Regarding the temperature effect, it could be seen that the average size of
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the dislocation was higher for the sample irradiated at 300 C at all doses. Generally, an increase in
temperature favors thermal diffusion of defects which in turn can favor the nucleation and growth
of the dislocation loops (if they are not lost to sinks such as the free surfaces).

For the case of the hematite, the temperature seems to be playing similar effects favoring the
formation and growth of the loops in the sample irradiated at 300 C, however, the effects of
temperature seem to be more drastic in hematite compared with Cr.O3 since no resolvable defects
were imaged in hematite for the sample irradiated at RT. Probably, however, the large
concentration of twin boundaries and SF found in the sample irradiated at RT along and on the
other side, the reduction of hematite observed in the sample irradiated at 300 C must have
influenced the nucleation and evolution of the dislocation loops in the iron oxide region of the
samples. For example, twining and stacking faults can be sinks for the point defects competing
with loop formation and growth, therefore, affecting the nucleation and growth of the dislocation
loops. In terms of the reduction of hematite one way it can influence the formation of loops is by
invoking the fact that different requirements are needed to form a stable loop in hematite and
maghemite.y-Fe,O3 maghemite has a spinel structure similar to Fe3sO4 and as mentioned in chapter
3 loops were able to form and grow in magnetite, so if hematite has reduced to maghemite or an
Al containing spinel structure, it would be expected to enable the formation of the loops (more so
than in the initial hematite). To explain the apparent increased difficulty to nucleate the loops in
hematite, one may compare with a-Al2Os, whose crystal structure is the same as a-Fe2O3 hematite,
for which it was reported that loops necessarily nucleate with 12-layer sequences of
AoBBAYBaABByA where A and B are oxygen layers and o, B and y are aluminum ion layers [24]
which is a more complex requirement than the loop formation in the spinel structures. This being
said, this does not explain why the loop form readily in Cr.O3 of the same multilayer which is also
hcp.

Furthermore, at this point, it is important to mention that single crystals of hematite were also
irradiated at RT and up to 5 dpa using the same type of ion and ion-energy (1 MeV Kr ions). The
results of the ion irradiation in the samples of single-crystal Fe,Os at 3 and 5 dpa respectively are
presented in Figure 5.16. As can be seen, large dislocation loops develop in the crystal which
seems to present a specific orientation perpendicular direction regarding the c-orientation,
implying they are most probably c-loops. In this case, the hematite did not undergo reduction under

irradiation. This demonstrates that the response of hematite to ion damage is influenced by whether

95



or not the hematite is standing alone or if other oxides of different chemistry are presented at
nearby interfaces since, in this second scenario, atomic mixing can take place at the interfaces,
propitiating a redistribution of the anions and cations in the hematite layer, possibly enabling a
reduction of the hematite, anddefinitely influencing as well the formation of extended defects.

Fe,0; single crystal 5 dpa
v AR O
N o N i

Figure 5.16. Bright-field images of a-Fe.Oz3 single crystal irradiated with 1 MeV Kr ions at RT at
(a) 3 dpa and (b) 5 dpa.

5.3 Summary

This chapter explores irradiation effects in the multilayer Fe/Cr.Os/Fe,O3/Al03 system.
Irradiation was performed with 1 MeV Kr ions at room temperature and at 300 C.

9 At room temperature and 300 @ dislocation loops form in the Cr,0z layer. These loops
increase in size with dose and temperature.

1 In the hematite Fe>O3 layer, loops were not easily observed at RT unlike at 300 € where
the loops formed readily and grew even larger than in the Cr.Os3 layer.

1 A transformation of hematite Fe2Os into a spinel structure typical of maghemite y-Fe2O3
was observed for the sample irradiated at 300 @. This reduction seems to be driven and

helped by the atomic mixing happening at the interfaces.
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The results presented in this chapter lead us to think that response of Fe>O3 to ion damage
might is greatly influenced by whether or not the hematite is standing alone or if other oxides of
different chemistry are presented at nearby interfaces. When it shares interfaces with oxides of
different compositions and properties, an atomic mixing (and possible interdiffusion at higher
temperatures) can take place at this location likely driving redistribution of the anions and cations
leading to the formation of new phases or reduction of the layer and affecting the loop formation

and growth behavior.
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Chapter 6

Irradiation induced amorphization of Cr,0s, a-Al,O3, and a-Fe>Os: results

and discussion

This chapter includes the results of experiments performed in multilayer
Al203/Fe203/Cr203/Fe samples and single crystal a-Fe2O3 and Cr.O3 samples irradiated at 50 K.
The finality of the experiments exposed in this section was to analyze the amorphization behavior
of a-Al203, a-Fe>03, and Cr.03. Results are discussed in light of the structural properties of the
crystals. The influence of interfaces and free surfaces (sample thickness) on the amorphization

behavior of the oxides is also analyzed.

