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Figure 1.1 A typical geological storage of high-level nuclear waste[6]

1.2 Nuclear waste forms

Nuclear waste forms are host materials, usually amorphous or crystalline, containing different
types of radioactive waste. The long-term disposal of radioactive waste has become a major
nuclear waste management strategy as a consequence of the continuous increase of the nuclear
power worldwide. Overall, nuclear waste forms for long-term disposal should be thermally,
chemically, and physically stable, have low radionuclide release and low sensitivity to waste
stream variations, and possess good impact resistance in transport, and good waste density

loadings[7].

1.2.1 Glass waste forms
Glass has been used as host materials for the immobilization of HLW. Glass was initially

proposed as a waste form in the early 1950s in Canada to contain radionuclides and provide
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protection against radiation damage[8-10]. Glass waste forms can incorporate a large number of
elements, and offer high chemical and physical durability[11], and high radiation tolerance, with
reasonable costs made available by the contemporary glass manufacturing technology.
Borosilicate and phosphate glasses are among the most commonly used host materials for the
immobilization of HLW at present. The immobilization mechanism to incorporate HLW into glass
waste forms is the vitrification process, which consists of the evaporation of excess water,
calcination, glass melting, and finally pouring and cooling of the waste glass product. However,
glass waste form has a limited loading for HLW such as actinides, lanthanides, and halides[3], and
more importantly, the inclusion of these radionuclides results in chemical instability which in the
long term will increase the leaching and devitrification and degrade the ability of glass as a waste

form[12].

1.2.2 Ceramic waste forms

Many crystalline mineral-structures were proposed as an alternative waste form because they
have a high chemical stability and can retain high concentrations of radionuclides but still remain
thermodynamically stable for millions of years[13]. Furthermore, crystalline waste forms are
inherently highly leach resistant for a much longer time, have excellent thermal and mechanical
stability and a much higher loading ability for HLWs, as compared to glass. This is especially
important for the long-term disposal of HLW and TRU. However, there is a possibility that the
crystalline waste forms will undergo a crystalline to amorphous phase transformation under
radiations, as reported in monazite[14], pyrochlore[15-17], zirconolite[18, 19], zircon[20, 21]. The
transformation may be accompanied by changes in the volume and radionuclide release rate, which
will degrade the performance of the ceramic waste forms. Therefore, one main goal of this study

is to understand the behavior of ceramic waste forms under extreme radiation conditions for long-



term radioactive waste management.

Apatite structure-type has also been proposed as a potential crystalline ceramic waste form for
HLW and TRU, particularly for actinide and fission product bearing waste streams due to its
chemical durability, structure flexibility, promising thermal stability, and low leaching rate. The
apatite structure (shown in Figure 1.2) has the chemical formula of A'4A''s (BO4)sX2, in which A,
Al' = Ca, rare earth, fission products and/or actinides; B= Si, P, V or Cr and X= OH, F, Cl, l or O.
Apatite exhibits an open frame structure, in which six equivalent BO4 tetrahedra are corner-
connected to AOs metaprism columns to form a channel parallel to the c-axis to accommodate X-
site anions. This structure shows a potential to incorporate radionuclides like actinides and fission
products into its lattice structure to form a new solid solution. In particular, the apatite structures
are very promising waste forms to incorporate actinides in the A-site, and the highly volatile and
extremely long-lived fission product 1-129 in the X site. The size of the channel structure in apatite
can be tuned by adjusting the chemical composition, which makes it possible to incorporate the
large iodine anions in lead vanadate apatite Pbio(VOa)sl2[22, 23]. Similar to other crystalline
ceramics, radiation can cause atomic-scale changes that affect their physical properties. When
actinides and fission products are incorporated in the apatite structures, they produce ionizing and
displacive radiations which may cause damage to the apatite waste form, degrade its chemical
stability, and reduce the actinide immobilization performance. On the other hand, the radiation
tolerance of the apatite structures may be affected by their chemical compositions, microstructures,
and the radiation conditions. Therefore, it is crucial to understand the radiation effects in apatite

structures and the underlying physics for the design of advanced nuclear waste forms.



Ca(1) Ca(2)

Figure 1.2 Apatite structure, with the two calcium sites as dark and light blue, Ca(l) and Ca(ll)
respectively. Phosphorus ions are purple, oxygen is red and the PO4 tetrahedron is grey[6]

In this dissertation, silicate apatite and hydroxyapatite (HAp) were chosen as model materials
to study the effects of chemical composition, radiation condition, grain size and interface on the
radiation tolerance of the apatite waste form. Silicate apatite doped with a different concentration
of cerium was selected to study the chemical composition effect on radiation tolerance, in which
cerium is used as a surrogate for the actinide Pu. HAp is the main constituent of animal bone with
a stoichiometric composition of Cai0(PO4)s(OH)2 and has a poorly crystalline non-stoichiometric
nano-sized structure[24]. It is widely believed that nanomaterials have improved exchange and
uptake capacities when compared to their micron-sized analogues due to their increased surface
area, a significant fraction of defective sites, and higher ability to mitigate radiation-induced
damage due to the high density of interfaces that behave as defect sinks[25]. In addition, pure HAp
is thermally stable without phase transformations up to 1573 K[26], and its composition, grain size,
and interfaces can be easily manipulated. Therefore, HAp is a good model material to study the

roles of the aforementioned factors in the radiation response of apatite structure.



