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Abstract
In this thesis, factors affecting the formation and stability of CaMoO4 in a borosilicate
glass containing various charge balancing cations were investigated, as a means to assess
alternative glass ceramic (GC) materials for future nuclear waste storage. Molybdenum is a fission product with low solubility in waste glasses, which can thus lead to
the formation of water-soluble alkali molybdates that can act as carriers for radioactive
isotopes. In order to increase waste loading as the nuclear industry continue to grow,
and the volume of waste increases proportionally, compositions are sought that trap
problematic molybdenum in a water-durable phase, such as powellite (CaMoO4 ). This
would enable increased molybdenum incorporation, while the physicochemical durability of the wasteform is maintained. As the encapsulated waste will continually undergo
internal radiation, candidate materials must also show resistance to radiation damage
occurring over thousands of years.
In this fundamental study, the effects of composition and radiation on phase separation were examined by simplifying the base glass to constituent oxides that may
affect molybdate formation or speciation, as well as splitting the components of α and
β-decay into integral parts that replicated both nuclear and electronic interactions.
Several series of glasses and GCs were synthesised that varied [MoO3 ], [B2 O3 ], and
[CaO] in calcium borosilicate and soda lime borosilicate base glasses normalised to
inactive French waste glass SON68. In systems without sodium, glasses were found
to form a unique embedded microstructure, which reflected the immiscibility of the
SiO2 −CaO−B2 O3 system. In these glasses, ∼ 2.5 mol% MoO3 could be incorporated
without precipitation of crystalline molybdates. Increasing [B2 O3 ] was observed to
increase regions of immiscibility, and the order of MoO42 – units. In comparison, increasing [MoO3 ] increased both the phase separation and crystallisation temperature,
resulting in phases closer to metastable equilibrium, and initiated clustered crystallisation for [MoO3 ] > 2.5 mol%.
In contrast to these calcium borosilicate systems, the selective formation of CaMoO4
over Na2 MoO4 was successfully achieved in soda lime borosilicate glasses by introducing up to 10 mol% MoO3 in a 1 : 1 ratio to CaO. Crystallisation took place in
xv

compositions with ≥ 1.75 mol% MoO3 , and the resulting spherical particles were uniformly distributed throughout the matrix, with both particle (PS) and crystallite size
(CS) proportional to [MoO3 ]. This result indicated that Na+ ions were necessary to
limit phase separation in the glass, and to control the fictive temperature (Tf ) of the
amorphous system.
To separate the components of ionisation events and displacements resulting from
long-term internal β and α-decay, several radiation experiments were employed. 2.5
MeV electron irradiation with doses between 0.77 – 1.34 GGy were used to simulate
long-term β-decay, while irradiation with 7 MeV Au (3 × 1014 ions/cm2 ) and 92 MeV
Xe ions (5 × 1012 − 1.8 × 1014 ions/cm2 ) were used to replicate the effects of α-decay.
The desired dose regimes were similar to those in which the activity from cumulative electronic (∼ 100 years) and nuclear interactions (∼ 1000 years) saturate given
current waste loading standards [1], and in which a concurrent plateau in structural
modifications has been detected for borosilicate glasses [2–4]. These experiments were
therefore used to test the hypotheses of whether radiation damage consistent with 100
– 1000 years of disposal would: (i) induce phase separation in homogeneous systems;
(ii) increase the extent of phase separation in glasses or induce additional precipitation
of crystalline molybdates; (iii) induce local annealing along ion tracks that could cause
amorphisation of crystalline phases, or increased mixing between amorphous phases;
or (iv) some combination of the above. These experiments could also be used to investigate whether an analogous saturation in modifications could be detected for these
new GC compositions.
In amorphous systems, both β and Swift Heavy Ion (SHI)-irradiation were found to
produce favourable outcomes by creating increased structural disorder within CaMorich regions, as well as promoting defect-assisted ion migration that together prevented
any type of crystallisation. β-irradiation was also found to increase the connectivity of
the borosilicate network through cleavage of 6-membered boroxyl and SiO4 rings that
enabled the reformation of smaller rings and isolated network formers, whereas SHIirradiation promoted the reformation or resistance of boroxyl rings, therefore aiding in
phase segregation. This increase in mixing of network formers following β-irradiation
occurred alongside an increased reduction of Mo6+ to Mo5+ with dose that can be correlated to an increase in Mo solubility. It can be summarised that while β-irradiation
reduced the tendency for glass-in-glass phase separation, SHI-irradiation was observed
to promote some de-mixing. Similarly, the different types of irradiation caused opposite trends on Ca and Mo bulk-to-surface migration. Therefore, it can be predicted
that the components of internal radiation will produce opposing forces on long-term
structural modifications within the glass, thus creating a system in steady state. More
xvi

importantly, the residual matrix in GCs had a similar behaviour to glasses without
CaMoO4 , which therefore indicates reliability of the amorphous network against radiation, independent of possible precipitates. It also implied a compatibility between the
borosilicate network and powellite.
In GCs, it can be concluded that powellite is stable against replicated radiation
damage with only minor modifications observed. The main mechanisms of alteration
involved: (i) thermal and defect-assisted diffusion; (ii) relaxation from the added ion’s
energy; (iii) localised damage recovery from ion tracks; and (iv) the accumulation of
either point defects or vacancies that created significant strain, and led to longer-range
modifications. At low doses, β-irradiation caused relaxation of the crystalline phase,
thus increasing the Scherrer crystallite size (CS) and reducing the cell parameters of
powellite. In constant, accumulated point defects were predicted to cause disruptions
to crystal stacking, and therefore the coherence length of crystals at high doses.
1 dpa of damage induced by Au-irradiation comparatively caused significant unit
cell and CS expansion. This result suggests the formation of defect clusters created
by accumulated atomic displacements that aided in the swelling of powellite. In comparison, Xe-irradiation was observed to have a non-linear effect on crystallinity as the
components of defect-induced damage, and thermal annealing from overlapping ion
tracks competed. In some cases, SHI-irradiation also induced minor amorphisation of
small crystallites, or those close to the crystal cluster to amorphous interface. Nevertheless, a saturation in modifications was observed within both the crystalline and
amorphous phases around 8 × 1014 Xe ions/cm2 , thus indicating an equilibrium state
of damage when every atom has been altered. Furthermore, β, Au, and Xe-irradiation
were found to have opposing trends on the CS and cell parameters of powellite, which
indicates that in real systems undergoing radioactive decay the different types of internal radiation will likely preserve the structure of powellite.
It can be concluded that no precipitation or increased phase separation was observed
by any radiation experiment in single-phased glasses. In isolated cases, radiation was
observed to induce precipitation of CaMoO4 , but these crystallites were reamorphised
at higher doses. At high SHI fluences, minor amorphisation of powellite was observed,
but this occurred alongside bulk-to-surface reprecipitation of CaMo-species. These results suggest that powellite containing borosilicate GCs showed resistance to radiation,
and that excess molybdenum from increased waste loading can be successfully incorporated into these structures without significantly altering the overall durability of the
wasteform. Furthermore, the identified saturation in modifications for these GCs can
be used in future investigations on more complex systems, where the maximum damage
state is required to assess long-term durability and environmental impact modelling.

xvii

xviii

Abbreviations and Units
α

Particle consisting of two protons and two neutrons (He2+ )

β

Beta-particle or single electron

Bo

External magnetic field

BNWL

US Atomic Energy Commission (reports)

BOHC

Boron-oxygen hole centre

BSE
c

Back-scattered electrons (operating mode of SEM)
Speed of light (3 × 108 cm/s)

CBS

Centric backscatter detector

CEA

French Alternative Energies and Atomic Energy Commission

CS
dhkl
δ
∆E
E’
EA
EBSD
EDS
EMPA
EPR
EXAFS
f
FP

Scherrer crystallite size
Spacing between atomic planes in crystal structures
Chemical shift (in ppm)
Energy difference between states
Hole trapped at an oxygen vacancy in a crystal or glass structure
Activation energy
Electron back-scattered diffraction
Energy-dispersive X-ray spectroscopy
Electron microprobe analysis
Electron paramagnetic resonance spectroscopy
Extended X-ray absorption fine structure
Frequency of waves
Fission product
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fwhm

Full-width at half maximum of peaks

G

Gauss, also a unit for the magnetic flux density (1 G = 0.0001 T )

ge

Landé factor or electron g-factor

GAD
γ
GC

Gaseous analytical detector
Gamma wave of electromagnetic radiation (high-energy photon)
Glass-ceramic or glass composite material (in this context the term is used
to describe a crystalline phase embedded in a glass)

Gy

Gray, unit of absorbed radiation dose (J · kg −1 in S.I. units)

h

Planck’s constant (6.62 × 10−34 m2 · kg · s−1 )

H

Enthalpy, thermodynamic property for the energy of a system (J/g)

HCn
HLW
Hz
I
IAEA
K

Hole centres near alkaline ions
High-level nuclear waste
Hertz, frequency unit for one cycle per second (s−1 )
Nuclear spin
International Atomic Energy Agency
Force constant

λ Wavelength of electromagnetic waves
MA
MAS NMR
MD
MeV

Minor actinide
Magic-angle spinning nuclear magnetic resonance spectroscopy
Molecular dynamics
Megaelectron volt, where an electron volt is the kinetic energy of an
electron accelerated across a potential of one volt

µ Magnetic moment
µe

Electronic Bohr magnetron

µm

Reduced mass

NBO
NBOHC
NDA
ν

Non-bridging oxygen
Non-bridging oxygen hole centre
Nuclear Decommissioning Authority
Vibrational spectroscopy characteristic wavenumber
xx

νm

Microwave frequency

Oxy

Silicon peroxy radical

PKA
PS
R7T7
RE
SDT

Primary knock-on atom
Particle size, where a particle is a cluster of crystallites
French nuclear waste glass composition
Rare-earth elements
Simultaneous differential scanning calorimetry (DSC) and
thermogravitational analysis (TGA)

SEM
SHI
SON68
SRIM
T

Scanning electron microscopy
Swift heavy ion
Non-radioactive form of French nuclear waste glass R7T7
Stopping and range of ions in matter
Tesla, unit for magnetic flux density or field intensity
(1 T = 1 kg · s−2 · A−1 )

TC

Crystallisation temperature at which crystallisation commences

Tf

Fictive temperature (intersection of liquid and glass expansion lines)

Tg

Glass transition temperature of an amorphous system

Tm

Melting temperature

TP S
θ
TM

Phase separation temperature
Angle of incidence between the normal and incoming ray
Transition metal elements

TRIM

Transport of Ions in Matter

WNA

World Nuclear Association

XRD

X-ray diffraction

Z
ZAF

Atomic number
Atomic absorption fluorescence
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Chapter 1
Introduction
As climate change becomes increasingly problematic, more countries are implementing
nuclear power to reduce their carbon footprint. As of 2017, there are around 440 nuclear
power plants currently operating in around 30 countries, accounting for over 11% of the
world’s electricity. An additional 50 reactors are under construction in locations with
existing nuclear fleets such as Russia, China, and India, but also in emerging markets
that have primarily relied on coal, oil, and natural gas, such as the UAE, Lithuania,
Turkey, Poland, Jordan, and Egypt [5]. This rate of growth is expected to continue as
countries like France and the UK pledge to electrify transportation by 2040 in an effort
to minimise carbon emissions [6]. As this shift in priorities takes place, there will be
an increasing need for stable base load power, which renewables alone cannot meet.
This increased capacity of nuclear power will create a global need to manage significant amounts of radioactive waste with as little damage to the environment as possible.
There are currently two strategies in place to deal with the average ∼ 11,500 t of radioactive heavy metal produced annually from civil nuclear reactors [7]. The first is
an open fuel cycle in which spent fuel is directly deposited for long-term storage, while
the second is a closed fuel cycle that involves the reprocessing of spent fuel to extract
uranium and plutonium [8]. Internationally, Canada, USA, Finland, and Sweden have
opted for direct disposal, whereas France, Russia, Japan, India, and China currently
reprocess their fuel [7]. Nationally, the UK will shortly shift to direct disposal with
the recent decision to close reprocessing facilities [9]. The choice of fuel cycle is driven
by cost, the quantity of waste, and the chosen storage site. National politics regarding
the definition of used fuel as an asset for future use (as mixed-oxide (MOX) fuel in
fast reactors) versus waste for disposal can also govern the chosen waste management
strategy.
By reprocessing, the volume of material for final storage significantly decreases,
thus reducing the cost of storage, and the physical space required for holding. It also
1
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enables the creation of MOX fuel, thus increasing fuel utilisation [8]. Reprocessing is
one way to increase fuel efficiency, and reduce the final waste volume, another is to
increase the waste loading in a given wasteform. Alternatively, fuel can be used for
longer periods of time in a reactor, although increasing the fuel burn-up would produce
different waste streams that require different materials for containment.
Independent of the type of fuel cycle used or the waste stream composition, the
final waste canisters will be buried in a near surface or deep geological repository (∼
500 m) for millennia. This places a heavy burden on the wasteform to contain radioactive elements over long timescales, as nuclear waste will be radioactive for longer
than several human lifetimes [7, 10]. In order to limit the contamination risk, continued
research is required to address material durability, and any potential environmental impacts around long-term storage. Primary research areas address the physicochemical
durability of the wasteform against internal radioactive decay, the cost and technical
effectiveness of confinement for a given wasteform and waste stream, and the location
for final deposition given that the geology can act as a contamination barrier. Moreover, as new developments are made to reactor design and performance, greater stress
will be placed on materials for waste storage as different waste streams will arise with
higher concentrations of insoluble species [11]. This shift will require the development
of alternative wasteforms. The storage of nuclear waste is therefore a complex process
dependent on the initial waste loading, source of waste, and choice of reprocessing.
Furthermore, the selection of a matrix for confinement will require long-term performance testing against internal radiation damage, and corrosion tendencies in order to
maintain certain material properties required for geological deposition.
Vitrification of high-level nuclear waste (HLW) in a borosilicate or phosphate-based
glass is the widely accepted and reliable technique used for the immobilisation of
radioisotopes produced during fission in nuclear reactors or in military applications
[1, 2, 10]. In France, a borosilicate composition was chosen in the late 1980’s, while in
the USA there are two possible borosilicate and phosphate glass compositions that are
used for different waste streams. Similarly, Russia has chosen an aluminophosphate
glass [10]. While the composition varies depending on the waste stream components
and source, the materials are primarily amorphous with the glasses acting as a nongeological barrier to the dispersion of radionuclides. Amorphous structures are ideal
wasteform candidates as they are able to incorporate a wide array of nuclides with
varying charge. Additionally, they show resistance to internal radiation, have good
thermal stability, and fairly good chemical stability when subjected to aqueous environments [12–14]. Moreover, they can be synthesised at reasonable temperatures
and pressures, which is essential for mass-scale industrial application. Although these
2
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wasteforms have proven beneficial in many regards, and have successfully incorporated
∼10,000 t of radioactive waste in around 20,000 canisters globally [12], its properties
are dependent on the glass remaining single-phased and amorphous, which limits the
nuclear waste loading to ∼ 18.5 − 20 wt% [15]. Above this limit, the accumulation
of insoluble species such as molybdenum, platinoids, and rare earths (REs) can result
in unexpected phase separation [16–18], and thus lead to the degradation of physicochemical properties [19, 20].
As the world surges forward with nuclear new-builds, there is a global desire to
minimise the final waste volume by increasing waste loading. The UK’s Nuclear Decommissioning Authority (NDA) has specifically sought to achieve waste loading up to
40 wt% [21]. There is an analogous need to deal with waste arising from post operative clean out once reactors have been decommissioned. Both scenarios will produce
waste streams rich in low-soluble caesium or zirconium molybdates [12, 21, 22]. For
this reason, there is a renewed interest in materials that can incorporate a higher concentration of insoluble species, while also showing durability against internal radiation,
and supporting an increased radiogenic heat load.
In this thesis, factors affecting the controlled precipitation of a water-durable crystalline phase containing problematic molybdenum within a borosilicate glass structure
were investigated as a means to assess increased waste loading, and storage of alternative waste streams. The durability of this composite framework against the components
of internal radiation were also examined, in order to yield information on the projected
long-term structure of this alternative nuclear waste confinement material.