6.1 Experimental Method

The multilayer sample used for the amorphization experiment was prepared such that each oxide
presented 4 regions of different thicknesses as illustrated in the thickness maps of Figure 6.1. This
configuration allows us to analyze the effect of free surfaces/sample thickness on the
amorphization of the oxides. The thickness for each region of the oxides was estimated using the
values of the mean free path of the electrons included in Table 1.1 of Chapter 1. The results are

presented in Figure 6.1 (c).

Figure 6.1. (a) Bright Field image of the multilayer sample where the 4 regions of different
thicknesses have been delimited by arrows; (b) Higher magnification BF image of the sample
showing the different layers; (c) thickness map of the sample; the average thickness for each oxide

in each of the 4 regions is indicated.
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All the amorphization experiments were conducted at 50 K. At this temperature, the role of
thermally activated irradiation-induced diffusion and recovery of the crystal lattice is expected to
be limited, hence observations of phase transformation from the crystalline to the amorphous state
are more probable.

During the irradiation experiments, TEM bright-field images and their corresponding SADP
were acquired at successive irradiation doses to assess the critical amorphization dose. In this
work, amorphization is described when Bragg diffraction spots observed begin to disappear and
the appearance of diffused rings can be perceived in the diffraction pattern. In addition, the
change/loss of diffraction contrast in the BF images is also used to indicate a possible

amorphization of the oxides.

6.2 Results

The experimental results for the thinnest region of the multilayer samples is presented in Figure
6.2. Loss of diffraction contrast in the BF images with increasing dose is evident. At the condition
of 2 dpa the amorphous ring can already be distinguished in the DP corresponding to sapphire
Al>0s. However, at the maximum dose (8 dpa defined at the Fe.Oz layer) Bragg spots typical of
Cr203, a-Fe203, and Al>Os reflections are measured suggesting that total amorphization did not
happen for any of the oxides in the thinnest region of the sample.
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Figure 6.2. (a-c) Selected sequences of TEM bright-field images and the corresponding SADP of
the sample irradiated at 50K using 1 MeV Kr ion for irradiation doses ranging from 0 to 8 dpa (as
calculated in the hematite layer); The corresponding dose in the other layers is 8.04 dpa for Cr203;
13,27 dpa for Fe and 5.26 dpa for Al>Oa.

Yet, a shadowing effect is being observed to take place in the thinnest part of the sample. The
shadowing region of the sample is indicated in the BF image of Figure 6.3 which correspond to
the condition 50 K 8 dpa where, due to the geometry of the sample and the irradiation set up, the
section closer to the edge did not receive irradiation. Clear differences between the DP
corresponding to the shadowed regions (not irradiated) vs. the irradiated parts of the sample could
be appreciated especially for the Al.Os layer. The non-irradiated part clearly displays Bragg spots
corresponding to the zone axes [_44 1 while the DP of the irradiated section of the sapphire displays

a diffuse ring while the intensity of the Bragg reflections have faded, indicating amorphization.
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Figure 6.3. (a) Bright-field image of the multilayer sample irradiated with 1 MeV Kr at 50 K and
8 dpa; the shadowed unirradiated region is indicated; (b-d) SADP acquired for each of the
highlighted regions in (a).

The results for the thicker regions (regions 3 and 4 of Figure 6.1 (a)) are presented in Figure
6.4. Here, amorphization is observed in all the oxide layers. However, since there are still some
reflections corresponding to the three oxides in the DP, this indicates the amorphization is only
partial. Note, however, that the DP corresponding to Al2Os for region 4 indicates an almost totally
amorphous state. Only very dimmer reflections indicated by the white arrows are distinguishable
in the DP. This indicates that AlOs is more susceptible to amorphization compared with chromium
oxide and hematite. In addition, the almost totally amorphous state of sapphire for region 4
compared with the partial amorphization of this oxide in region 3 indicates that the process of
amorphization depends not only on the type of oxide but for a given oxide it also depends on the
thickness of the sample which directly relates to the proximity of the free surfaces (which are
important sinks for point defects). Indeed, in the thinner region, the upper and lower free surfaces
are closer to each other. The point defects generated in the volume of the sample have thus a higher
probability of reaching the free surfaces in this condition even though the experiment is done at

50K. The irradiation-induced defects can then be annealed at the free surfaces. This annihilation
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of the damage at the free surfaces will naturally retard the process of amorphization since it is

directly related to the increased accumulation of chemical and structural disorders in the materials.