1.3 Nuclear structural materials

In the fuel assemblies of nuclear reactors, structural materials are used to encapsulate and hold
the fuel rods and other components of the reactor core. In-service core structure materials have to
maintain their performance to support the reactor core and prevent the leaking of radioactive
materials. Structural materials hold key roles not only in the containment of nuclear fuel and fission
products but also in the reliable and thermodynamically efficient production of electrical energy
from nuclear reactors. The working conditions for the structural materials are usually very harsh.
For example, for a pressurized water reactor, structure materials need to withstand high
temperature up to 400°C, high radiation dose up to 20 dpa as well as high pressure up to 155 bar[27].
However, with the development of the new generation of nuclear reactors, harsher conditions are
required for structure materials, such as higher irradiation dose as high as 100 dpa and higher
temperatures up to 1000°C. The displacement damage and operating temperature regimes for
structural materials in current nuclear energy system were shown in Figure 1.3. Therefore,
advanced structural materials are required and essential to provide increased strength, thermal
creep and radiation damage resistance, and superior corrosion for improved reactor

performances[27].
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Figure 1.3 The displacement damage and operating temperature regimes for structural materials
in current nuclear energy system[27]

1.3.1 Conventional structural alloys

Many conventional structural materials have been widely studied and used for the safe and
reliable nuclear energy supply. Ni-based alloys[28], Fe-based systems[29-31], zirconium alloys[32,
33], austenitic steels[34-36], and ferritic/martensitic steels[37] are the commonly used structural
alloys in fission reactors. Zirconium alloys are used as fuel cladding for most commercial reactors
because they show a good thermal conductivity and are compatible with nuclear fuel and water.
Ferritic steels and Ni-based alloys are used as heat exchanger materials for the reliable conversion
of thermal energy. Ferritic/martensitic steel[38, 39], oxide dispersion strengthened steel[40, 41],

and refractory alloys[42, 43] are commonly used structural materials in fusion reactors.

However, materials degradations under extreme radiation environments have not been fully
overcome in spite of the rapid development of these structural alloys for nuclear applications, such
as the severe swelling of austenitic steels[34, 35], mechanical property degradation as well as

reduced thermal conductivity[44, 45]. A key strategy to design highly radiation resistant materials



is based on the high-temperature strength, phase stability as well as dimensional stability under
irradiation conditions because the accumulation of radiation-induced point defects leads to
material failure. With the assistance of modern materials science tools, some high-performance
materials have been developed. For instance, in a nanocluster-strengthened ferritic steel[46], the
formation of highly stable nanoscale clusters enriched in Y, Ti, and O from initial Y.O3 and Fe-Ti
master alloy powder can be synthesized by ball milling and powder metallurgy techniques. And
this nanocluster-strengthened ferritic steel exhibited good fracture toughness at low temperature
and high strength as well as respectable radiation resistance. Nevertheless, these traditional alloys
may not meet all the requirements of the harsher working condition for the next generation of
nuclear reactors, and the development of new alloys as nuclear structure materials becomes

indispensable.

1.3.2 High entropy alloys

One new type of alloys, high entropy alloys (HEAS), have attracted great attention recently.
HEA contains several principal components, usually no less than 5 elements, with equal or close
molar concentrations to form a simple solid solution structure like face-centered cubic (FCC) or
body-centered cubic (BCC)[47, 48]. Many studies reported these alloys exhibit excellent chemical
and mechanical properties such as high elevated-temperature strength[49, 50], low-temperature
toughness[51], excellent wear[52, 53], corrosion[54, 55], as well as oxidation resistance[56],
which make them promising candidates for structural materials in nuclear reactors. Their unique
properties are closely associated with the local structures within these alloys, particularly local
lattice distortions [57-59]. The schematic of the interactions of the severely distorted lattice
structure of HEAs with dislocations, electrons, phonons, and x-ray beam was shown in Figure

1.4[60].



Figure 1.4 Schematic of the interactions of the severely distorted lattice of HEAs with dislocations,
electrons, phonons, and x-ray beam[60]

Motivated by HEA’s applications in nuclear energy, some researchers have recently started
investigating the radiation behavior of HEA, which led to a very limited number of reports showing
good radiation resistance and the ability of HEA as a potential structural material candidate under
extreme radiation conditions [61-64], suitable for next-generation nuclear system applications.
Study on Zr-Hf-Nb[62], a model equiatomic ternary alloy, showed irradiation resistance up to a
dose of 10 dpa. Study on CoCrCuFeNi HEA[63] also exhibited this alloy can tolerant irradiation
resistance up to 40 dpa. In addition, voids were not observed for FeNiMnCr HEA[65] although
the irradiation dose reached up to 10 dpa, and a lower volume swelling of AlxCoCrFeNi HEAS[66]
was also revealed compared to conventional structural materials under similar irradiation
conditions. These encouraging results make HEASs very attractive in the applications as nuclear
structural materials. However, the issues of radiation-induced hardening and embrittlement,
radiation creep, phase instability as a result of precipitation, volumetric swelling in HEA are still
there. And structural alloys in real nuclear reactor environment requires further investigations.
Therefore, the other major focus of this doctoral dissertation is the phase stability and

microstructural evolution of HEA under intense radiations.