1.1

Molybdenum in nuclear waste compositions

One of the limiting factors to waste loading is the concentration of MoO3 , as molybdenum has a low solubility in silicate and borosilicate glasses [21, 23]. Molybdenum
is a fission product (FP) from reactors using UO2 fuel, and is therefore present in
proportional amounts to the fuel burn-up. In the French nuclear waste glass R7T7,
nuclear waste loading is limited to 18.5 wt% for fuel with a 33 GWd/t fuel burn-up
[15], which corresponds to ∼ 1 mol% MoO3 [23]. When the solubility of molybdenum
is exceeded, it is possible for metastable phases to form leading to the crystallisation
of molybdenum-rich precipitates during glass cooling [16, 18].
The production of alkali molybdates (Na2 MoO4 , Cs2 MoO4 ) and chromates, known
collectively as yellow phase (see Figure 1.1), are particularly problematic owing to
their high water solubility, and ability to act as carriers for radioactive caesium, strontium, or minor actinides (MAs) and lanthanides (Ce3+ , La3+ , Sm3+ , Nd3+ , Gd3+ , Y3+ )
3
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[12, 24, 25]. The formation of yellow phase thus alters the safety case for final geological deposition by increasing both corrosion probabilities, and the potential for
radioisotopic contamination of groundwater [12, 16, 21, 26]. Not only will the formation of molybdates alter the chemical durability of the wasteform at the surface, but
uncontrolled crystallisation can also lead to swelling, and eventual cracking at the glass
to crystal interface [27]. This phenomenon can be accentuated by internal irradiation,
as these processes can create additional strain within the system [10].

Figure 1.1: On the left is a homogeneous UK nuclear waste glass fragment, and on the right
is a specimen of laboratory produced French glass R7T7 with 3 wt% MoO3 that subsequently
exhibited yellow phase [28].

While formation of yellow phase can prove detrimental to chemical durability, alkaline earth molybdates such as CaMoO4 are comparatively water durable (∼ 13, 500×
less soluble [29]). They have also been observed to form in a borosilicate matrix without
significantly altering glass properties [21, 26, 28]. This notion has lead to a renewed
interest in glass ceramic (GC) materials in which selective and controlled formation
of secondary phases can be used to accommodate waste streams with a high concentration of insoluble elements. In this context, a GC is a type of glass composite
material, which encompasses process and composition-induced structures, as well as
those achieved from mixing existing crystallites with glass frit, although the terms
have been used interchangeably in literature [12, 17, 18, 21, 22, 27, 30–33].
Investigations into alternative material compositions are led by a desire to decrease
the final number of canisters for storage through increased waste loading, and to accommodate waste from increased fuel efficiency resulting from higher burn-up or use
of reprocessed fuel. High-level waste (HLW) streams with a higher concentration of
molybdenum or refractory oxides, such as legacy waste produced from gas-cooled reactors using U-Mo fuel, or from post operation clean out, are concurrent contributors to
research motivation [12, 19, 21, 28]. In France, the cold crucible method was developed
for this purpose. This technique allows U-Mo legacy waste and glass additives (for a
zirconium-enriched aluminoborosilicate) to be melt by direct high frequency induction,
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thereby enabling high temperatures to be reached without corrosion to the melter [34].
Ceramic alternatives based on natural analogues such as Synroc have also been
proposed for some HLW streams. Unfortunately, they require high temperatures and
pressures during fabrication, making them both costly and time-consuming to manufacture. In contrast to pure ceramics, GCs can be made using a similar technique to
the existing vitrification process, which thus limits the volatilisation of radionuclides
that can occur at high temperatures [12]. GCs can be compositionally induced during
glass synthesis, through a separate heat or pressure treatment, or they can be specifically manufactured by dispersing solid particles in a liquid [10]. They are a useful
alternative as they utilise an amorphous matrix to encapsulate the majority of shorterlived radioisotopes, while enabling actinides and poorly soluble waste components such
as sulphates, chlorides, and molybdates to be contained in a more durable crystalline
phase [12, 17, 19, 35]. As a result, the physicochemical properties of the wasteform are
maintained.

1.1.1

Basic glass structure

The ability for a glass to incorporate molybdenum is dependent on the initial glass
structure. An amorphous network is classically defined as a random (aperiodic) structure that lacks the long-range order assigned to crystals. There is, however, some
general short and intermediate-range order within glasses that is related to the coordination and bonding of glass constituents.
In an oxide glass, components are generally split into two categories. They are
network forming units within the oxygen sublattice, and network modifying units [36].
Elements with small ionic radii, and high valencies such as Si, B, Al, or P generally
form the glass network with covalent bonds to oxygen [37], while cations such as alkalis,
alkaline earths or rare earths can be further divided into two main groups. The first is
network modifiers, which break up the network and therefore favour phase separation,
and the second is charge compensating network formers, which counteract the effects
of immiscibility. The coordination and connectivity of the network forming oxide units
will determine the role of cations, and therefore other properties of the glass [38–40].
In silicate, alkali silicate, or borosilicate glasses structural units are surrounded
by oxygen, and take the form of a tetrahedron. In this system, the coordination
of SiO4 groups can be represented as Qn entities, where n represents the number of
bridging oxygen. A schematic of the silicate Qn groups can be seen in Figure 1.2, where
bridging oxygen implies a Si−O−Si bond between tetrahedra. When n is less than 4,
it implies the formation of a non-bridging oxygen (NBO), which thus alters the charge
and bonding of nearest neighbours. These NBO sites will have a residual negative
5
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charge that requires charge compensation from a cation. If the ionic bonds between
network formers and cations break following an external treatment, the cations will be
free to migrate and cluster in depolymerised regions of the glass. This clustering of
cations can lead to phase separation [39, 41], and the precipitation of species such as
molybdates that have a low solubility in the glass structure [42].

Figure 1.2: Structural representations of the SiO4 tetrahedral units that makes up the glassy
network. The notation Qn represents SiO4 units with n bridging oxygens.

Similar tetrahedra are also found for Al and B network units, but in these cases
there is a negative charge assigned to structural units (AlO4 – and BO4 – ). Therefore, a
cation is required to maintain electrical neutrality, which will thus effect the topology
of network forming ring structures.

1.1.2

Selection of glass composition

Glass structure depends on its composition, relaxation time, and its thermal history.
The longer the cooling time above the glass transition temperature (Tg ), when the
liquid structure ‘freezes’ as a metastable solid during synthesis, the more relaxed the
system will be. This state of relaxation can be described by the enthalpy of the system,
which can be affected by any subsequent thermal treatments. Heating above Tg can
induce relaxation, and thus cause a reduction in enthalpy, but rapid quenching will
increase both the enthalpy of the system, and its fictive temperature (Tf ). In this
context, Tg is the transition temperature at which the heat capacity of the solution
changes, whereas Tf is used to describe the equilibrium temperature of a quenched glass
in a solid phase [2]. Therefore, the Tf of the system corresponds to the configuration
entropy or enthalpy, and it will be at some temperature below Tg [43].
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The location of the glass transition will be primarily dependent on composition,
with the network modifier content having the largest impact on the melt viscosity.
This is because the mobility of atoms, which controls Tg , is dependent on the size
and charge of elements. While the addition of mobile cations can decrease Tg , which
will be beneficial for relaxation, Tg must be higher than the maximum radiogenic heat
produced during initial deposition. Therefore, the selection of glass components has
been a thoroughly examined area of nuclear waste glass development.
Glass composition is based on several factors including the ability to confine radioisotopes of interest, physical and chemical properties of the melt, and reasonable
synthesis parameters (see Figure 1.3). The components of reprocessed waste arising
from reactors using UO2 fuel to be encapsulated in R7T7, in addition to the glass
components can also be seen in Figure 1.3. In this study, simplified compositions
focusing on the elements of interest were chosen. In most cases, the base glass was normalised to the inactive version of R7T7 (SON68). However, varying concentrations of
B2 O3 , MoO3 , and CaO were selected in order to understand factors affecting CaMoO4
formation.

Figure 1.3: Factors used to determine waste glass composition including waste components
and ease of incorporation, physicochemical properties, and required synthesis conditions [1].

1.1.3

Selective formation of molybdates

Essential studies are underway to only initiate the crystallisation of water-durable
phases that are compatible with the surrounding matrix, and also show high radiation
resistance. Powellite (CaMoO4 ) is one such candidate used for the prevention of yellow
phase formation, and is the central point of study in this thesis.
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In nuclear waste glasses, molybdenum ions primarily take the form of MoO42 – tetrahedra [44–46]. These tetrahedra remain unconnected to both the glassy framework,
and to each other. They are found to be embedded in a cationic lattice located in NBO
channels according to Greaves’ structural model [36] (see Figure 1.4). In this configuration, cations are octahedrally coordinated and bound to MoO42 – entities by weak
long-range ionic forces [42]. This indicates a mechanism of molybdate formation within
a borosilicate network, in which the formation of network modifying cation clusters act
as a precursor to precipitation. Furthermore, this tetrahedral form of molybdenum
is found in both the glassy and crystalline phases, which could account for its low
solubility in borosilicates.

Figure 1.4: Schematic of MoO42 – entities in a soda lime borosilicate glass according to Mo
EXAFS results found in literature [16, 46]. It illustrates the principle that molybdate groups
form in NBO channels, or depolymerised regions (DR) of the glass network that are rich in
cations. These cations line the depolymerised region as charge balancers for NBOs [42].