(b) Region 3 Region 4

Figure 6.4. (a) Bight-field TEM image of the thicker regions of the multilayer sample irradiated
with 1 Me Kr ion at a dose of 8 dpa; (b) SADP corresponding to highlighted sections in regions 3
and 4 of the sample.

In Figure 6.4 a higher loss of diffracting contrast is also evident in the Cr.O3 layer compared
with the Fe>Os layer which suggests a lower resistance of chromium oxide to amorphization
compared with hematite. A piece of evidence that indeed Cr2Os presents less resistance to
amorphization compared to a-Fe2O3 comes from the results of the irradiation experiments of the
single crystals of chromia and hematite presented in Figure 6.5 and 6.6 respectively. The
experiments on the single crystal reveal a good amorphization resistance of both oxide, Cr.Osz and
Fe203, however, notice that the formation of the amorphous rings starts to be observed at 1 dpa for
chromia while no indication of initiation of amorphization is observed at this dose for hematite.
Hence, in these experiments, the resistance to amorphization seems to increase in the following
order: Al,O3< Cr203< a-Fe;0s. Pay attention as well that the experiments on single crystals also
suggest a lower degree of amorphization in the thinner region of Cr.03 (Figure 6.5) showing again

the effects of free surfaces/thickness on the amorphization behavior of the oxides.
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2dpa

8 dpa

Figure 6.5. Bright-field images of Cr203 single crystal at 50 K at (a) 0 dpa (b) 8 dpa; (c) Electron
diffraction pattern of Area 1~279 nm, Area 2~169 nm, and Area 3~95 nm at 1, 2, and 8 dpa

respectively; (d) Thickness maps with the average thickness.

Fe;0, (d) Area1l Area 2 Area 3
a) 1 dpaAreaS

O

Figure 6.6. Bright-field images of Fe.Oz single crystal at 50 K (a) 1 dpa, (b) 3 dpa, and (c) 6 dpa;
(d) Electron diffraction pattern of Area 1~103 nm, Area 2 ~165 nm, and Area 3 ~259 nm at 1, 3,

and 6 dpa respectively; (e) Thickness maps with the average thickness.
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6.3 Discussion

A comparison of the different parameters affecting amorphization of oxides is presented for a-
Fe203, Cr203, and Al2Ozin Table 6.1. Based on the review paper[121], in general, the resistance
to amorphization is supposed to decrease with an increase in the enthalpy of formation and
standard entropy while it increases with increasing O-O and O-M bond enlacement (i.e. when the
0-0 and O-M bonding are characterized by shorter distances between oxygen-oxygen and oxygen-
metal atoms in the crystals; this distance can be measured by techniques such as X-ray diffraction).
Considering these criteria, sapphire should be rather resistant to amorphization (Table 6.1).
Furthermore, electron density maps calculation (i.e. 3-D density maps of the location of the
electrons, these maps show how electrons are distributed in systems) suggests a highly ionic
enlacement in sapphire with a net atomic charge for Al not less than + 2.7 e [122]. For comparison,
for example, Cr2Os is reported to show significant electron transfer from 3/20?% to Cr3*, bringing
the chromium ion net charge down to +2.325 [123]. In our experiments, however, the trend of
amorphization resistance is observed to be the reverse of the one suggested by the review paper
[118]. Indeed, sapphire shows less resistance to amorphization compared with hematite and
chromia. In order to explain the discrepancy, one could invoke the fact that in the present
experiments, the hematite and chromium oxide layers are smaller than the alumina layer; hence,
Fe>O3 and Cr203 present close-by interfaces that can add as strong sinks for the point defects. The
absorption of irradiation-induced point defects at the chromium oxide and hematite layers
interfaces will naturally delay the process of phase transformation since the necessary
accumulation of point defects needed to induce amorphization will be more difficult to archive
however the amorphization of sapphire seems to still happen nearby the interface with Fe;O3. The
fact that the trend is the inverse of what would be expected from that review paper needs further
investigation. One should remember that the review paper proposes “rules” or criteria for
amorphization resistance that are only based on correlations and trends with no mechanistic
derivation at the basis. More experiments are needed to totally explain the preliminary trends

observed here.
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Table 6.1. Parameters influencing the amortization behavior of non-metallic materials. Data taken

from [2].
Phase Tc/Tm lonicity H (kJ/mol) S (J/(mol K) M-O (A)
a-Fe203 0.44 0.47 —822.0 87.28 1.98-2.11
Cr203 0.29 0.47 -1128.4 82.8 2.01-2.06
Al;O3 0.43 0.59 -1669.8 50.92 1.87 -1.99
6.4 Summary

In this chapter, the amorphization behavior of the Cr.0s, Fe>O3, and Al,O3 was explored by

means of in-situ ion irradiation at cryogenic temperatures.