1.4 Radiation effects in nuclear materials

In the nuclear fuel cycles, nuclear materials can be affected by a number of different types of
irradiations (e.g. alpha, beta, gamma, and neutron). In the current dissertation, the types of
radiations relevant to the apatite-based nuclear waste forms and HEA-based structural materials
are beta-decay of the fission products and alpha-decay of the actinide elements, which cause
significant physical and chemical changes in the waste forms [67-69], as well as neutron irradiation
encountered by the structural materials in the reactor core. lon irradiations provide a cost effective
way to simulate the long-term radiation damage induced by alpha-decay events and neutrons in
the waste repository and reactor environments. The high dose rate and hence defect production
rate of ion accelerators, such as the intermediate voltage electron microscopy (IVEM)-tandem
facility at Argonne National Lab, make it possible to reach high radiation damage levels within
hours comparable to those in structural materials irradiated in reactors for several years, and those
in nuclear waste forms to be irradiated by the incorporated radionuclides for up to millions of years.
Similarly, the beta-irradiation effect can be simulated by using the electron beam in a transmission
electron microscopy (TEM) [67, 70-72]. When energetic particles such as ions interact with solids,
they dissipate their energy through elastic (ballistic) and inelastic collisions. If the ions carry
sufficient kinetic energy, such that the energy transferred to the lattice atoms in the elastic
collisions exceeds the threshold displacement energy (Eq), the atoms can be directly displaced from
their lattice sites by the impinging ions. The displaced atoms, known as the primary knock-on
atom (PKA), could continue to interact with other lattice atoms, causing more displacements,
leading to displacement cascades and extended damage zones in the irradiated material. To
measure the damage level caused by displacive irradiations, the unit displacements per atom (dpa),

which is the average number of times each atom is displaced from its original lattice site, is used
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to directly compare the damage levels caused by different particles with various energies.
Typically, fusion reactors are expected to endure 50-200 dpa during an operational lifetime while
pressurized water reactor pressure vessel can experience 1 dpa [27]. On the other hand, the ions
also interact with solids through the inelastic ionization processes that excite the electron clouds,
followed by electron-phonon coupling that causes a temperature increase. Like ions, energetic
electrons can also cause atomic displacement and ionization in the irradiated materials. However,
the displacive damage caused by electrons are usually limited due to isolated point defects, rather
than extended damage zones in the case of ion irradiations. Both atomic displacement and
ionization strongly affect the phase stability and microstructures of the materials, which will be
elucidated in the apatite and HEA material systems in the following chapters.
1.5 Motivations

The stability of apatite structure under radiation conditions is key to its application as a ceramic
nuclear waste form for the immobilization of long-lived radionuclides. The radiation tolerance of
ceramic waste forms strongly depends on their chemical compositions[15, 73], grain sizes[14],
surfaces[74-77], interfaces[78-83] and grain boundaries (GBs)[84-89], etc. It has been reported
that the chemical composition significantly affects the radiation tolerance of many ceramic waste
froms, including phosphate fluorapatite[90], mono-silicate fluorapatite[91], synthetic
britholite[92], silicate apatite[93, 94], monazite[14], and pyrochlore[95]. For instance, study of
nano-sized tantalate pyrochlore[95] with different compositions showed a higher K* content at A
site, which increased the average ra/rg value and resulted in more structure deviation, reduced the
radiation tolerance. The stability of materials under radiations is also found to depend on the grain
size, and it has been widely believed that nanostructured materials exhibit higher radiation

tolerance compared to their micron-grain-sized counterparts, due to the high density of surfaces
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and grain boundaries that behave as sinks for the elimination of radiation-induced defects. This
assumption has been supported by many studies. Examples include that nanocrystalline MgGa.O4
can withstand displacive radiations with a dose up to 96 dpa, while its bulk counterpart can be
amorphized by a dose of only 12 dpa[96]; and nanocrystalline TiN had a higher radiation tolerance

against amorphization and damage accumulation than its counterpart with coarse grains[97].

However, nanomaterials are not intrinsically radiation resistant, as some recent studies[77, 98]
showed extremely reduced grain size could be less radiation tolerant. For example, nanostructured
monazite[14] was found to exhibit reduced tolerance under displacive ion irradiations when the
grain size was reduced from 40 nm to 20 nm. Such a special size effect was greatly related to the
crucial role of interfaces (e.g. grain boundary and surface) under radiation, which has not been
fully understood yet. Therefore, the development of apatite-based nuclear waste forms cannot be
achieved without understanding the various factors on the radiation stability of the apatite structure.
One main objective of the current dissertation is to acquire the fundamental understanding of the
radiation response of apatite structure for the design of radiation tolerant apatite-based ceramic
waste form for the disposal of HLW in the advanced nuclear energy systems. The main focus is
the roles of chemical composition, grain size, interface, and radiation condition on the radiation

tolerance of apatite structure.

In Chapter 3, Ce-doped Mg2Yg (SiO4)sO- silicate apatite with different Ce content (Ce=0.5 and
0.05) is used to study the composition effect, and the grain size effect is investigated by HAp with
different crystallite sizes. Section 3.1 shows radiation tolerance was enhanced by increasing the
Ce content at A' site, meaning radiation tolerance can be controlled by changing the chemical
composition. Section 3.2 shows a notable grain size effect on the radiation tolerance, in which a
negative effect of grain size reduction on the radiation tolerance of HAp is found. The excess

12



surface energy of smaller sized HAp may lower the energy gap between the amorphous state and
crystalline phase, which can degrade the radiation tolerance. Section 3.3 addresses an important
question of how different interfaces, more specifically surface and grain boundary, affect the
radiation resistance of the ceramic waste form. Radiation tolerance of HAp nanoparticles and
densified nanocrystalline HAp of the same grain size is compared, in which densified
nanocrystalline HAp shows a better radiation tolerance because of lower interface energy. Chapter
4 focuses on the different radiation conditions, in particular, displacive and ionizing radiations, on
the behavior of the apatite structure. Electron-beam-induced recrystallization of amorphous HAp
under different fluxes is reported, and the curve of recrystallization as a function of electron fluence
shows a characteristic sigmoidal shape. The recrystallization mechanism is attributed to ionization
process as a result of breaking and reforming of dangling bonds along the amorphous-crystalline

interface.