Selective formation of CaMoO4 crystallites can be induced by composition [23, 42,
45], external heat treatments [28, 32, 47], redox chemistry [48, 49], or by synthesis
parameters such as melt temperature and quench rate [50]. While composition and
quench rate can directly influence molybdate speciation, redox chemistry is known
to affect molybdenum solubility. Molybdenum can exist in several oxidation states
(Mo6+ , Mo5+ , Mo4+ , Mo3+ ), but in oxidising or neutral conditions molybdenum ions
are considered to be primarily hexavalent, taking the form of MoO42 – tetrahedra [44–
46]. In contrast, a reducing environment is found to promote molybdenum species
in lower oxidative states, which subsequently increases the solubility of molybdenum
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groups in borosilicates and silicates [46, 48].
Composition on the other hand plays a complex role in initiating crystallisation
and the determination of precipitates. The preferential charge balancing of BO4 – and
MoO42 – anionic entities by Na+ and Ca2+ cations can determine molybdate speciation
and network connectivity [51]. Due to charge, mobility, size, and sterics, both BO4 –
and MoO42 – prefer Na+ ions as charge balancers, but BO4 – units have a higher affinity
towards Na+ [51]. If Na+ ions are engaged in the charge compensation of network
formers, then MoO42 – entities will gradually become charge balanced by Ca2+ ions,
which will consequently initiate that nucleation of crystalline CaMoO4 [16, 44, 52].
GC formulations in aluminoborosilicates have thus far included up to 5 mol% MoO3
(12 wt%) in a powellite-rich glass that limited the production of Na2 MoO4 using this
knowledge [25, 47, 53].
This trend in powellite formation has been observed to increase when the concentration of CaO or B2 O3 in the initial glass composition is increased, as it affects the
population of BO4 – species, and thus the availability of Na+ for Na2 MoO4 formation [23, 44]. Furthermore, the inclusion of REs can also significantly affect CaMoO4
crystallisation. It has been observed that increasing the amount of Nd2 O3 in a glass increases the solubility of molybdenum, and inhibits the crystallisation of any molybdates
[30]. It is predicted that neodymium increases disorder in the depolymerised region
where MoO42 – entities are found, thus preventing bond formation between molybdenum anions and charge compensators [45]. This effect is limited by the formation of
apatites at higher concentrations of Nd2 O3 (∼ 16 wt%), and will be negated following heat treatments that will nucleate both Na2 MoO4 and CaMoO4 in parallel [30].
This is an important factor to consider as nuclear waste materials will be subjected to
significant radiogenic heat for the first 600 years of storage [54].
In addition to redox chemistry and composition effects, synthesis parameters can
also influence precipitate formation and speciation. In compositions with [MoO3 ] > 1
mol%, increasing the quench rate to 104 °C/min increased the molybdenum solubility
up to 2.5 mol% MoO3 . Above this solubility limit, rapid quenching was also observed
to promote the growth of CaMoO4 over alkali molybdates [28].
Molybdenum content seems to have a compounding effect on phase separation, not
only by inducing precipitation of crystalline molybdates, but also by increasing the
immiscibility temperature of a sodium borosilicate matrix by ∼ 18 °C per mol of MoO3
[49]. Increasing [MoO3 ] will therefore significantly alter the possible temperature effects
on secondary phase formation during melt cooling.
Although these relationships have been investigated in soda-lime borosilicates, very
little research describes the simplified calcium borosilicate system. It is imperative to
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understand this system if we are to drive the selective formation of CaMoO4 at high
concentrations of MoO3 in nuclear waste materials. This study seeks to address the
effects of preferential charge balancing of BO4 – and MoO42 – units with and without
Na+ alkali ions present, in order to determine the specific consequence of [B2 O3 ] on
the precipitation of CaMoO4 , and the subsequent response of the residual matrix.
This investigation further seeks to understand how ionising radiation will alter both
crystalline and amorphous microstructures in terms of promoting or remediating phase
separation.

1.2

Phase separation in glasses

Glass composition is a significant factor in controlling phase separation, and precipitation of molybdates, hence why the interplay between charge balancing of BO4 – and
MoO42 – groups is being investigated. However, the base glass without molybdenum is
also of interest, as a means to understand the origins of glass-in-glass phase separation.
In past phase separation studies focusing on molybdate formation, the concentration of CaO in soda lime borosilicate glasses has been limited to ∼ 11 mol%, as it
is known to cause liquid-liquid phase separation [23]. This limitation has resulted in
Na2 MoO4 production in most studies, despite the manipulation of other factors affecting speciation. In the calcium borosilicate system, low concentrations of CaO will
generally lead to phase separation of calcium borate and calcium silicate-based phases,
as the immiscibility dome in Figure 1.5 illustrates [55–57]. This is also true for alkali
borosilicates, the ternary diagrams for which can be seen in Figure 1.6 [56, 58]. For
either alkali or alkaline earth borosilicates, the regions of immiscibility decrease with
the atomic size of the cation, and increased incorporation can be achieved by rapid
quenching, as temperature profiles indicate.
For borosilicates containing alkali or alkaline earth constituents, regions of immiscibility are evident for all systems with temperature-dependent transitions. If composition or cooling processes bring the system to an immiscibility region, liquid-liquid
phase separation can occur. This is the mechanism by which a multicomponent system separates into distinct phases with different chemical compositions, and therefore
different physical properties. It can proceed through spinodal decomposition, or via a
nucleation and growth process, as the system moves from metastable to unstable within
the immiscibility dome. The first process is a result of small stochastic fluctuations in
composition with temperature that occurs without a thermodynamic barrier [59]. It
arises within a chemical spinodal area that may be present within a bimodal immiscibility region. Within the spinodal dome, homogeneous phase separation will occur.
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Figure 1.5: On the left is the ternary phase diagram of alkaline earth borosilicates [56], while
the binary phase diagram for alkaline earth silicates is on the right [57].

Figure 1.6: Ternary phase diagrams for alkali (Li, Na, K, Rb, Cs) borosilicate glasses. At
low-alkali concentrations regions of immiscibility are evident for all systems with temperature
dependent tie lines [56, 58].

In contrast, nucleation and growth is a two-step process in which larger fluctuations
cause the discrete nucleation of separated regions, which grow as a result of diffusion.
This process can occur anywhere in the immiscibility region as the temperature of the
system decreases. Distribution and size of secondary phases are governed in this mechanism by the kinetics of the two steps, which are assumed to follow Gaussian profiles
with regards to temperature [59, 60]. Therefore, phase separation through this process
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may or may not result in heterogeneously sized and distributed secondary phases.
While low concentrations of alkalis and alkaline earths are desired to keep Tg at a
reasonably high level, as well as limiting the clustering of network modifying cations at
interstitial sites that can lead to swelling post-irradiation [10], they can also cause phase
separation of the borosilicate framework, as Figures 1.5 & 1.6 indicate. However, phase
separation properties are not the only controlling factors influencing the concentration
of alkali or alkaline earth oxides. A range of cations of various valencies are required
to mitigate the effects of FP transmutation, and thus prevent glass-in-glass phase
separation following radioisotopic decay. A glass structure must be able to incorporate
a range of FPs, and their daughter isotopes without significant alteration to the glass
structure, and therefore its properties. These sites of incorporation are similar to those
of cations, which is one reason why they are required in a glass composition.

Figure 1.7: Binary phase digram for a borosilicate system showing a large immiscibility region
for all compositions, unless the system is rapidly quenched [61].

Without any additional components, the borosilicate system will often phase separate, as the binary phase diagram in Figure 1.7 illustrates. Therefore, cations can
be used to induce homogeneity in the borosilicate framework and provide sites for
radioactive elements at some concentrations, while at other concentrations they can
cause phase separation and possible devitrification if Tg becomes lower than the radiogenic heat produced during initial encapsulation. The trends for phase separation
have been independently assessed for binary and ternary systems [39, 56, 61–63], but
they become more difficult to predict with the complexity of the glass.
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1.3

Radiation damage

While speciation of molybdates and liquid-liquid phase separation are known to be
affected by composition, fabrication techniques, and redox conditions, the effects of
radiation are less well understood. Internal radiation from nuclear waste will constitute localised high-energy input events that can significantly alter the structure of a
material through atomic displacements, ionisation, and electronic excitations. In organised systems such as metals or crystalline minerals, accelerated external radiation
can induce dislocations and eventual cracking along stress planes, as well as swelling
and void formation [10, 20]. These phenomena also take place in glassy waste containment structures where alterations are initiated by the formation of point defects
and atomic displacements [64, 65], which change the short and medium-range order
of the borosilicate network [2]. This can lead to glass-in-glass phase separation of the
network formers, which is analogous (but to a less extent, and with heterogeneous or
localised segregation) to liquid-liquid phase separation that can take place during synthesis when cooling from high temperatures. The range of effects is of course dependent
on composition [4], and can sometimes result in favourable properties like an increase
in fracture toughness, or re-vitrification of unwanted crystalline phases [2, 10].

1.3.1

Internal decay processes

Figure 1.8: Drawing of α, β, and γ-decay. All of these processes occur within nuclear waste
glasses containing radioisotopes.

The encapsulation of radioactive waste will result in several internal radiative processes, namely α-decay of MAs, β-decay of FPs, and γ-decay, which is a transitional
by-product of the other two processes [2, 10] (see Figure 1.8). These occurrences will
subject the encapsulation material to ionisation and displacement events in the ratio of 100:1 based on energy deposition [66]. Ionisation will occur from all types of
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decay, while displacements will be primarily caused by the heavy recoil nuclei following α-decay. The α-particle itself will also contribute to atomic displacements (∼ 200
displacements [10]), albeit to a lesser extent than the α-recoil.
Internal radiation damage within nuclear waste glasses has been reported to result
in compositionally dependent volume changes, alterations to the microstructure and
stored energy of the system, as well as changes to the chemical and mechanical properties of the wasteform. Microstructurally, the processes of β and α-decay can cause phase
transformations such as devitrification, precipitation, amorphous phase segregation, or
clustering of cations [2, 10, 64, 67]. It can also cause helium bubble formation, localised
defect creation, or the redistribution of radionuclides. These microscopic changes can
account for the observed macroscopic alterations to the physicochemical properties of
a wasteform.
The α-decay process produces a daughter isotope, and an α (or He2+ ) particle. The
small α-particle typically has a kinetic energy between 4.5 − 5.5 MeV and will travel
10 – 20 µm before stopping [10]. This fast moving particle will primarily interact with
electrons in the glass matrix, resulting in ionisation and electronic excitation. This is
also true for interactions of matter with β-particles that have an energy around ∼ 0.5
MeV, where the displacement induced by the β-recoil nuclei is bascially negligible.
These occurrences of ionisation can lead to the production of electronic point defects
through the deposition of charge, or to bond cleavage. As these glasses are not at
thermodynamic equilibrium, the incoming charge and energy from β or γ-irradiation,
or an ejected α-particle, can have substantial impacts on the structure of the glass,
especially if the decay process creates significant heat. In contrast, the much larger
α-recoil nuclei with smaller energies of ∼ 70 − 100 keV will interact primarily through
nuclear (or elastic) collisions. This process will produce a dense displacement cascade,
resulting in around ∼ 1500 displacements within a much shorter stopping range of
approximately ∼ 30 nm [10]. The recoil nuclei will therefore be responsible for most
of the structural modifications that occur following internal radiation.
Given current waste loading standards for 33 GWd/t fuel burn-up, the activity
from β-decay of FPs, such as 137Cs and 90Sr, will be much higher for the first 100 years
than that of α-decay [10, 68]. This high β-decay activity will be responsible for the
high self-heating (maximum of ∼ 290 °C at the centre of a 32 cm canister [54]) observed
during initial storage (see Figure 1.9). The reverse will be true for the next 1000 years,
after which β activity will once again become the predominant process, albeit with
an activity around four orders of magnitude lower than that observed during initial
deposition. As some actinides ( 239Pu, 237Np, 235U) have a half-life ranging from a few
thousand to a few million years, α-decay will be the primary process at very long
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timeframes (> 106 years). This too will generate heat, but at a much smaller scale.

Figure 1.9: The heat generated by ionisation events following α and β-decay as a function of
time in storage within waste glasses. Different trends are observed for various waste streams
arising from civil nuclear reactors, reprocessed fuel, and from weapons’ grade waste [54].

In terms of the cumulative absorbed dose, a plateau in decay activity can be observed around 100 years of storage for electronic interactions (β-decay), and one around
1000 years for nuclear interactions (α-decay) [1], as Figure 1.10 illustrates. For increased waste loading, similar features can also be observed with respect to time,
though the saturation plateau occurs at a slightly higher dose and timeframe [10].
These saturated relationships can therefore be used to replicate the maximum damage
achievable in candidate wasteforms. While realistic dose rates are not pragmatic for
research, external radiation experiments using a higher flux can be used to simulate
modifications expected in these plateaued dose ranges with some accuracy [10].

Figure 1.10: The left plot illustrates the cumulative radioactive decay dose versus storage
time, with the electronic and nuclear components of α and β-decay labelled. The right plot
illustrates the ballistic damage created by α-decay for various waste loading considerations
of MAs and FPs [1].
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1.3.2

Radiation-induced precipitation or secondary phase
formation

Secondary phase formation is generally undesirable as it affects the chemical durability
of the wasteform, as previously mentioned. The chief concern being the formation of
water-soluble precipitates containing radionuclides such as yellow phase, or corrosive
materials that will affect both the melter during glass synthesis, and the glass containment vessel during final storage. A tertiary issue is the precipitation of radiationresistant transuranic oxides such as PuO2 in devitrified regions of the glass [69].
Devitrification can take place during synthesis when radiogenic heat retards the
cooling rate in regions of the glass. Though this process has been seen in HLW vitrification facilities, it has not been observed in the laboratory for temperatures under 798
K [10]. This indicates that seed crystallites are likely in the industrial glass frit, or that
they exist in real waste streams prior to encapsulation in larger-scale applications. It
could also indicate that experimental simplifications do not accurately model complex
glasses, or that a discontinuity exists in scale-up. As this project focuses on simplified
systems, this is a limitation to consider.
Through this devitrification process, platinoids (Ru, Pd, Rh), alkali molybdates,
and refractory oxides (Al2 O3 , Cr2 O3 ) can all crystallise during cooling. Many of these
phases were observed experimentally in simulated UK HLW oxide glass following an
external thermal treatment. The formation of several crystalline phases were detected,
including: a Pd−Te alloy, cristobalite, powellite, zektzerite, various spinoidal oxides,
lanthanoid silicate, RuO2 , and a ZrO2 crystalline phase incorporating REs [27]. Though
these results are from temperature-based studies, it gives an example of the complexities around possible phase formations in multi-oxide glasses following internal radiation. Radiation-induced amorphisation of these secondary phases will also be relevant,
as replicated damage from α-decay has been observed to cause amorphisation within
crystal structures [67].
While some precipitation is detrimental, the formation of water-durable compounds
like powellite CaMoO4 instead of yellow phase can in fact be beneficial. Microscopic
phase separation of the borosilicate glass framework into silicate-rich and borate-rich
phases may also prove acceptable, as micro phase-separated Pyrex (commercial borosilicate) glass shows a high resistance to radiation damage and leaching [70].