1 Among all oxides considered here, sapphire was more susceptible to ion irradiation-

induced amorphization

a-Fe»0O3 seems to be more resistant to amorphization than Cr20s

The proximity of sinks such as free surfaces directly affects the ability to amorphized the

oxide: the thinner the sample the more difficult to amorphized as expected, showing that

the accumulation of displaced atoms (and conversely the inability to annihilate point

defect) is really at the root of the amorphization process.
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Chapter 7

Conclusions and Future Work

In this work, ion irradiation effects were studied in FesO4, a-Fe203, Cr203, B-Ga.03, and a-
Al>03 through in-situ experiments which allow for a quantitative assessment of the evolution of
the microstructure in the oxides as the damage is being produced. The in-situ experiments were
conducted at the IVEM facility of Argonne National Laboratory. All the experiments were
conducted with Kr ions and flux close to 6.25x10% jons.cm.s. Here, different temperatures were
used to assess the temperature effect on the formation and evolution of the extended defects such
as dislocation loops. Besides cryogenic experiments were performed to inquire about the

amorphization behavior of the oxides. The fundamental results can be summarized as follow:

1 The irradiation experiments carried out on Fe3O4 at 25 C, 300 C, and 500 C revealed a
greatly enhanced mobility of defects in this spinel structure; the mechanisms of which
could include the electro-migration model which invokes the formation of a charge
space at grain boundaries during irradiation due to the charged nature of point defects
in oxides and their accumulation along the grain boundaries, which can then influence
the diffusion of the cations and anions inside of the grains, but also could be due to
ionization induced diffusion, another mechanism that could potentially explain the
enhanced mobility evidenced through the in-situ experiments. The observations
reported here on magnetite are the first ones in the literature.

1 The irradiation experiments conducted in FesO4 at cryogenic temperature revealed that
magnetite transforms to another crystalline phase under irradiation. The new phase has
a lattice parameter that is half of the unirradiated crystal parameter and can be
considered metastable seems it readily recovers under temperature relaxation when
thermal diffusion processes are active. The analysis carried out also indicates that the
new phase is similar to a rocksalt crystal where the cation occupies only octahedral
positions while the tetrahedral sites in the rocksalt lattice are empty.

1 The experiments performed on B-Ga2Os at room temperature also reveal a phase
transformation of 3-Ga»0Os3 to k-Ga»0s at a very low dose but here the k-phase is proved

to be very stable with further dose and through time. This polymorphic transformation
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is believed to play an important role in the amorphization resistance of the gallium
oxides.

91 The results of the irradiation experiments on the multilayered Fe/Cr.0s/Fe203/Al>03
structures grown through Pulse Laser Deposition demonstrate that when oxides share
(tight) interfaces, configurational atomic mixing takes place at the interface triggering
a redistribution of the cations and anions. Reduction of the hematite assisted by
diffusion processes was also proven to be possible in the layered system at a higher
temperature. Besides these experiments also show that temperature favors the
formation of dislocation loops in chromia and hematite. The loops that forms are likely
to be a mixture of  and type loops. The reduction of hematite observed during
irradiation could potentially play a role in the change in loop growth kinetics observed
in the hematite layer when going from 25C to 300 C, revealing how phase
transformations and irradiation loop formation can be intricately related under
irradiation.

9 The results of the ion irradiation in multilayer system Fe/Cr.O3s/Fe;O3/Al>03 and single
crystals Fe>Os and Cr203 at 50 K indicated the easiness of amorphization or conversely,
the resistance to amorphization depends on the presence of point defect sinks such as

free surfaces or as interfaces as expected since sinks annihilate defects.

This experimental study revealed several original observations never reported for the systems
of interest, (a testimony to the power of the in-situ irradiation technique), and while some
mechanisms were proposed to explain the observations of the irradiation effects in FesO4, a-Fe20s,
Cr203,Ga203, and Al20s3, further modeling, theoretical analysis, (and experiments) could be done
to complement the results and demonstrate some of the mechanisms proposed through this study.