To be used as structural materials in advanced nuclear energy systems, HEA must withstand
extreme radiation conditions of high doses and temperatures. Chapter 5 focuses on the irradiation
performances of two new HEAs: AlxCoCrFeNi and HfNbTaTiVZr alloys. A notable grain growth
is observed for the nanocrystalline AlxCoCrFeNi alloys. The grain growth process is attributed to
the disorder-driven mechanism for the initial fast development and defect-stimulated mechanism
for the decelerated later stage. HfNbTaTiVZr on the other hand shows a crystal-to-amorphous
phase transformation under displacive radiations, which is greatly suppressed at elevated
temperatures due to significant dynamic annealing of the defects. The last chapter of the
dissertation (Chapter 6) summarizes the main conclusions and future research of iodine

incorporated apatite structure and future researches on HfNbTaTiVZr high entropy alloy.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES AND MATERIALS
PREPARATION

A systemic study was conducted to understand the radiation effects in apatite and HEA
structures, especially the radiation-induced phase transformation and microstructural evolution
under intensive ion and electron irradiation bombardments. Comprehensive observation of
radiation damage was carried out using IVEM-Tandem facility at Argonne National Lab and in
situ TEM at Louisiana State University. The details of experimental techniques and materials

preparation were discussed in this chapter.

2.1 Materials synthesis

Apatite was chosen as a model material system due to its considerable compositional and
structural flexibility to study the radiation damage under extreme conditions. Silicate apatite doped
with different concentrations of cerium was used to study the compositional effect upon actinide
loading on radiation tolerance of apatite. The Ce doped Mg2Ys(SiO4)sO- silicate apatite powders
were synthesized by solid state reaction. HAp was used to study the effects of grain size and
interface on the radiation tolerance of apatite. The preparation process of HAp powders and pellets
was discussed in section 2.1.1. Two HEAs, AlxCoCrFeNi and HfNbTaTiVZr, were irradiated by
ion beams to investigate irradiation-induced phase transformation, microstructural evolution, grain
growth, as well as phase segregation. The synthesis process of AlxCoCrFeNi and HfNbTaTiVZr
alloys were discussed in section 2.1.2 and 2.1.3, respectively.
2.1.1 Hydroxyapatite

HAp nanoparticles with different particle sizes were synthesized for the grain size effect
investigation. The HAp nanoparticle samples were prepared by calcination in a muffle furnace.

Bovine bones were boiled in water to remove the organic content, before being calcined in a muffle
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furnace at various temperatures of 600°C, 650°C and 1000°C. The temperature increasing rate was
8°C/min and the calcination was maintained for 60 minutes at 600°C, 45 and 60 minutes at 650°C
and 60 minutes at 1000°C. After calcination, the sample was furnace cooled to room temperature
and ground into fine powders using a mortar and pestle. The powder samples were named as HAp-

600C-60min, HAp-650C-45min, HAp-650C-60min, and HAp-1000C-60min.

Densified nanocrystalline HAp samples were fabricated by Spark Plasma Sintering (SPS)
method. The HAp nanoparticle powders were loaded into a DR. SINTER LAB Jr. SPS-211Lx
furnace and sintered at 700°C for 3 mins under pressure of 60 MPa. SPS processing was conducted
in argon atmosphere where oxygen concentration was no higher than 5 parts per million (ppm).
The temperature of powder samples was monitored by a K-type thermocouple 2 mm away in the
graphite die wall. The heating rate was kept at 200°C/min until sintering temperature was reached.
After sintering, a slow cooling rate of 50°C/min was kept until room temperature was reached to

prevent pellet cracking.

2.1.2 HfNbTaTiVZr alloy

The HfNbTaTiVZr alloy was synthesized using a vacuum arc melting furnace under a
controlled atmosphere of argon in a water-cooled copper hearth. Firstly, the elemental metal
powders (purity higher than 99.5 wt. %) were mixed uniformly in a polystyrene ball mixing jar for
15 minutes; then compressed green-body disk was made by pressing the mixed powders in a
uniaxial die at 350 MPa. After this, the disk was melted using the arc melter under the controlled
condition of argon gas for protection. The sample was flipped over and re-melted 3 to 4 times in
order to get the homogeneous composition. The solidified ingots were embedded into an epoxy
resin after the system was cooled down, and the sample was cut by a low speed saw to expose a

flat surface of the cross-section for future characterization.
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2.1.3 AlkCoCrFeNi alloy

Samples with nominal compositions of AlxCoCrFeNi (x=0, 1 and 2) HEAs were synthesized
by high energy ball milling method in an argon gas environment inside a glove box to protect the
powders from oxidation. The pure elements have a purity higher than 99.5% with a size smaller
than 40 um. The elements were put into stainless steel mill pot together with stainless steel balls
(8 mm and 12 mm in diameter and 1:4 in weight percentage respectively). The weight ratio of the
powders to the grinding ball is 1:5, so the large HEA powders were obtained after ball milling for
10 hours. Then, 5 hours of wet ball milling was used to reduce the size of the large HEA powders.
The samples with different Al concentration of x=0, 1, 2 were denominated to be Al-0, Al-1, and

Al-2 alloy.