1.3.3

Damage by nuclear interactions

Interactions of β and α-particles, recoil nuclei, and γ-rays with matter will all occur
within a wasteform, but the process of α-decay generally causes the greatest reorgan16
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isation of the borosilicate glass network. A decrease in the mean boron coordination,
and therefore the role of cations, a compositional dependent change in the silica polymerisation, and an increase in the general structural disorder of the glassy network,
which can be correlated to ring size distribution can describe these changes.
Structural changes induced by nuclear events will play an indirect role in molybdate
group formation through alterations of the amorphous network. According to EXAFS
experiments, MoO42 – species are found to form outside of the borosilicate polymeric
network and within cationic-rich domains, as previously mentioned [16, 42, 46] (refer
to Figure 1.4). These depolymerised domains are also observed to form following swift
heavy ion (SHI) irradiation [10], hence radiation damage can provide the necessary
precursor environment for MoO42 – phase separation and precipitation. Moreover, the
speciation of molybdate groups can be influenced by radiation-induced changes to the
coordination of boron [42]. A shift from tetrahedral to trigonal boron coordination is
associated with a change in the role of cations according to the following [3]:
BO4 – + Na+charge compensating ←−→ BO3 + Onon-bridging + Na+network modifying
Therefore, this mechanism can provide insight into how α-decay can be used as a
tool to drive the formation of CaMoO4 in new waste GC compositions by affecting the
role of cations through the creation of NBOs.
As previously mentioned, the recoil atom from α-decay causes the most significant
structural reorganisation within a wasteform. While the projection of α-particles into
a medium can be replicated using accelerated helium or medium-energy ion bombardment, higher-energy heavy ion irradiation can be used to replicate the slowing down
of the heavy recoil in the electronic stopping power regime (dE/dx), where stopping is
directly proportional to the ion velocity [71]. Within this replicated region of electronic
stopping, experimental SHI-irradiation causes the formation of latent ion tracks. The
ionic spike model, and the thermal spike model were two proposed theories to account
for these tracks [72]. While the underlying concept of electron mobility was present in
both models, the thermal spike model has since been numerically validated and applied
to several amorphous systems [73, 74], and has even been extended to 3D systems [75].
The basis of the model simplifies a collision cascade into a small volumetric cylinder of
energy characterised by a temperature of 104 K along the ion track. This model can
also be used to correlate temperature-based effects with radiation effects. Theoretically, localised devitrification could take place along an ion track if the added energy
exceeds the heat of fusion. Experimentally, it has not been observed following SHIirradiation or rapid quenching, with most glasses maintaining an amorphous structure,
if somewhat altered [2, 76].
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While several bonding changes at the molecular level have been observed to occur
following SHI-irradiation, macroscopic material properties also change. It is interesting
to observe that these changes resulting from ballistic events reach a saturation around
∼ 4 × 1018 α/g (see Figure 1.11). This trend has been observed for density, which
exhibits a rapid decrease, followed by stabilisation around 0.5 − 0.6% below the initial
density for doped SON68. In USA and UK waste glass compositions densification was
observed following α-decay, but saturation around ∼ 2 × 1018 α/g was similarly found
[54]. Similar saturation trends can also be seen for hardness, reduced Young’s modulus,
and stored energy. The first two decrease and then reach a plateau for irradiated
SON68, while the stored energy and Tf increase before levelling off, as Figure 1.11
illustrates. In this case, changes to the stored energy are a function of both radiationinduced electronic defects, and structural changes induced by atomic displacements
[77].

Figure 1.11: The left plot illustrates the density variation, while the right plot illustrates
changes to the storage energy (triangle), Tf (square), and swelling (circle) as a function of
α-decay for Cm-doped SON68 [2].

1.3.4

Electronic interactions in nuclear waste glasses

Borosilicate glass under β-irradiation will exhibit several structural changes for an
integrated dose of 109 Gy, which is consistent with the accumulated dose received during
long-term storage. The primary modifications observed in simplified borosilicates are:
(i) the formation of paramagnetic defects through the radiolysis of bonds [78–82]; (ii)
the reduction of REs and transition metals (TMs)[31, 83–85]; (iii) the clustering of
alkalis and other charge compensators [13, 85]; (iv) changes to the coordination of
network formers that can lead to an increase in polymerisation of the glassy matrix
[86, 87], or at higher doses and dose rates phase separation of the glassy matrix into
silica-rich and boron-rich regions [88]; and (v) changes to glass properties, such as an
increase in plasticity, which can affect the fracture toughness of a material [2]. These
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combined changes can lead to the formation of a precursor environment for molybdate
group precipitation or bubble formation [89–91].
1.3.4.1

Bubble formation

Radiation-induced bubble formation is a process that can cause significant swelling in
localised areas which will subsequently cause surface coarsening, while the glass network
itself undergoes densification. The process of bubble nucleation and stabilisation can
create internal stresses along the pressurised bubble-matrix interface, thereby affecting
many mechanical properties [92]. These bubbles will also enable the formation of
secondary phases in the form of clustered atoms or gases, such as helium, making it a
complex phenomenon. Helium atoms are expected to form as a direct result of α-decay
of MAs. When helium atoms are generated at a rate greater than its solubility in
HLW glass, excess atoms are assumed to form bubbles through a chemical process that
involves the diffusion and encapsulation of atoms in void spaces. There is some debate
among experts as to whether helium or oxygen bubbles will actually form in nuclear
waste compositions [2, 10, 93], but it remains a phenomena of interest due to the
possible repercussions to material durability. Although this process is not investigated
further in this thesis, it represents a possible side effect of ionisation, as the creation
of void spaces is a result of defect production. In addition to helium bubbles, the
coalescence of molecular oxygen can also result in bubbles when the saturation of O2
in the glass network is exceeded. Formation of O2 bubbles is predicted to occur through
a mechanism controlled by radiolytic decomposition of network modifying cations that
subsequently results in oxygen clustering in cation depleted zones. This has been
observed to occur in borosilicate glasses for doses exceeding 109 Gy [66, 84, 85, 89].
In some cases, the oxygen bubbles were also located near devitrified crystallites [66,
89], which can be an important consideration for GC materials that have pre-existing
crystalline phases, and therefore possible bubble nucleation zones.
1.3.4.2

β-irradiated structural modifications and compositional effects on
electronic point defects

Similar to high-energy SHI-irradiation, which replicates high electronic stopping following α-decay, electron irradiation replicating β-decay can also cause volume changes
that are dependent on glass composition, dose, and the dose rate. In potassium silicates, densification was observed for low doses. This was presumed to occur following a
relaxation process of the silica network resulting from the elastic scattering of incoming
electrons with atoms [94]. At higher doses, it was hypothesised that alkali migration,
and formation of Si−O−O−Si bonds resulted in the formation of new larger rings
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from the accumulated disorder introduced by β-irradiation [94]. In comparison, other
borosilicate glass compositions show swelling following electronic interactions [54] with
a compositionally dependent density variation [95].
Unlike nuclear effects, a saturation in structural changes following β-irradiation has
not yet been identified, although a saturation in paramagnetic defects can be seen for
doses greater than 104 Gy. The extent of defect formation and cationic migration are
also highly dependent on the glass composition. Borosilicate glasses doped with RE
elements (Ce, Nd, Sm, Eu, Gd), or TM elements (Fe3+ , Cr6+ , Mn2+ ) will result in
a reduction of said elements for doses greater than 109 Gy through electron trapping
and oxygen release [31, 64, 85, 96]. Besides this effect, small amounts of TMs (< 0.85
mol%) are sufficient to block defect creation and negate structural transformations
such as densification, polymerisation, and sodium ion migration [84]. While REs experience a reduction, they do not inhibit structural changes, though they are thought
to dampen paramagnetic defect creation at any dose. They have also been found to
form paramagnetic clusters, or associate themselves to molybdate precipitates [32, 96],
which could indicate the behaviour of active MAs in similar glassy frameworks. As
previously mentioned, the substitution of radioactive elements in a crystal lattice can
result in severe internal stresses, as well as alterations to the chemical durability of the
wasteform. This occurs both from the initial distortion of substituting an element with
a different size and electronic configuration, and also from subsequent decay processes.
In addition to doping, β-irradiation also displays sensitivity towards the mixed
alkali effect. Mixed alkalis were seen to block (in the case of Na/Li) or retard (in
the case of Na/K) structural changes, and attenuate molecular oxygen formation by
altering the diffusion rates of alkalis through NBO channels, as compared to single alkali
borosilicates [97, 98]. This effect is of course dependent on the nature of the alkalis
themselves, and the preference of charge compensation by structural units and other
anionic entities. While multiple alkalis were not used in the compositions studied in
this thesis, an alternative alkaline earth charge compensator was available. Therefore,
this research can test the effect of Ca/Na on controlling defect formation.
1.3.4.3

Powellite stability

The accumulation of defects is the primary mechanism leading to the stabilisation of
void spaces, or the origin of density changes. It can also lead to the precipitation of
insoluble phases such as molybdates, or glass-in-glass phase transformations within
GCs. While no current studies to the author’s knowledge directly address ionisationinduced precipitation of molybdate groups within complex glasses, it has been observed
that existing powellite and other such crystalline phases are stable within a silicate or
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simplified aluminoborosilicate structure for doses up to 2 × 1011 Gy and 2.4 × 109
Gy, respectively. The size and concentration of powellite (Ba,Ca)MoO4 crystallites
was also observed to be irrelevant to precipitate stability, as was the evolution of the
surrounding aluminoborosilicate glass [33, 99]. This thesis will test if this theory is
also true for calcium and soda lime borosilicates. It will also examine radiation effects
on the factors affecting CaMoO4 formation, amorphisation of pre-existing phases, or
cationic substitution.
Powellite crystals will eventually exhibit amorphisation between 1012 −1013 Gy [19],
but these irradiation doses far exceed those occurring in nuclear waste glasses given
current waste loading conditions (see Figure 1.10). While powellite single crystals may
prove stable in the ionisation range of interest, the formation and stability of other
actinide-bearing molybdate groups could be influenced by the structural reorganisation
of the surrounding matrix, as well as migration of cations resulting from β-irradiation.
Compositional-dependent defects may also change the durability of powellite when
embedded in a calcium or soda lime borosilicate network.
1.3.4.4

Alkali migration and phase separation

The clustering of alkalis is conducive to yellow phase formation. Therefore, ionisation
events can propagate yellow phase formation, as it induces cationic migration. Alkali
migration, and hence the formation of alkali clusters and alkali associated electron
centres, increases with ionic mobility as follows: Li > Na > K. This trend has been
observed in silicates, borosilicates, and mineral rock salt following either β or X-ray
irradiation [97, 100]. For the high-energy range used at accelerators, there is little
difference in the radiochemistry induced by β or γ-particles.
In addition to alkali migration, glass-in-glass phase separation is also possible following β-irradiation. While no distinct phase separation is observed in the ∼ 109 Gy
range of absorbed ionisation energy for simplified sodium borosilicate glasses, phase
separation can be seen by in-situ TEM experiments for doses exceeding 4 × 1011 Gy
[88]. Although the material will remain amorphous, there will be heterogeneities on the
molecular scale that will result in segregated silica-rich and borate-rich phases. Futhermore, silica groups were observed to maintain a resistance to altering its tetrahedrally
coordinated structure up to a dose of 2.1 × 1012 Gy [88]. Although undetectable in
simplified systems, β-irradiation induced precipitation of crystalline phases may be
possible in more complex glasses via changes to the amorphous network, but this has
yet to be investigated.
The accumulation of β-irradiation is a time-dependent effect, with most of the
above alterations occurring following the first century when the absorbed dose reaches
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a maximum (see Figure 1.10). There will also be a significant amount of radiogenic heat
produced through these decays, which may lead to thermal recovery of defects [1, 10,
68]. On longer timescales, the greatest modifications are predicted to occur following
α-decay. Nonetheless, continued investigation on β-irradiated effects are required to
understand how they will affect the formation and stability of secondary phases in
alternative GC compositions during initial storage.

1.4

Aims

Phase separation, both molybdate formation and liquid immiscibility, and radiation
effects on homogeneous glasses have previously been independently examined. However, few studies correlate the effects of radiation on phase separation, and even fewer
investigate the calcium borosilicate system.
In order to assess the formation and durability of CaMoO4 in a borosilicate matrix, the effects of changing [B2 O3 ], [CaO], and [MoO3 ] was investigated to determine
how competition for charge compensators can influence the glass microstructure and
molybdenum solubility. It also examined if excess molybdenum could be incorporated
in a CaMoO4 structure free of substitution when multiple cations were available, as
a means to investigate increased waste loading. Furthermore, this thesis investigated
how the components of internal radiation resulting from both α and β-decay would affect CaMoO4 durability and any additional phase separation during long-term storage.
It was therefore a fundamental study that bridged the gap between the existing areas
of research on phase separation and crystallisation of borosilicate glasses with that of
radiation damage in homogeneous wasteforms.
This thesis attempts to determine if radiation produced from radioactive decay
on the order of 100+ years of storage replicated by the ionisation and displacement
components of α and β-decay will: (i) induce phase separation in homogeneous systems,
(ii) propagate existing phases in heterogeneous systems, (iii) cause remediation of glassin-glass phase separation or vitrification of crystalline phases through local annealing,
or (iv) some combination of the above. Therefore, this study provides a window to
long-term structural projections for these systems in an effort to design GC materials
with increased Mo waste loading efficiency.
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Chapter 2
Experimental methodology and
analysis techniques
The experimental aim of this project was to simulate radiation damage on the order
of 100 to 1000 years of radionuclide encapsulation in simplified borosilicate glasses,
and glass ceramics (GCs) to understand long-term phase separation tendencies and
crystallite stability. This chapter will discuss the compositions chosen, as well as the
synthesis and sampling methods employed. It will also cover the radiation experiments
designed to replicate integral components of α and β-decay, in addition to all of the
analytical techniques used to identify structural modifications as a function of changing
composition, or following irradiation.