For instance, a quantitative analysis is needed to assess the grain boundary and free surface
sink strengths to complement the qualitative assessment of irradiation-induced/enhanced defect
mobility observed in the heterostructure Fe/FesO4 and the role of the grain boundaries and free
surfaces in the defect evolution in this oxide. It will benefit as well to test through further
irradiation experiments which of the mechanism is responsible for this enhanced mobility: the
ionization induced diffusion? The electro-migration model? Or a combination of both? A possible

experiment would be to perform irradiation of FesO4 with ions of contrasting mass (light ions
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versus heavy ions) at a selected temperature where loops are known to form by irradiation with
heavy ion (e. g. room temperature). The energy of the light ions should be selected to obtain a
similar nuclear stopping collision compared with the heavy ion irradiation but different ionization
behavior. If for example dislocation loops are not found by irradiation of magnetite with light ions
under these conditions, this could prove that the ionization processes in Fe3Oa4 is important and the
electro-migration model may prevail.

Another beneficial analysis would be the calculation of the structure factors assuming the
rocksalt model for the metastable phase formed in Fe3Oj4 irradiated at 50 K. The analysis of the
structure factor calculation F(hkl) allows for predicting the location of the atoms in the crystal.
Therefore, by knowing this variable, it can be proven that the anion sublattice in the Fe3Oa is not
much affected under irradiation and that it is the irradiation-induced disorder of the cations that
lead to the formation of a rocksalt structure. Furthermore, it would be beneficial to obtain the
experimental value of the activation of migration energy of Fe in Fe3Os. This can possibly be
archived by inducing the cation disorder in the FesOs by means of ion irradiation at cryogenic
temperature and then warming in a controlled manner (slowly) the disordered structure until
recovery of the lattice is registered; the temperature at which such recovery of the crystal starts
would be useful.

It is also recommended to perform a more careful analysis of the loops type in the hcp oxides
Fe>O3 and Cr20sin terms of their Burger vector and the nature of the loops (interstitial vs vacancy
loops).

It will be beneficial as well to determine the critical amorphization temperature for FezOs,
Cr203, and Al>Qg, i.e. the temperature above which amorphization will not take place regardless
of the dose. Besides a more profound analysis of the amorphization behavior of these oxides will
also require determining the dose to full amorphization. The largest doses attained during these
experiments were not high enough to reach full amorphization. This would require conducting
experiments in a large range of temperatures and doses.

Finally, for a more complete understanding of radiation effects in FezOa, a-Fe;03, Cr20s, B-
Ga203, and a-Al203, experiments must also be conducted to explore the effects of flux in the

response of the oxides to ion damage.
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Appendix A: Dislocation loop measurements in Fe;O3 and Cr,Os layers of the multilayer

samples.

(a) Bright field images

(b) Measurements

Figure A. 1. Loop formation and growth: (a) Sequence of BF images taken at the Fe>Oz region of
the multilayer sample irradiated at 300 & at doses of 1, 3, and 6 dpa respectively; (b) Dislocation

loops measurements.
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100 nm

(a) Bright Field Images

(b) Measurements

Figure A. 2. Loop formation and growth (a) Sequence of BF images taken at the Cr.O3 region of
the multilayer sample irradiated at 300 C at doses of 1, 3, and 6 dpa respectively;(b) Dislocation

Ioops measurements.
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(a) Bright Field Images

(b) Measurements

Figure A. 3. Loop formation and growth: (a) Sequence of BF images taken at the Cr.Oz region of
the multilayer sample irradiated at RT at doses of 1, 3, and 6 dpa respectively; (b) Dislocation

loops measurements.
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Appendix B: Summary of the results of FesO, irradiated at 50 K for another grain that was

followed during the experiment

up to 15 dpa | | to 38 dpa |

Cooling from RT to 50 K e 1t irradiation at 50 K e Warming from 50 K to RT ° AR D
2

(a) RTO dpa (b) 50K 0 dpa (c) 50K 15 dpa

Fe;0,[011]

Il.ost of 1<t order reflections I I Recovery of the crystal I
I | | |

Figure B.1. (a-f) DP acquired for a FesO4 grain irradiated at 50 K (a) at the beginning of the
experiment at RT (b) upon cooling the sample to 50 K (c) at 50 K, 15 dpa (d) after the first
irradiation was completed and the sample was naturally warmed back from 50 K to RT (f) after
cooling again the sample from RT to 50 K and additional irradiation was performed up to 35 dpa;
all reflections identified in the DP are referring to FesO4 spinel with a= 8.3958(2) A (PDF# 04-
005-4319).
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Appendix C: Micrographs and EELS spectra of the standard samples used at NCSU

Figure C.1. (a) Atomic resolution of the Fe2Osz single crystal used as a reference standard; (b)

EELS spectrum corresponding to the image in (a).

(b)

I 6000

5500

Figure C.2. (a) Bright-field image of siderite powder used as a standard for the EELS data

acquisition; (b) EELS spectrum corresponding to the siderite.
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