2.2 TEM sample preparation

All of the TEM samples in this dissertation were prepared at the Shared Instrument Facility of
Louisiana State University, via different methods: solution-drop for powder samples, microtome-
cutting and focus ion beam (FIB) milling for bulk samples. The TEM samples of HAp nanoparticle
powders and nanocrystalline AlxCoCrFeNi powders were prepared by the solution-drop method.
A small amount of calcined bone apatite and AlxCoCrFeNi powders were ground into fine powders
using a mortar and pestle, and dispersed in ethanol in an ultrasonic cleaner for 5-10 minutes. Then
deposited onto a carbon-coated TEM grid from the top clear liquid in drops, dried in air. TEM
samples of densified nanocrystalline HAp were prepared by microtome-cutting method[99]. The
sample was washed thoroughly with ethanol to remove the adsorbed oils or water in case of
hindering the bonding of the resin to the sample and embedded with the LR white materials in a
polyethylene capsule. The sample blocks were then removed from the mold and the resin was

removed from the block face until the specimen was exposed using fine SiC paper. The remaining
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SiC particles on the sample surface was removed using ethanol before the sample was transferred
to the Leica EM UC7 microtome for trimming using a razor blade. The sample was fixed into the
microtome arm and initially sectioned using a worn diamond knife until a smooth surface was

obtained. Final sectioning was conducted at the set thickness of 50 nm using a new diamond knife.

The TEM samples of HfNbTaTiVZr alloy were prepared via FIB milling method using the
Quanta™ 3D Dual Beam™ FEG FIB-SEM and the Gatan Precision lon Polishing System (PIPS)
I1 (model 695) facilities. For the TEM sample preparation procedures by FIB/SEM, there are seven
steps: Pt deposition, Bulk-out, G-cut, Lift-out, Mounting, Thinning and Cleaning. Pt was deposited
on the surface of the sample for the protection of damage caused by ion milling in the FIB steps.
Bulk-out was conducted by choosing the “regular cross section” and “cleaning cross section” at a
tilt angle of 52° of the sample in the chamber to cut a feature around 20 pm (X) x 1.5 um (Y) X 6
um (Z). For the “regular cross section” mode, we used 30 kV and 30 nA parameters. And for the
“cleaning cross section”, the same voltage was used but with a smaller current of 7 nA. For the G-
cut, the sample was tilted for 7°, and the cut mode was changed to “rectangles” with 30 kV voltage
and a current of 15 nA. The sample was back to the original position, that is to say, there is no tilt
for the Lift-out. Insert Omni probe at park, drive to eucentric height, lower the sample and insert
Pt GIS needle. Deposit Pt to attach the needle on the surface of the sample and cut the other side
using ion beam. Then retract the needle and lift out the sample. The mounting was also conducted
at zero tilt and the sample was mounted onto a TEM copper grid. For the thinning, the sample was
tilted 50" to 54" and used “cleaning cross section” mode to thin the sample under a very low ion
current. A further cleaning step may also be needed. Load the sample into the TEM for observation.
If the sample is still too thick, we can use the Gatan PIPS 11 for a further thinning until the sample

is ready for TEM characterization. The PIPS was operated with two Ar+ ion guns ranging from 1
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to 5 keV. The samples were milled with 4-5 keV to form a hole. After forming a hole, the sample
was finely polished with 1.5 keV for 2 minutes to remove surface damage induced by the ion

milling.

2.3 Irradiation experiments

To simulate the irradiation effect of neutrons, alpha-decay and beta-decay events, high energy
ion beam and electron beam were used to irradiate the samples. The IVEM-tandem facility at
Argonne National Lab and a JEM-2010 transmission electron microscope were used to conduct
the irradiation experiments.
2.3.1 IVEM-tandem facility

The IVEM-tandem facility located at Argonne National Lab is a powerful tool to study
radiation damage in materials. It consists of a 2 MeV tandem accelerator and ion implanter
interfaced to a Hitachi H-9000NAR TEM, allowing in situ TEM observation of the radiation
effects. The structure of the IVEM and its schematic illustration of the specimen area inside the
microscope are shown in Figure 2.1. Figure 2.1 (a) shows the Hitachi H-9000NAR and its
associated ion beam line, which linked to a 2-MeV tandem ion accelerator located on the second
floor of the building. Figure 2.1 (b) shows the schematic of the sample area of the IVEM, which
has a side-entry stage with a slightly expanded objective pole piece that provides room for the ion
beam line[100]. The ion dose can be recorded by the ion Faraday cup assembly as shown in Fig.
2.1 (b). The ion beam is oriented to the microscope axis at an angle of 30", which allows continuous
observation of the samples as the beam hits it. The ion species and energy can be selected, which
enables the deliberate control of the radiation conditions. A thermocouple attached to the specimen
cup is used to measure the sample temperature. And a heating stage allows this facility to conduct

the irradiation experiments at a wide range of temperatures.