2.1
2.1.1

Synthesised samples
Compositions

In this research project, several non-active glasses and GCs with varied [B2 O3 ] and
[MoO3 ] were synthesised to test the solubility of molybdenum in calcium borosilicates
and soda lime borosilicates, as well as the durability of precipitated crystalline phases
when subjected to external radiation.
Four sample series were created in order to test the effects of composition on
glass structure, and the propensity for precipitation of molybdate phases. Firstly,
the CB series, so designated because it tested the effects of increasing [B2 O3 ] while
the [SiO2 ]/[CaO] ratio remained constant with a fixed amount of MoO3 and Gd2 O3 .
This series was used to determine how the concentration of boron would affect Ca2+
ion distribution, and preferential charge balancing of BO4 – and MoO42 – units when
the molybdenum content was around its solubility limit, and no alkalis were present as
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competitive charge balancers. The composition of CBO was determined based on the
eutectic point of the SiO2 −CaO system [63]. In this study, it was used as an indicator
for molybdenum and boron incorporation sites as the concentration of each species increased. The samples in the CB series also included 0.15 mol% Gd2 O3 , which acted as
a spectroscopic probe for EPR measurements. REs can also be considered as actinide
surrogates. Therefore, Gd can also be used as a marker for the incorporation of active
species in either the glassy or crystalline phase of radioactive nuclear waste materials.
The second series, labelled with a CM prefix, focused on molybdenum inclusion in
simplified calcium borosilicates. The CM series tested the effects of increasing [MoO3 ]
in a calcium borosilicate matrix normalised to French nuclear waste glass SON68 (nonactive form of R7T7). It was used to probe how the molybdenum solubility is affected
by irradiation when BO4 – and MoO42 – entities must compete for a single less suitable
type of charge compensator. In this series, the CaBSi base composition falls under the
immiscibility dome in the SiO2 −B2 O3 −CaO phase diagram (see Figure 1.5), indicating
that it would likely be phase separated. As the aim of this project was to test factors
affecting the formation, and stability of powellite (CaMoO4 ) in nuclear waste glasses,
a realistic base glass was desired that represented SON68 in some fashion, even if
homogeneity could not be achieved. This series therefore gave insight into how the
immiscibility properties of the SiO2 −B2 O3 −CaO system changed with MoO3 inclusion.
It could also be indicative of how, and where CaMoO4 crystallites form during synthesis,
as liquid-liquid phase separation is assumed to be a precursor to precipitation.
The third series, labelled as the M series, was designed to test the effects of matrix
variations on CaMoO4 formation while the [CaO]/[MoO3 ] ratio was kept constant. All
of the samples in this series had a high enough [MoO3 ] to initiate crystallisation during
synthesis. Therefore, the size and distribution of crystallites could be correlated to
structural changes in the surrounding matrix. Note that CM7 is in two of the series,
as is CN10. This last composition introduced Na into the system for coherency with
literature, and to outline the effects of Na inclusion on powellite formation.
The last series, designated as the CN series, was intended to test the formation
of molybdates when the concentration of MoO3 increased in a 1 : 1 ratio to CaO in
a soda lime borosilicate glass normalised to SON68, with respect to SiO2 , B2 O3 , and
Na2 O. This ensured an excess of Ca2+ ions available for powellite production with
the aim of preventing any Na2 MoO4 from forming. By comparing the CN and CM
series, the alkali-dependent factors affecting powellite crystallisation, and the solubility of molybdenum could also be identified. Two simplified sodium and soda lime
borosilicate glasses were also prepared for this series to identify glass-in-glass phase
separation tendencies for systems without molybdenum. They were also used to iso24
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late the effects of Na+ ions on the connectivity of network formers, with and without
Ca2+ ions present. Four of the samples in the series (labelled CNG) also included 0.15
mol% Gd2 O3 . Similar to the CB series, this dopant acted as a spectroscopic probe for
EPR measurements, and a marker for actinide incorporation. An additional sample
containing MoO3 , but without any Gd2 O3 (CN10), was also included in this sample set
to identify the effect of minor dopants with a low solubility on crystallisation processes.
Table 2.1 provides the normalised glass compositions for synthesised samples in all four
series in this investigation.
Table 2.1: Theoretical compositions in mol% for synthesised samples in the four sample series.

2.1.2

Series

Sample ID

SiO2

B2 O3

Na2 O

CaO

MoO3

Gd2 O3

CB

CBO
CB7
CB15
CB23

59.41
78.07
71.16
64.16

–
7.00
15.00
23.00

–
–
–
–

38.94
12.28
11.19
10.09

2.50
2.50
2.50
2.50

0.15
0.15
0.15
0.15

CM

CaBSi
CM1
CM2.5
CM7

67.74
67.07
66.05
63.00

20.97
20.76
20.44
19.50

–
–
–
–

11.29
11.18
11.01
10.50

–
1.00
2.50
7.00

–
–
–
–

M

CM5
CM7
CN10

65.00
63.00
49.90

22.00
19.50
13.29

–
–
10.78

8.00
10.50
16.03

5.00
7.00
10.00

–
–
–

CN

NaBSi
CNO
CNG1
CNG1.75
CNG2.5
CNG7
CN10

70.00
63.39
61.94
60.93
59.93
53.84
49.90

18.50
16.88
16.49
16.22
15.96
14.34
13.29

11.50
13.70
13.39
13.17
12.95
11.64
10.78

–
6.03
7.03
7.78
8.52
13.03
16.03

–
–
1.00
1.75
2.50
7.00
10.00

–
–
0.15
0.15
0.15
0.15
–

Synthesis method

Glass batches of ∼ 30 g were prepared by mixing and then melting powders of SiO2 ,
H3 BO3 , CaCO3 , Na2 B4 O7 , Na2 CO3 , MoO3 , and Gd2 O3 . Synthesis was conducted at
atmosphere (in air) in a platinum-rhodium (Pt90/Rh10) crucible. All compositions
were melted at 1500 °C, but the duration at melt temperature was dependent on the
volatility of constituents. Calcium borosilicates were initially melted for 3 h, and
underwent a second melt for 2 h after cooling and crushing. These compositions were
too viscous to be poured (see Figure 2.1), despite applying various techniques, such
as varying the melt temperature, time at temperature, and the heating rate. Pouring
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the melt at temperature in the furnace, and a dip sampling technique using a Pt/Rh
eyeloop, were also attempted. Yet none of these approaches were effective at decreasing
the melt viscosity or inducing homogeneity. Thus, the calcium borosilicate samples
were quenched using a water bath and tapped out of the crucible with a hammer.

Figure 2.1: Images of select calcium borosilicates following melting. They show the viscous
nature of the chosen compositions, and outline the requirement for rapid quenching in water
and tapping out glass fragments for experimentation. CaBSi and CM1 were tipped at temperature, but still could not be poured once the crucible was removed from the furnace. Image
of CM5 is after the second melt and the fragments are typical for all calcium borosilicates.

In comparison, soda lime borosilicate compositions (CN series) were melted at
1500 °C for 30 min, before being crushed and remelted at 1500 °C for 20 min. A
double melt was similarly employed to ensure homogeneity of element distribution.
The shorter time at temperature used here was based on a trial and error method
with the aims of limiting Na volatilisation. In this approach, composition was assessed
using Energy Dispersive X-ray Spectroscopy (EDS) and Electron MicroProbe Analysis (EMPA), but neither analytical technique could measure boron for the specific
equipment used. Hence, some variation between theoretical and empirical compositions likely exists. The melts were then cast at room temperature on a graphite-coated
iron plate to produce the glasses and GCs observed in Figure 2.2. In this sample set,
glasses appeared transparent, while GCs were opaque. As [MoO3 ] increased, the caste
GCs also became more matte (see CNG7 in Figure 2.2).

Figure 2.2: Images of poured soda lime borosilicate glasses (CNO and CNG1), and GCs
(CNG2.5 and CNG7) after two melts, and casting at room temperature.

All of the samples and glass fragments from all series were annealed for 24 h at
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520 °C following the second melt to reduce internal stresses created by the fabrication
process. Samples were then cut to fit specific beamline requirements. Nine pieces were
required from each glass batch. One was kept as a ‘pristine’ reference, two were βirradiated, five were irradiated with 92 MeV Xe ions of varying fluence, and the last
was irradiated with 7 MeV Au ions.
All specimens were taken from the centre of the rod in poured glasses and GCs in the
CN series. This was done to mitigate the effects of radial variations in cooling, which
could alter crystallisation (see Figure 2.3). In the case of calcium borosilicates, this was
impossible to control after fragments had been tapped out of the crucible. Moreover,
microstructural heterogeneities in these calcium borosilicates arising from compositions
in the immiscibility region of the SiO2 −B2 O3 −CaO system made samples inherently
different, and difficult to compare. Nevertheless, all ‘pristine’ monoliths were checked
against bulk powdered samples by X-ray diffraction (XRD) to ensure that the crystal
size and content in the reference specimen were comparable to that of the bulk in GCs,
and that glasses contained no crystallites at the surface or in the bulk. The XRD
spectra in Appendix A1 confirm that the ‘pristine’ monoliths were representative of
the bulk. Additionally, the surface could also be considered characteristic of the bulk,
which was an important factor as the penetration depth of irradiation experiments can
range from a few microns to 500 µm.

Figure 2.3: Schematic of sampling technique used to cut specimens from poured glasses
and GCs. Approach was used to limit structural variations induced across the sample from
gradient cooling. This was only applicable to samples in the CN series, as calcium borosilicates
were too viscous for pouring.

The sample dimensions varied depending on the beamline’s specifications for possible irradiated areas. For electron irradiation experiments, samples had an average
thickness of 500 µm to ensure homogeneous β-irradiation throughout the sample volume, and were roughly 3 mm × 3 mm in surface dimensions to fit the sample holder.
Samples were cut to a similar thickness for SHI-irradiations, but were approximately
4 mm × 4 mm in surface dimensions. In all cases, sample surfaces were hand polished using SiC polishing paper, grades P320, P600, P800, P1200, P2400, and P4000.
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They were subsequently diamond polished using a dimple grinder with 3 µm and 1 µm
diamond paste to achieve optimal imaging conditions.

2.2

Radiation experiments

In order to develop accurate models of predicted long-term internal radiation damage
created by α and β-decay within nuclear wasteforms, three experiments were designed
to separate the processes into integral parts that simulated both electronic and nuclear
events. These external irradiation experiments were used to test several hypotheses
about the chemical and material response to accelerated radiation damaged. It sought
to understand if radiation damage consistent with 100 or more years of storage, which is
consistent with a plateau in the absorbed dose or structural modifications (see Figures
1.10 & 1.11) would: (i) induce phase separation in homogeneous regions, (ii) propagate
the extent of separated phase or crystalline regions, or (iii) induce local annealing along
ion tracks that could cause either reamorphisation of crystalline phases, or integration
of multiple amorphous phases.

2.2.1

Ion interactions with matter

Though amorphous materials are characterised by their lack of a lattice structure,
there is nonetheless an arrangement of network formers in glasses that are associated
with some general order. This order can be considered a function of the population
of bridging oxygens, ring structures, and the role of cations. The impact of ions with
amorphous matter will produce significant defects that have parallels to those created
in crystalline systems, such as the formation of interstitials and vacancies, which are
considered to induce a state of increased structural disorder. These structural modifications can alter the physicochemical properties of the wasteform, as was addressed
in Chapter 1. In order to understand how accumulated damage will affect structural
order, and therefore material properties, the interaction of one ion with a target material must be considered. Ion interactions can proceed by either elastic or inelastic
collisions, and their path can be described by ion tracks. As an ion moves through
matter, it will interact with many atoms in a chain reaction leading to significant atom
displacements and accumulated disorder.
A collision cascade is a phenomenon based on ballistic interactions used to describe
this process. It results from elastic scattering between an incoming high-energy ion
and target atoms. When a high-energy ion impinges a target surface it will hit some
atom, known as the primary knock-on atom (PKA). The depth that this ion will travel
before its first collision will depend on the energy (and therefore speed) of the ion,
28

Experimental methodology and analysis techniques
its mass, and its charge. This first collision will result in a transfer of energy that
will cause the PKA to be set into motion with a significant fraction of the impinging
ion energy. The PKA will then become displaced, and if it has sufficient energy, will
collide with another atom causing a sub-cascade of displaced atoms that may or may
not participate in further collisions (see Figure 2.4). These atoms are referred to as
higher order knock-on atoms or recoil nuclei [101]. The impinging ion will continue
interacting with other target atoms with a higher frequency as its energy decreases until
it stops. The displaced atoms, either from this primary path or from sub-cascades, will
create significant structural disorder, and several defects within some volume from the
surface. This is known as the interaction volume with a characteristic ion penetration
depth.

Figure 2.4: Schematic of a high-energy ion interacting with the target nuclei of an amorphous
material with a random structure. The black arrows indicate the collision path of the incoming
ion, while the orange arrows indicate the sub-cascades.

While collisions with other atoms will result in the greatest structural disorder,
interactions with target electrons after initial impingement will also be significant.
There are many proposed theories such as the thermal spike model, ionic model, or
Coulomb explosion model to account for the structural changes arising from inelastic
interactions of ions with matter [72, 73]. While the ionic model was primarily used
to describe metals, it inaccurately simulated screening processes. In comparison, the
Coulomb explosion model used the excitation of electron clouds to create ions tracks,
similar to the thermal spike model in insulators. However, this theory was more sensitive to rapid quenching simulations, and was primarily used to explain sputtering
observations. Thermal spikes on the other hand are theoretically caused by a high local defect density within the ion interaction volume that can induce localised melting,
or cause major rearrangement of the surrounding atoms. It can be conceptually con29
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sidered as a cylinder of energy with a length equal to the range of the recoil atom in a
displacement cascade [10]. This model incorporates nuclear and electronic events, and
has frequently been used to describe the reaction of amorphous materials to external radiation [1, 76, 77, 102, 103]. In some ceramics, radiolysis supersedes simple electronic
excitation as ions travel through matter. Electronic interactions of this sort would
transfer significantly more energy through ionisation than through ballistic collisions
[104], thus resulting in more chemical alterations than mechanical ones.
The probability of elastic or inelastic collisions can be described by the stopping
power of the material, which is composed of nuclear and electronic components. The
nuclear and electronic stopping power of the material to incoming ions is dependent
on the energy, and size of the ion. Figure 2.5 illustrates that nuclear stopping is more
probabilistic at lower energies, while electronic stopping occurs more frequently at intermediate and higher energies. Therefore nuclear interactions will occur more frequently
near the end of the ion path, whereas electronic interactions will occur throughout,
but will be more prominent during initial interactions. In order to understand how
multiple ion tracks will alter material properties via defect creation, ionisation, and
structural reorganisation, computational simulations were required. The method used
in this study is described in the next section.
2.2.1.1

TRIM calculations

In order to predict alterations induced by radiation damage, and to design appropriate
external radiation experiments, simulations predicting the interactions of ions with
target atoms are useful to gauge the depth, and extent of defect production within a
material as a function of dose and ion energy. The stopping and range of ions in matter
(SRIM) model has been widely used in many fields to describe the physical phenomena
associated with the path of energetic ions into matter. It can provide information on
the penetration depth, distribution of ions after stopping, and the first-order effects on
impinged atoms [105]. These changes can range from the displacement of lattice atoms
by energetic collisions to the production of phonons and plasmons. SRIM is commonly
estimated using the Monte Carlo code TRIM. The code fundamentally monitors the
transfer of energy from an incoming atom with stationary atoms that are designated
in space by a given stoichiometry and density. Moreover, stopping powers are adjusted
to experimental data, therefore providing a reasonable fit for complex systems [106].
Energy transfer from an ion into matter is subdivided into losses to the heavy target
nuclei, and to target electrons. The former of which corresponds to nuclear stopping
and represents elastic collisions, while the latter corresponds to electronic stopping and

can be considered a
represents inelastic interactions. The total stopping power ∂E
∂x
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summation of the two factors, as equation (2.1) indicates:
∂E
∂E
∂E
=
+
∂x (total)
∂x (nuclear) ∂x (electronic)

(2.1)

Nuclear stopping is determined from a universal potential, which is a collection of
interatomic potentials based on the centre-of-mass coordinate system, and fit with a
screening function. This generates a nuclear stopping cross-section that represent the
stopping power and scattering function based on Lindhard’s function and Biersack’s
5-coefficient Magic formula [107]. The electronic stopping power on the other hand
is based on the energy loss of an ion with an electron cloud. It is modelled using
the local-density approximation with solid-state charge distributions within the target
material, and corrected with empirical data for low energy ions (< 200 keV) [107]. In
general, nuclear stopping is more prominent at lower incoming particle energies (∼ 103
keV), while electronic stopping becomes the primary process at higher particle energies
(> 105 keV). This is a general concept that TRIM is able to replicate using the above
relationships, as Figure 2.5 indicates for the simulated SHI-irradiation of CNO with
Au3+ and Xe23+ ions. Some variation exists in the stopping curves for these ions, but
a general trend was still observed for low and high-energy ion regimes.
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Figure 2.5: The relative electronic and nuclear stopping powers as a function of ion energy
in CNO calculated using TRIM. The two ions of interest are Au3+ and Xe23+ , which had
target energies of 7 MeV and 92 MeV, respectively, in SHI-irradiation experiments.

The output from this method can be used to determine the penetration depth of
ions, and it can also provide a dose in displacements per atom (dpa). SRIM 2013
was used in this capacity, in order to select appropriate ion energies for irradiation
experiments, and to predict the interaction volume, which was relevant for analysis.
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While the SRIM method can give a good estimate, it has been demonstrated with
heavy and medium ions that the observed depth of damage is higher than the theoretical
range owing to the additional contributions from recoil atoms following α-decay, as
well as a general overestimation in the electronic stopping power [108, 109]. Therefore,
TRIM estimates should be considered a conservative starting point for damage analysis.

2.2.2

Electron irradiation

Electron irradiation is usually used to replicate the damage observed following β-decay,
which occurs directly or through α-decay chain reactions within waste materials containing radioisotopes [10]. β-decay is expected to create isolated defects, as well as
initiating ion migration, and longer-order structural modifications [64, 65]. It can also
act as a metric of the low-electronic stopping power (dE/dx) of the material.
In this study, β-irradiation experiments were performed with 2.5 MeV electrons
from the Pelletron accelerator (SIRIUS) at LSI, Palaiseau, France. In order to keep
the maximum temperature of the sample holder at 50 °C, and thereby minimise temperature effects, an average current of 15.8 µA was used. With these beam specifications,
two doses of 0.77 GGy and 1.34 GGy were achieved on two separate sample sets (see
Figure 2.6). These doses are within the order of magnitude consistent with 100 or more
years of storage in a repository, given current fuel burn-up rates, and 18.5 wt% waste
loading specifications [10, 19].

Figure 2.6: Two different sample sets before and after β-irradiation on the SIRIUS beamline.
The first column has samples in the CB series, the second and third have samples in the CN
series, and the last contains samples in the CM series. The bottom sample in the second
column is CM5, and the second last sample is crystalline danburite. Danburite will not be
further discussed in this thesis, but it was used to correlate radiation and temperature effects.
Sample sizes are ∼ 3 mm × 3 mm in surface dimensions.
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2.2.3

Swift heavy ion (SHI) irradiation

External SHI-irradiation can be used to introduce a small volume of significant radiation damage, as TRIM simulations indicate. Medium-energy SHIs can be used to
replicate the expected damage (in dpa) from the low-energy recoil nuclei following
α-decay, which as previously mentioned is much more disruptive to the material structure than the higher-energy α-particle. In contrast, higher-energy SHIs can be used
to test the sensitivity of matrices towards high electronic stopping, which will produce
ion tracks. These ion tracks can be thought of as ∼ 3 nm columns of latent energy,
which are a result of interactions between the incoming ions, and the target electrons
[72, 75]. These interactions can in theory create temperature-like effects along the
ion track, such as phase separation or local annealing, according to the thermal spike
model. Thus, high-energy SHI irradiation can be used to identify the repercussions of
overlapping ion tracks.
High-energy SHI-irradiation has also been seen to replicate the damage state induced by internal α-decay processes on an accelerated scale, based on comparisons of
actinide-doped samples with those that were externally irradiated [10, 68, 110]. Therefore, SHI-irradiation can be used to test both the effects of damage creation, and
thermal processes resulting from overlapping ion tracks.

Figure 2.7: Samples on IRRSUD sample holders after Xe irradiation for fluences of (1)
1.8 × 1014 ions/cm2 , (2) 8 × 1013 ions/cm2 , (3) 4 × 1013 ions/cm2 , and (4) 1 × 1013 ions/cm2 .
Sample series are labelled

To test the effects of high electronic stopping, SHI-irradiations were conducted on
the IRRSUD beamline in Ganil using 92 MeV 136Xe 23+ ions with an average flux of 2.3
× 109 ions/cm2 ·s. The beam rastered horizontally at 400 Hz, and vertically at 4 Hz
across a 11.9 cm2 window. Five different sample sets were irradiated and the fluences
reached were 1.8 × 1014 , 8 × 1013 , 4 × 1013 , 1 × 1013 , and 5 × 1012 ions/cm2 . Multiple
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sets of data for a range of fluences gave insight into how dose, and thereby overlapping
ion tracks, would influence structural transformations kinetically. It was also used to
confirm whether a plateau in modifications could be observed in phase-separated glasses
or GCs, as they do in complementary homogeneous glass systems [2–4]. If a saturation
plateau could be identified, a corresponding fluence associated with the maximum
achievable damage could be used for future investigations on multiphased systems.
Figure 2.7 illustrates mounted samples on the alumina beamline irradiation plates for
four of the five irradiated sample sets. The cumulative sample area of each plate is
smaller than the rastered area, which should have ensured homogeneous irradiation.
The third irradiation experiment used medium-energy ions to induce transformations consistent with ballistic or nuclear events. The nuclear stopping power resulting
from slow heavy ion irradiation, such as those with Pt, Au, or Pb ions, is similar to
that of the α-recoil (5 keV/nm) [109]. Therefore, external radiation experiments of
this design can reasonably replicate the damage produced by displacement cascades
arising from ballistic events, which result primarily from interactions of recoil nuclei to
a depth of several microns from the sample surface.
The medium-energy ion radiation experiment in this thesis was conducted at CSNSM
using 7 MeV Au3+ ions at a flux of 2×1010 ions/cm2 · s based on a target current of 0.15
mA on the ARAMIS beamline. A fluence of 3 × 1014 ions/cm2 was achieved, which
corresponds to approximately 1 dpa. This level of damage should test the stability
of any crystalline phases within the glassy matrix, as well as the structure of glassy
phase(s) when every atom has been displaced. Figure 2.8 depicts the samples prior to,
and following 3 × 1014 ions/cm2 of Au-irradiation.

Figure 2.8: Images of samples before and after Au-irradiation for a fluence of 3 × 1014
ions/cm2 . Colour changes in some of the more opaque samples can be observed following
irradiation (image on the right). Sample series are labelled.

Using these three radiation experiments, the material response to low and high
electronic stopping, as well as nuclear stopping could be independently examined. The
dose desired in each experiment sought to induce the maximum damage, which is
roughly equivalent to 100 to 1000 years of β and α-decay, respectively, given current
waste loading limits of 18.5 wt% actinides arising from reactors with a 33 GWd/t fuel
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burn-up. In this manner, the long-term structural projections resulting from a range of
radiological internal events can be represented. This specific time frame was chosen as
it corresponds to the deposited energy regime in which structural changes are predicted
to saturate in homogeneous borosilicate glasses [2, 3]. Thus, this investigation tested
whether a similar limit could be detected in heterogeneous systems, which would be
useful for alternative material exploration.

2.3

Sample characterisation

As this project investigated the effects of composition and radiation damage in complex structures, several analytical techniques were utilised to characterise changes in
both the amorphous and crystalline phases. Morphology, composition, and crystal
phase determination were investigated using XRD and Scanning Electron Microscopy
(SEM), while short-range order and bonding were investigated using Raman and Nuclear Magnetic Resonance (NMR) spectroscopy. Combined, these techniques were able
to determine amorphous - amorphous phase transformations, versus phase separation
and precipitation of crystalline phases following irradiation. In this context, phase
transformations refer to changes in material properties resulting from alterations in
the connectivity of amorphous network formers for a fixed composition, though the
phase itself may remain amorphous. In multiphase amorphous systems, this could
mean the mixing or segregation of existing phases, or the change of one phase to another. These techniques were also able to provide information on the size, texture,
quality, and distribution of crystalline deposits following synthesis, and the various
irradiation experiments.
In addition to these techniques, thermal properties were also investigated in pristine samples using a calorimetric method. This information was used to determine
glass properties, and to also help explain observations from composition-based studies. Following irradiation, Electron Paramagnetic Resonance (EPR) spectroscopy was
also used for select sample sets to identify the creation of point defects in the various
compositions. Details of each technique, and the areas in which they were specifically
used are described below.

2.3.1

Scanning Electron Microscopy (SEM)

The SEM is a useful tool for high-resolution imaging of a surface. At high magnification,
it has ∼ 40× the resolution, and 300× greater depth of field than the light microscope
[111]. It can therefore resolve features on the sub-micron scale, and can also be used
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to determine surface topography and morphology, as well as chemical composition
depending on the mode of operation.

2.3.1.1

Theory

An SEM generates electrons by thermionic heating of a source (tungsten filament,
solid-state crystal, or field emission gun (FEG)) under vacuum. A series of magnetic
condenser lenses are then used to focus the electrons into a narrow column, which is
swept in a raster across a sample surface using scanning coils. The incoming electrons
interact with the sample surface, and can lead to the ejection of secondary electrons,
back-scattered electrons, or characteristic X-rays depending on the electron energy, and
therefore penetration depth [112], as Figure 2.9 indicates. These ejected electrons form
signals using one or more detectors from which an image or compositional analysis can
be displayed on a computer screen. In most SEMs, the primary electron beam will
interact with the near-surface region of the specimen to a depth of approximately ∼ 1
µm, but this will depend on the electrons’ impact energy, as well as the atomic number
of the target atoms, and the density of the sample.