18



Ion —Beam Column

ﬂ Electron
TEM Beam Axis

Column

lon
Beam Axis

Microscope
Defiector Coils

lon Faraday
Cup Assembly

Figure 2.1(a) Intermediate Voltage Electron Microscopy (IVEM)-Tandem facility located at
Argonne National Laboratory, (b) schematic of the sample area of the IVEM[100]

2.3.2 Characterization of radiation damage under ion irradiation

Irradiation-induced amorphization, microstructural evolution as well as phase transformation
of apatites and high entropy alloys under 1 MeV Kr?* ions irradiation were observed via in situ
TEM at Argonne National Lab. In order to irradiate the sample simultaneously, the specimen was
tilted between 5" and 20" from the electron beam. TEM bright field (BF) images and selected area
electron diffraction (SAED) patterns were captured by using imaging plates for the in situ
observation of the radiation damage under intensive ion bombardment while dark field (DF)
images were obtained by inserting an objective aperture to cover the low index diffraction rings of
the SAED. Besides, the sample temperature was controlled by a Gatan TEM sample holder so that
the irradiation behaviors at different temperatures can be monitored. A Gatan liquid helium (LHe)

cooling stage and a Gatan heating stage were used for temperatures between 50 and 250 K, and
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between room temperature and high temperature, respectively. The electron beam was turn off to
avoid electron beam irradiation damage under ion irradiation and electron diffraction patterns were

taken from different areas of the specimen.

2.3.3 Characterization of radiation damage under electron irradiation

The electron-beam irradiation was conducted under an acceleration voltage of 200 kV in a
JEOL JEM-2010 TEM at the Shared Instrument Facility of Louisiana State University. Current
density was recorded as that on the fluorescent screen, showing the density of electronic charge
through the interesting region, and current density was chosen to be J=30 pA/cm?, 100 pA/cm?,
120 pA/cm?, 400 pA/cm?, respectively. Different radiation conditions were controlled by changing
the current density, and the current density was controlled by the diameter of the beam as well as
the size of the condenser aperture of the TEM. Microstructural evolution and phase transformation
of different sized amorphous HAp specimens (20 nm, 60 nm, and 280 nm) before and after electron
beam irradiation were characterized by in situ high-resolution TEM and SAED patterns. TEM was
also used for the ex situ characterization of the apatite and HEA samples before and after irradiation.
JEOL TEM 2011 LaB6 equipped with a bottom-mounted Gatan SC1000 CCD camera and an
EDAX EDS system was used for the BF image, DF image, high-resolution TEM image and SAED

pattern.

2.3.4 Dose calculation and simulation using SRIM software

The doses in the unit of dpa were calculated using the Stopping and Ranges of lons in Matter
(SRIM) software to quantify the radiation damage in apatite and high entropy alloys. SRIM is a
Monte Carlo calculation which calculates the interactions of an incident ion with the solid
comprising of stationary target atoms. Some parameters needed to be input before the simulation,

such as the atomic and mass number for incident and target atoms, initial energy for the incident
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ion, displacement energy for the target atom, and the thickness of the target material. Displacement
damage of the 1 MeV Kr ions is calculated with the SRIM-2008 program. Based on the SRIM-
2008 calculation, ion range (~300 nm) of 1 MeV KT is greater than the thickness of the samples,
meaning all the ions will pass through the sample examined. The SRIM results show the number
of displacements produced per unit length per ion and the penetrated depth into the irradiated
material. The SRIM code requires the definition of the displacement energy for each element in
the material. Irradiation doses were calculated from irradiation fluence based on the following

equation, where F¢ is irradiation fluence, which can be employed from in situ TEM experiments.

F, x [displacements by single ion per nm] x 103

dpa = [atomic density]

When complete amorphization occurs, the critical amorphization fluence was determined by the
disappearance of all of the diffraction maximum in the SAED patterns. DPA was converted from
the observed critical amorphous fluence using SRIM-2008 simulations using displacement
threshold energies of 50 eV for Ca, P, O and H in Ca10(PO4)s(OH)2 under a sample density of 3.16
glcm?, 50 eV for Mg, Y, Ce, Si, and O in Mg.YxCesx(SiO4)sO2, which was based on previous
theoretical computations[73, 101], and 40 eV for each metal element[102] in high entropy alloys.
The damage production for HAp and high entropy alloys under 1 MeV Kr ions by using SRIM

software were listed in Appendix A.

2.4 Other Characterization techniques

Other materials characterization techniques like X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDS) were used for the
microstructure and crystal analysis. XRD technique was employed to characterize the apatite and
HEA samples before ion irradiation to identify the phase and lattice constant. For the HAp
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nanoparticle and AlxCoCrFeNi alloys, a fine powdered crystalline sample was used for the X-ray
powder diffraction experiments. Monochromatic X-rays are diffracted at the small uniformly
distributed crystallites in the powder, and a number of crystallites orientated in the right position
will meet the Bragg’s law for a specific family plane of the crystal structure. For the densified
nanocrystalline HAp and HfNbTaTiVZr alloy, a bulk pelleted crystalline sample was used for the
diffraction experiments. The crystal structure was characterized by an X-ray diffractometer with
the 20 scan varying from 20™-100" with a scan step of 0.05" at an accelerating voltage of 45 KV and
current of 40 mA. SEM technique is a powerful method to study the morphology of the sample.
The microstructural evolution and compositional characterization for the HAp and high entropy
alloys were investigated using the Quanta™ 3D Dual Beam™ FIB-SEM facility equipped with
field emission gun (FEG). The composition of the bulk HINbTaTIVZr alloy was analyzed by the
SEM-EDS and the compositions of the nanoparticle AlxCoCrFeNi alloys, TEM sample of

HfNbTaTIVZr alloy, and HAp were analyzed by the TEM-EDS.
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CHAPTER 3 RADIATION-INDUCED AMORPHIZATION OF APATITE
UNDER 1 MEV KR?* IONS

This chapter addressed the fundamental understanding of radiation-induced amorphization of
apatite structure for the design of radiation tolerant apatite-based ceramic waste form for the
disposal of HLW in the advanced nuclear energy systems. The roles of chemical composition,
grain size, and interfacial structure on the radiation tolerance of apatite structure were studied. In
section 3.1, Ce-doped Mg2Ys (SiO4)eO> silicate apatite with different Ce content (Ce=0.5 and 0.05)
was used to study the composition effect while the grain size effect was investigated using HAp
as a model system by varying the crystallite size ranging from 20 nm to 280 nm, as discussed in
section 3.2. A notable size effect was demonstrated in which the radiation tolerance reduced with
the decrease of crystallite size due to the excess surface energy. Therefore, a more important
question of how different interfaces, more specifically surface and grain boundary, affect the

radiation resistance of the apatite waste form was addressed in section 3.3.