Figure 2.9: Schematic of the elastic and inelastic interactions between the incoming electron
beam and a sample surface. The various types of secondary radiation (or electrons) that can
be emitted, and translated to images or quantitative analysis using different detectors are
illustrated according to the probed volume.
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As the primary electron beam interacts with a small volume at the surface, samples
should be polished up to 1 µm in order to achieve reasonable images and analysis.
Additionally, all samples must be mounted onto an electrically conducting support.
The desired voltage will be dependent on the charging properties of the samples, and the
mode of operation as quantitative analysis will require a higher voltage than imaging
(see Figure 2.9).
2.3.1.2

Modes of operation

The apparatus used in this investigation was a Quanta-650F with an FEG source located at the University of Cambridge, Department of Earth Sciences. Two modes of
operation, namely low vacuum (0.06 – 0.08 mbar), and Environmental Scanning Electron Microscopy (ESEM at 0.10 mbar), were employed in accordance to the features
being investigated. Low-vacuum and low-voltage analysis was a necessity as the samples could not be carbon coated without altering other analyses, and therefore would
charge in an ultra-high vacuum chamber. In all cases, a 40 µm aperture was used with
an optimal working distance of 13 mm.
Backscattered electron (BSE) imaging
BSEs are those reflected from the sample by elastic scattering. Heavier atoms will scatter more effectively than lighter atoms, and this will yield topographical and chemical
information. In this study, BSE imaging was performed at low vacuum (0.06 – 0.08
mbar) with a 5 keV beam using a Centric BackScatter (CBS) detector. The chosen
beam voltage and spot size corresponded to a beam current of 9.8 mA. Images were
collected using FEI Maps software, which allowed large areas to be imaged as tiles,
and stitched together, thereby avoiding significant drifting, and distortions expected
for large area imaging.
Imaging was useful to identify different phases in heterogeneous systems. In GCs,
BSE image analysis allowed for crystalline particle size (PS) to be determined, whereas
in heterogeneous amorphous structures, the morphology and size of separated phases
could be easily described at the surface. Analysis in heterogeneous structures was
primarily conducted by eye, with a select number of micrographs (tiles) for each sample
quantitatively analysed. Due to volume, image analysis could not be conducted on all
tiles, but those chosen for quantification were typically representative of the entire
mapped area. When different features were found throughout the sample, more tiles
were analysed. Therefore, the quantitative results providing particle or deposit size
ranges presented in this thesis can be considered fairly representative of the detected
structures, without all of the tiles being processed.
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Energy dispersive X-ray spectroscopy (EDS)
Besides surface imaging, a SEM can also be used for chemical analysis. EDS is the
technique used to identify elemental composition from X-rays emitted by the relaxation
of excited inner shell electrons following bombardment from an incident electron beam.
Each element has characteristic X-rays that are dependent on the electronic structure
for that species. When compiled, EDS analysis forms a spectrum with characteristic peaks proportional to the sample composition within a given microvolume. This
approach can be used for a static cubic micron analysis, referred to as spot analysis.
Alternatively, a dynamic approach can be utilised in which the incoming beam is swept
over a targeted area to map out the average chemical composition. The wavelength of
ejected X-rays can overlap in this process of mapping, resulting in peak broadening.
However, advanced software packages exist to separate, and assign characteristic peaks
if an estimate of the initial composition is known. For this investigation, the PB-ZAF
package was used for quantification, which allowed the peak-to-background method to
be applied with a atomic absorption fluorescence (ZAF) procedure. The ZAF procedure is an algebraic approach used to estimate K-values for all elements by quantifying
the effects of the atomic number factor (Z), the absorption correction (A), and the fluorescence factor (F), in an iterative process. This combination takes into account the
dependence of Bremsstrahlung radiation on the average atomic number of the sample,
and it also employs an empirical correction to account for the effects of particle size
[113]. It can therefore reasonably estimate standardless samples, such as heavy atoms.
It is therefore a semi-quantitative approach that calculates the concentration of atoms
based on peak intensities.
In this investigation, both spot analysis and mapping were collected using a 7 keV
beam with a current of 1.75 mA. EDS was performed at both low vacuum, and in
ESEM using Bruker 6130 XFlash detectors. When operating in the ESEM mode,
the CBS detector was replaced with a Gaseous Analytical Detector (GAD), which
enabled an 8 mm cone to be attached. The cone was used to reduce skirting effects,
which can be significant at low-keV, and low-vacuum operations when samples can
be easily charged. The working distance for these measurements was reduced to 10
mm in accordance to equipment optimisation while using the various detectors. This
configuration gave particular insight on the interface between phases, and the relative
composition of each phase in heterogeneous systems.
Maps were collected for all heterogenous amorphous structures, from which smaller
areas were used for quantification of each phase. In general, four to twelve points
or small areas were taken for each amorphous phase. A similar analysis was also conducted for GCs, but here spot analysis was more effective owing to the small crystalline
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particle sizes (< 1 µm). In calcium borosilicate samples, additional points were taken
perpendicular to the phase to phase interfaces in order to gain insight on the mechanisms of phase separation during synthesis. As multiple measurements were made for
each phase, or region of a phase, an estimated standard deviation (e.s.d.) could be
calculated. The formula used to calculate this statistical error is given in equation 2.2:
σ2 =

Σ(x − µ)2
N

(2.2)

where x is the individual atomic concentration measurement, µ is the average, and N
is the number of data points.
Electron backscatter diffraction (EBSD)
EBSD was also utilised to detect the phase and existence of trace crystallites when XRD
exhibited no diffraction peaks, but BSE imaging revealed what looked like dendritic
crystals. EBSD was performed at low vacuum with a 20 keV beam and ∼ 3.8 mA
current using a Bruker e− FlashHD detector. A 70° tilt, and an alumina reference were
employed for optimal detection and phase recognition. Acquisition and analysis for
both EBSD and EDS were made using Bruker ESPRIT software.

2.3.2

X-ray Diffraction (XRD)

In the context of glass ceramics, XRD can be a useful technique for crystal phase identification and quantification. It can also be used in amorphous systems to determine
if any crystallites precipitated following irradiation. In this way, it can be complementary to SEM phase analysis. This section will briefly discuss the principles of XRD,
the specific equipment used in this investigation, and the fitting procedure employed
for crystal size determination.
2.3.2.1

Basic principles of diffraction

Diffraction occurs in a crystalline sample when the oscillatory frequency of incoming
X-rays experiences constructive interference with electrons in crystal planes causing a
phase shift proportional to lattice spacing. XRD makes use of electromagnetic radiation
with wavelengths between 0.1 to 100 Å (or equivalently 102 to 105 eV), which coincides
with typical interatomic distances in crystal structures [114]. The interaction of these
incoming X-rays with a sample will produce a diffracted beam, which can be used
to determine crystal content and identity. Analysis of diffraction patterns can yield
information on the crystal cell parameters, lattice structure and possible symmetry,
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atomic co-ordinates, crystallographic orientation, crystallite size, and internal strain
for each crystal phase.
Incident X-rays will either be transmitted through the material, or scattered by
the specimen. Scattered X-rays can constructively interfere to produce a wave with a
larger amplitude that causes a peak to appear on the diffractogram. The scattering of
X-rays inherent to XRD is based on Bragg’s Law, see equation (2.3):
n · λ = 2d sin θ

(2.3)

where d is the distance between atomic layers in a crystal (referred to as the dhkl
spacing), λ is the wavelength of the incident X-ray beam, n is an positive integer, and
θ is the angle of incidence. This concept is visualised in Figure 2.10, where the difference
in path lengths between atoms in adjacent lattice planes is 2d sin θ. The condition to
Bragg reflection is that the difference in path length is equal to an integer number of
wavelengths, hence the requirement of X-rays (high frequency, short wavelength). As
the angle of incidence is always θ, the angle between a transmitted and Bragg refracted
beam will always be 2θ for conventional parallel beam acquisition.

Figure 2.10: Graphical representation of two X-rays interacting with atoms in two adjacent
lattice planes. The resulting constructive inference can be described by Bragg’s Law.

The diffracted X-rays will produce a peak related to a certain dhkl spacing between
atomic planes. The intensity of peaks will be sensitive to the location and type of atoms
in the crystal, as well as the relative amount of each crystalline phase in polycrystalline
materials [114]. The shape and size of a crystal unit cell can be determined from the
angular positions of diffraction lines, as the diffraction pattern acts as a fingerprint
for the crystallographic structure. The crystal phase and composition can then be
confirmed by comparing recorded peaks to indexed peaks using a database of known
structures.
In conventional diffractometers, X-rays are generated from collisions of an electron
beam with a water-cooled metal target. Given sufficient energy, the collision will
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cause the target’s inner electrons to be ejected, and an outer electron to drop to a
lower energy state (transition from L to K shell). This process will subsequently
release a characteristic photon (or X-ray) that is specific to the target material [115].
The emitted X-rays will have varying wavelengths that can be filtered electronically,
or through a monochromator, which is a single crystal of known lattice spacing and
orientation. Using either method, X-rays are filtered to select Kα1 and Kα2 , which
have similar wavelengths [116]. Diffraction occurs when the X-rays and detector are in
Bragg geometry, as illustrated in Figure 2.10.
There are limitations to this technique inherent to the process, and with specific
regards to this thesis. Primarily, XRD will only provide information for diffracting
planes that are oriented within a small angle to the surface [114]. Therefore, in samples
without perfectly oriented single crystals, rotated powder diffraction is often employed,
in which randomly oriented crystals are averaged. In these cases, each dhkl represents a
family of planes. In this investigation, some samples were powdered, but most were left
as monoliths to ensure that the irradiated volume was being analysed. Moreover, most
of the samples in this thesis were amorphous, which owing to their random structure,
and lack of a lattice, produced only broad scattering peaks that provided little to no
structural information. It was, however, useful to determine if any crystallites had
been precipitated in these systems during irradiation. In GCs, XRD was used for both
crystalline phase identification, and size quantification, though the scattering quality
did vary with the crystal content.
2.3.2.2

Profile fitting

Peak position, width, and intensity are all relevant for interpretation of a crystal structure. While the position and intensity of peaks can yield information on the atomic
structure (dimensions and symmetry of the unit cell, as well as atomic positions and
any possible displacements), the peak width and lineshape can be used to give information on the crystallite size (CS) and lattice defects. These defects include strain
from dislocations, domain boundaries, interstitials, inhomogeneities in the solid state,
and temperature-related modifications. In order to accurately extract this information, profile fitting using a model such as Rietveld refinement or the Pawley method
was required [115, 116].
Line profile shapes originate from multiple sources, which include instrumental contributions (wavelength distribution and geometry effects), in addition to the specimen
contribution [116]. In order to accurately extract information from pattern profiles,
these components must be independently fit. In this investigation, the LaB6 660b
NIST standard [117] was used to model the instrumental contribution to peak broad41
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ening using a fundamental four parameter approach with the software Topas v4.1 [118].
In parallel beam geometry, the only specimen factor influencing lineshape is microstructural broadening, which incorporates contributions from CS and microstrain.
In this thesis, single parameter CS estimates were made using the Scherrer equation
(2.4), which is a function of peak shape and width.
crystal size (CS) =

kλ
[nm]
10 · ∆θ · cosθ

(2.4)

where k is the crystal shape factor (assumed to be 0.9), λ is the radiation wavelength,
and θ is the diffraction angle for CS measured in nanometers. In this context, CS
broadening refers to a decrease in the domain size, which can be different from the
actual crystal size [119]. The Scherrer equation was applied to the peak shape function
in a given crystallographic direction (hkl) according to the relationship in equation
(2.5):
fwhm(2θ, hkl) =

(180/π)λ
cos θ · CS

(2.5)

where fwhm(2θ) is the full width at half maximum of a peak at a given diffraction angle,
and crystallographic direction [120]. Peaks were fit using Lorentzian functions based
on the best possible fit, and modelled assuming isotropic variation. This was true for
both Rietveld refinements and Pawley fits, which yielded similar results. The fitting
also provided e.s.d. for fit parameters. These represent the statistical error between
the calculated and reference peaks for a given set of variable parameters.
Microstrain was not included in fitting as the correlation between size and strain
was too high due to the large amorphous content in GCs. The exception was the most
crystalline sample CN10, where a size and strain model was used for comparison and
validation purposes of a single parameter CS fit (see Appendix A1).
2.3.2.3

Diffractometer and acquisition conditions

XRD was performed with CuKα1 (λ = 0.15406 nm) and CuKα2 (λ = 0.15444 nm)
wavelengths on a Bruker D8 ADVANCE equipped with Göbel mirrors for a parallel
primary beam, and a Vautec position sensitive detector with a 0.6 mm slit. Spectra
were collected for a 2θ = 10 − 90° range with a 0.02° step size, and a 2 or 10 s per step
dwell time. This configuration resulted in a penetration depth of ∼ 6 µm around 20°
(2θ), and of ∼ 54 µm around 90° (2θ).
Samples were analysed as monoliths to isolate irradiation effects, and to avoid additional structural manipulations induced by the mechanical force required to powder
samples. It also minimised contributions from the underlying pristine substrate. The
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samples were initially rotated with quick scans to identify the maximum diffracting
orientation before final acquisition. As any crystals in GCs were embedded in an
amorphous monolith, crystal orientation could not be controlled, but it was assumed
that the distribution of crystal orientation was similar in all samples. Therefore, this
initial rotation was a means to compare samples with some accuracy. Structural analysis and CS valuations were performed using whole pattern Rietveld refinements with
the software Topas v4.1 [118]. As powellite was the primary crystal phase of interest,
the ICSD-22351 reference structure [121] was used for both phase identification and
refinement.
The Rietveld method refines the crystal structure in order to identify phases, lattice parameters, CS, atom positions, and occupancy. A reasonable approximation for
the crystal structure, including the group symmetry, lattice parameters, atomic positions, or site occupancy is initially required before the model can proceed. Use of
lattice parameters and the space group can act to constrain peak positions, while atom
positions and occupancy can constrain peak intensities. The process works using the
least-squares approach through regressional analysis between the observed and calculated pattern [122, 123]. In the Pawley method, the peak shape and intensity are fit
from the patterns. It is therefore a structureless refinement. In contrast, the Rietveld
method confines the peak intensity from structure factors that are based on input parameters. Despite these variations in fitting approaches, the results using both methods
were similar. Therefore, only the Rietveld refinements are presented in this thesis.