3.1 Composition effect on radiation tolerance of silicate apatite
3.1.1 Introduction

The apatite structure has the form of AlsA''s (BO4)eX2, where Al and A" are the two different
cationic sites with difference in their local symmetries and atomic scale environments because
each A! cation has nine O atoms as nearest neighbors and each A cation is surrounded by one
anion and six O atoms of three different types. In addition, the A'' cations and anions are located
in the flexible tunnels[73]. Silicate apatite Mg>Yg(SiO4)sO2 is an extremely durable material that
has important applications in ionic conductors[103, 104] and host phases for actinide
immobilization and fission products[105]. As a host phase for actinides, silicate apatite must

endure high radiation doses associated with alpha decay of the actinides and beta decay of the
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fission products. Natural apatite minerals are greatly resistant to alpha-decay and neutron
irradiation[106]. Studying the radiation effects on silicate apatite is of great importance since
radiation induced amorphization of silicate apatite results in volumetric swelling and increases the
aqueous dissolution rates[107]. The ion beam irradiation-induced amorphization in many different
complex oxide structures [108-110] and compositions [16, 111] has been investigated, and
numerous models have been developed to explain various aspects of the amorphization process.
Radiation stability of materials is very important for their application in nuclear waste forms
because the host material’s stability and long-term durability can be negatively affected by the
radioactive decay of the incorporated radionuclides in nuclear waste which generates displacive
and ionizing radiations. Radiation stability may be related with factors like chemical
composition[112], different energy loss mechanism[73, 92], structural disorder[96], and grain
size[14, 113]. Therefore, the radiation effects in different apatite compositions are very interesting
and efforts have been made to study the radiation stability of different apatite composition as
nuclear waste forms, like fully phosphate fluorapatite[90], mono-silicate fluorapatite[91],
synthetic britholite[92] and fully silicate apatite[93, 94]. Rare-earth silicates with the apatite
structure have been observed as actinide host phases in a devitrified borosilicate HLW glass[114],
a multiphase ceramic waste form[115], a glass-ceramic waste form[116], and a cement waste
form[117]. Radiation effects on Ca;REsg(SiO4)sO2 have been studied in detail by Cm-doping [118]

and ion beam-irradiation experiments [119, 120].

When silicate apatite is used as a nuclear waste host, its chemical composition is changed by
the incorporation of radionuclides, which can alter many of the properties of the apatite structure.
For instance, the high ionic conductivity of apatite can be achieved by the trivalent cations at the

A-sites which resulted in nonstoichiometric composition and disordered anions in the channels at
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interstitial sites [121-123]. When smaller atoms were replaced by large atoms at the A-site or B-
site, the apatite unit cell usually expanded due to the large unit cell parameters of the large atoms.
More importantly, change in the chemical composition may also offer an effective way to improve
the material’s radiation stability. To understand how the radiation stability of silicate apatite is
affected by the incorporation of actinides such as Pu, we performed the ion beam irradiation
experiments on two silicate apatite compositions, Mg2Y75Ceo.5(Si04)sO2 (named as Ce-0.5) and
Mg2Y7.95Ce0.05(S104)sO2 (named as Ce-0.05), in which Cerium is used as a surrogate for Pu [124].
The resulting change in the A! and Al site composition significantly affects the radiation damage
and defect annealing processes in the silicate apatite structure. The bright field images of the two

silicate apatite were shown in Figure 3.1.

(a) (b)

Figure 3.1 Transmission electron microscopy images of (a) Mg2Y75Ceos5(SiO4)sO2 and (b)
Mg2Y7.95Ce0.05(Si04)sOz silicate apatite

3.1.2 Amorphization process of Ce-doped Mg2Y(SiO4)sO2 at room temperature

Ce-doped Mg2Ys(SiO4)sOz silicate apatite with different Ce content were irradiated by 1 MeV
Kr?* at room temperature. As observed with in situ TEM, they all underwent a
crystalline/amorphous (c/a) phase transformation under 1 MeV Kr?* irradiation as a result of the
ballistic interaction and the subsequent atomic displacements. However, with the varying of the
chemical composition, that is the different content of Ce, the critical dose of amorphization
changed, which indicates that the radiation ability depends on the composition of the A and A"
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sites. Figure 3.2 showed a series of TEM dark field images and SAED patterns taken at different
ion doses for Ce-0.5 silicate apatite. Figure 3.2 (a) clearly showed the spotted crystalline diffraction
pattern and high-contrast TEM dark field image, which indicated the crystalline structure of the
pristine Ce-0.5. Small amorphous domains began to appear at a low dose of 0.032 dpa (Figure 3.2
(b)), indicating that the direct ion beam irradiation process may be responsible for amorphization.
At a dose of 0.064 dpa, extended radiation damage was observed from TEM dark field image and
SAED pattern, in which a significant diffuse halo ring appeared in SAED pattern and accompanied
by the weakening of the diffraction pattern (Figure 3.2 (c)). Finally, the TEM dark field image
showed a fully amorphous matrix with SAED diffusion halos completely replacing the diffraction
spot pattern when the dose reaches 0.096 dpa, which is the critical amorphization dose (D) for
Ce-0.5 silicate apatite at room temperature. The room temperature ion irradiation of Ce-0.05
showed a similar amorphization process to that of the Ce-0.5 at room temperature, with a lower
critical dose of 0.064 dpa. The irradiation-induced amorphization process for Ce-0.05 was shown

in Figure 3.3.
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Figure 3.2 Room temperature TEM dark field images and SAED patterns show the 1 MeV Kr?*
ion beam irradiation-induced amorphization process of the Mg2Y7.5Ceo.5(SiO4)sO2 silicate apatite.
(a) unirradiated, (b) 0.032 dpa (1x10%* ions/cm?), (c) 0.064 dpa (2x10* ions/cm?), (d) 0.096 dpa
(3x10%* ions/cm?)

Original

Figure 3.3 Room temperature SAED patterns show the 1 MeV Kr?* ion beam irradiation-induced
amorphization process of the Mg>Y7.95Ceo.05(S104)6O2 silicate apatite. (a) unirradiated, (b) 0.032
dpa (1x10%** ions/cm?), (c) 0.048 dpa (1.5x10* ions/cm?), (d) 0.064 dpa (2x10'* ions/cm?)
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3.1.3 Temperature dependence on radiation tolerance of silicate apatite

Temperature plays a critical role in the radiation tolerance since it affects the defect dynamics
and the radiation damage process. In general, a higher Frenkel pair recombination rate and defect
interaction with the material’s structure result from the increased mobility of radiation-induced
defects at elevated temperature. This process leads to the suppression of radiation damage due to
a dynamic annealing effect. When the temperature exceeds a critical value, which the radiation
defect production is smaller than the annealing rate, materials that are subject to radiation induced
amorphization at room temperature will become highly radiation resistant, i.e. the materials can’t
be amorphized even at extremely high doses. Therefore, the critical temperature (T¢) is an indicator
of materials’ radiation tolerance, and the lower the Tcis, the higher the radiation tolerance. In order
to understand the temperature dependence of the Ce-doped Mg2Ys(SiO4)eO> silicate apatite, the
two Ce-doped silicate apatite samples, Ce-0.5 and Ce-0.05, were studied using 1 MeV Kr?* ion
beam irradiation. The enhanced radiation tolerance at elevated temperature was confirmed by the
in situ TEM observation for these two silicate apatites. For example, at 798 K, Ce-0.05 remained
highly crystalline until the dose reached 0.16 dpa and 0.192 dpa, which is almost 3 times as the

critical dose of 0.064 dpa at room temperature, as shown in Figure 3.4.

(a) 0.16dpa (b) amorphous

Figure 3.4 SAED patterns of Mg2Y7.95Ce0.05(S104)6Oz silicate apatite showing (a) crystallinity at
0.16 dpa (5x10* ions/cm?) at an elevated temperature of 798 K and (b) amorphization at 0.064
dpa (3x10% ions/cm?) at room temperature
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In addition, in situ TEM also showed the significantly different temperature dependence of
the irradiation-induced amorphization processes for the two silicate apatites with different Ce
content at the A' and A" sites. The Ce-0.5 becomes highly resistant to amorphization above ~ 667
K, whereas the Ce-0.05 can still be amorphized at almost 848 K. The D¢ values of these two silicate
apatites at different temperature can be seen from Figure 3.5. The temperature dependence curve

was fit by an empirical exponential function [20, 125] in the form of

1 exp[("/ i) /p. = /)

D,

where Do is the critical amorphization dose extrapolated at T = 0 K, Ea is the activation energy for
defect annealing, and T is the critical amorphization temperature. From the fitting curve, the T
for Ce-0.5is 667.5+33 K while T for Ce-0.05 is 963.6+64 K. The T decreases with the increasing
of Ce content (shown in Figure 3.6), which indicates enhanced radiation tolerance with a higher

Ce content.
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Figure 3.5 Temperature dependence of D, for Ce-doped Mg2Y(SiO4)sO> silicate apatite
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Figure 3.6 T dependence on Ce content in Ce-doped Mg2Y(SiO4)sO- silicate apatite

The critical dose varies with the increase of temperature, which is associated with increased
defect mobility and recrystallization at the c/a interface of amorphous cascade structures[93]. The
process is the result of simultaneous radiation-induced defect production and dynamic recovery
process with an activation energy, Ea, which are related to defect migration/recombination in the
crystal structure or recrystallization at the c/a interface. It is also noted that the critical dose of Ce-
0.5 and Ce-0.05 are close at room temperature but become significantly different at elevated
temperature. The critical dose of Ce-0.05 increases to 0.144 dpa while the critical dose of Ce-0.5

largely increases to 0.26 dpa at 573 K, indicating different dynamics of the defect annealing.

3.1.4 Composition dependence on radiation tolerance of silicate apatite

The greater radiation susceptibility to radiation-induced amorphization for
Mg2Y7.95Ce0.05(Si04)s02 as compared with Mg2Y75Ceos(SiO4)6O2 may be attributed to the
variation of the Ce3* concentration, which results in the change of unit cell volume. The Ce®" ions
are completely dissolved in the Mg2Y's (Si04)sO2 host lattice without inducing significant changes
in the hexagonal crystal structure. However, a higher Ce3* doping concentration leads to an
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