2.3.3

Raman spectroscopy

Raman spectroscopy can be used to elucidate the chemical structures and bonding
order of a compound based on spectral pattern fingerprinting. It can also be semiquantitatively used to determine the amount of one phase in another [124]. Therefore,
it is highly useful to determine the relative structural changes induced by composition
and irradiation in all phases of the synthesised samples in this study. It is particularly
useful in analysing the local environment of non-diffracting amorphous phases, as well
as small volumes of crystallites. Moreover, it can be used to ascertain the relative
amount of crystalline phases in GCs.
2.3.3.1

Basic theory on vibrational spectroscopy

Raman spectroscopy measures the vibrations of molecules based on the principles of
Raman (inelastic) scattering, which measures the altered frequency of an incoming
beam with the scattered radiation. It was first experimentally used in 1928 with focused
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sunlight and a basic collection lens [124], and has since been refined to minimise sample
degradation and maximise resolution.
Light is a type of polarised electromagnetic radiation, which is formed of two perpendicular electric and magnetic components. Raman spectroscopy makes use of the
electric component [125]. When light interacts with matter, photons can be absorbed,
scattered, or pass through the material unaltered. When the energy of an incoming
photon matches the band between an excited state and the ground state, the photon
can be absorbed and the molecule will move to a higher energy excited state. Alternatively, a photon of any energy may scatter with the material [124]. When scattered
radiation is the desired process for measurements, the experimental set-up should seek
to minimise absorption.
The most common unit for vibrational spectroscopy is the wavenumber (ν). It is
defined by the frequency of waves (f ) travelled in the direction of light in one second,
as equation (2.6) indicates.
ν=

c/λ
1
f
=
= [cm−1 ]
c
c
λ

(2.6)

where λ is the wavelength that describes the distance between two points in successive
waves (in cm), c is the speed of light (3 × 1010 cm/s), and f is the frequency of waves
(in Hz). The wavenumber can be expressed in terms of the energy transferred from an
electromagnetic field to a molecule when the Bohr frequency condition (∆E = hf =
hcν) is satisfied. As both Planck’s constant (h) and the speed of light (c) are known,
∆E can be expressed as 1.24 × 10−4 eV/molecule per 1 cm−1 [125].
The magnitude of any energy transition (∆E) is dependent on the origin of the transition, as Figure 2.11 illustrates, and can accordingly be used in multiple spectroscopic
techniques. At higher wavenumbers in the γ-regime, a rearrangement of elementary
particles is the transition origin, while at lower wavenumbers (1 to 10−4 cm−1 ), a transition between electron (ESR) or nuclear (NMR) spin levels in a magnetic field can
be observed [125]. The vibrational and rotational transitions of interest in this case
appear in the Infrared or Raman region between ∼ 104 to 102 cm−1 .
In Raman spectroscopy, a sample is irradiated with a laser beam of fixed frequency
f0 in the UV-Vis region. The light interacts with the molecule and distorts or polarises
the electron cloud around a nuclei to form a short-lived excited state. This excited
state is unstable and will quickly re-irradiate a photon with a similar frequency to the
incoming photon [124]. When photons interact with the electrons around nuclei, they
can cause vibrational motion through a transfer of energy. This will result in a larger
frequency shift, which is fundamental to this spectroscopic technique.
The outgoing photons scatter from a sample in a perpendicular direction to the
44

Experimental methodology and analysis techniques

Figure 2.11: Energy (E), frequency (f ), and wavelength (λ) for various parts of the electromagnetic spectrum [126].

incoming beam. They are generally composed of two components: Rayleigh scattering,
and Raman scattering. Rayleigh scattering has the same frequency as the incoming
beam (f0 ), and is a result of elastic scattering. In comparison, Raman scattering
with an altered frequency is inherently much weaker with only one in every 106 to 108
photons scattering through this process [124]. It occurs at a frequency of f0 ±fm , where
fm is the vibrational frequency of a molecule, and f0 −fm and f0 +fm are the Stokes and
anti-Stokes lines, respectively. Stokes scattering results when a molecule absorbs some
energy, and is moved to an excited higher-energy vibrational state from the ground
state. In comparison, anti-Stokes scattering causes molecules that may already be in
an excited state from thermal energy, to transfer some energy to the photon when the
molecule scatters to the ground state. The Stokes lines are normally stronger under
room temperature conditions, where fluorescence is not a problem, and are therefore
preferentially measured over anti-Stokes as they provide the same information [125].
In order to predict vibrations, molecules are considered to be undergoing harmonic
and anharmonic oscillations. Molecular bonds are considered to be springs that behave
according to Hooke’s law (see equation (2.7)), with a force constant proportional to
the bond strength.
s
K
1
f=
·
(2.7)
2πc
µm
where K is the force constant, c is the speed of light, and µm is the reduced mass of
two atoms. In this spring and ball analogy, Hooke’s law indicates that strong bonds
and light atoms will typically result in higher frequency shifts, while heavy atoms and
weak bonds will results in lower ones [124].
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In polyatomic molecules, all of the nuclei hypothetically perform their own normal
harmonic oscillations in directions (x,y,z ). There can also be translation of molecules in
space. Combined, these oscillations can describe in or out-of-phase stretching, bending,
rotational, or deformation vibrations. Theoretically, 3N − 6 vibrations are possible for
non-linear molecules, and 3N −5 vibrations for linear molecules, where N is the number
of atoms in the molecule.
Each collection of Raman-active vibrations occurs at a specific frequency with a
requirement that the polarisability changes during the vibration. The polarisability is
defined here as the ability of electrons to polarise. When a molecule is in an electric
field, it will experience a distortion since positively charged nuclei are attracted to
negative poles, and vice versa. This will induce a dipole moment that will change the
size, shape, or orientation of the polarisability ellipsoid during the normal vibration.
This change will make the vibrations Raman-active, with each vibration given a corresponding band assignment (e.g. ν1 , ν2 , ν3 ). When two vibrational modes have the
same frequency, but differ in the direction of the vibration by 90°, they are referred to
as a set of doubly degenerate vibrations [125].
Molecular vibrations will be dependent on molecular geometry and atom grouping,
as different bonds may have different vibrations. In crystal systems, molecules can
be described using symmetry, for which there are five point symmetries that can be
combined to form 32 crystallographic point groups [125]. There are two additional
symmetry elements resulting from the combination of rotational and translational,
or reflection and translational considerations. These latter two elements define the
symmetry of space, and can be used to describe spatially homogeneous materials, such
as crystals or polymers. Just as point groups summarise symmetry elements, so too
do space groups summarise the space symmetry elements. Rotation axes (Cn ), planes
of symmetry (σ), centre of symmetry (i), rotation reflection axes (Sn ), and identity
(E or I) are the symmetry elements used to describe symmetry operations that are
inherent to point group assignment, while the primitive unit cell, lattice structure,
isomorphic factor group, and site group are used for space group assignment. The
rules for classifying molecules into their point groups and space groups can be found
in any number of standard texts [125, 127–129].
In a crystal lattice, there are also phonon modes that are a combination of acoustical
and optical modes involving wave motions in a chain, where the frequency distribution
of primitive cells lies in the Brillouin zone. The acoustic modes are so named as they
occur at sonic or ultrasonic frequencies. In comparison, the optical region consists
of both internal and external lattice vibrations. These external modes are weak in
energy, and are found at low frequencies [125]. They can be classified as rotational or
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translational external modes.
While Raman scattering can provide useful structural information, there are limitations to this technique. Interactions of the sample with the laser beam can cause
localised heating, photodecomposition, or fluorescence. Any of these occurrences can
significantly alter the material and lead to degradation. In general, bending vibrations
are also weaker than stretching vibrations, which can make them difficult to resolve in
complex systems. This many be an important factor for amorphous systems.
2.3.3.2

Instrumentation

A Raman spectrometer is composed of an excitation source, a sample illumination
and collection system, wavelength selector, and the detection and computer processing
system. Continuous wave monochromatic lasers, such as Ar+ (351.1 – 514.5 nm), Kr+
(337.4 – 674.4 nm), and He-Ne (632.8 nm) are commonly used. As are pulsed Nd:YAG
(solid-state laser), diode, or excimer lasers, which can increase the power output by up
to two orders of magnitude [125]. In either case, the laser can be focused on a sample
with a relatively small spot size (∼ 1 mm). A variety of monochrometers and detection
systems can also be used in the apparatus, depending on the specific application and
desired information. Given that Raman scattering is inherently weak, focusing on the
sample is very important. Following acquisition, spectra can be analysed on a peak-topeak basis, or by using general features of a known compound. Band assignments can
be made using frequency tables, or via literature for known group vibrations. Initial
assignments can also be confirmed through DFT calculations.
2.3.3.3

Collection specifications

Raman spectra were measured on a confocal LabRam300 Horiba Jobin Yvon spectrometer using a 532 nm laser produced by a diode pumped solid-state laser (Laser
Quantum) with incident power of 100 mW. Measurements were collected with a 300
µm confocal hole size, and used an Olympus 50× objective with a holographic grating
of 1800 grooves per mm, coupled to a Peltier cooled front illuminated CCD detector
(1024 × 256 pixels in size), over the range of 150 – 1600 cm−1 with a 2 µm spot size.
Such a configuration resulted in spectral resolution of ∼ 1.4 cm−1 per pixel. Spectra
were analysed using the PeakFit software, and the powellite and amorphous phase
characteristic bands were fit with pseudo-voigt profiles.
The equipment configuration resulted in an estimated penetration depth of ∼ 22
µm, based on depth profile analysis. In this thesis, surface analysis was performed,
because the SHI irradiation depth was < 13 µm for both Xe and Au-irradiations.
While this set-up would still result in a large pristine sample contribution from under
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the irradiation zone, the parameters chosen were based on a number of factors including
acquisition time, spectral resolution, minimisation of damage, and desire to accurately
describe the order within the amorphous phase.
Sampling is known to have a large effect on the intensity, width, and position of
bands. Therefore, three sites were probed per sample, and average values were used
for peak analysis. In multiphase amorphous samples, purely qualitative observations
were made, as broad overlapping amorphous peaks were difficult to deconvolute.

2.3.4

Electron Paramagnetic Resonance (EPR) spectroscopy

Many irradiation-induced structural changes that can be observed using the aforementioned analysis techniques are a repercussion of changes to the electronic structure.
EPR, or Electron Spin Resonance (ESR), spectroscopy is a unique method employed
to directly probe the local environment of unpaired electrons in the bulk material,
which may be responsible for longer-range modifications.
2.3.4.1

Basic background information and uses

EPR spectroscopy was first used by Zavoisky in 1945 to identify the electronic structure of unpaired electrons in hydrated cupric chloride [130]. Since then, it has been
used to characterise a wide array of materials by delving into the mechanisms of free
radical interactions, and the formation of paramagnetic clusters, thus proving a useful
analytical tool in assessing materials for nuclear applications.
Materials used in the nuclear industry are of course subjected to irradiation, which
creates internal defects that will ultimately alter their physical properties, and therefore their chemical durability. This is especially relevant in materials for nuclear waste,
which experience continuous α, β, and γ-radiation for thousands of years following
encapsulation. These internal radiological events will result in atomic displacements,
ionisation, and electronic excitations within the wasteform in proportion to dose and
time. These modifications will consequently play an essential role in choosing appropriate waste containment materials, hence they are of relevance in the current study.
EPR remains the sole method to accurately describe the kinetics, and number of electronic defects resulting from these events. It can directly detect the effects of radiation
by monitoring the evolution of sites that are EPR inactive prior to irradiation.
Electronic defects induced by radiation damage are of interest as they can enable
stable void formation, which can lead to helium bubble nucleation, or the coalescence
of radiolytic molecular oxygen [89]. Both would significantly alter the structure and
therefore durability of the waste material. Furthermore, defects have been linked to
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alkali migration, and changes to the coordination of network formers in glasses or GCs.
These alterations can create possible precursor environments for secondary phase formation or devitrification, which are some of the longer-range modifications observable
using the previously mentioned analytical techniques. As a result, EPR can be used
to probe mechanisms of phase separation, and defect accumulation, which would both
affect macroscopic physical properties.
2.3.4.2

Technical theory

EPR is a technique only applicable for unpaired electrons with a non-zero total angular momentum. As such, core electrons in closed atomic shells will be EPR inactive.
Even with this limitation, EPR remains a useful technique for investigations involving dilute paramagnetic species. The technique fundamentally relies on the response
of an electron’s spin, and orbital angular momentum in an external magnetic field.
The Hamiltonian used to describe an unpaired electron’s magnetic energy is the cross
product of the electron magnetic moment with an external magnetic field [131].
The microwave energy used in EPR is applied perpendicular to the magnetic field
(Bo ), and absorption will result as long as the resonance condition in equation (2.8)
holds for the difference between Zeeman energy states:
∆E = h · νm = ge · µe · Bo

(2.8)

where νm is the microwave frequency, h is Planck’s constant, ge = 2.0023 is known as
the Landé or electron g-factor for a single unpaired electron, and µe = 9.42×10−24 J ·T −1
is the electronic Bohr magnetron [132]. There are multiple solutions to this resonance
condition, as both the microwave excitation, and the external magnetic field can vary.
As a result, equation (2.8) can be rearranged for a unique g-factor (see equation (2.9))
that describes the paramagnetic state where g will deviate from ge , owing to spin-orbit
interactions.
g=

h · νm
µe · Bo

(2.9)

This g-factor is dependent on orientation and molecular symmetry. Isotropic systems will exhibit a single g-factor, while anisotropic behaviour can result in two or three
values, which depend on symmetry of both the g-tensor, and the hyperfine coupling
tensor. This hyperfine coupling tensor is characterised by three mutually orthogonal
values that are constrained by point symmetry.
EPR spectroscopy is a sensitive technique, but the spectra are complex and difficult
to analyse in multi-atom molecular systems. In addition to symmetry considerations,
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a hyperfine structure arises from the interactions between magnetic nuclei with nonzero spins to an on-site unpaired electron. EPR spectra are further convoluted by the
effects of superhyperfine coupling, which derive from atoms in the first coordination
sphere. Though these are often difficult to discern in large unsymmetrical molecules,
they are still a contributing factor to measurements. In real systems, there will also be
electrostatic quadrupolar interactions resulting from non-spherical charge distribution
for nuclear spins I ≥ 1, along with various other complexities arising from spin-spin
relaxation being a time-dependent phenomenon [133]. These topics highlight the complexities of EPR spectral fitting and analysis. Comparison with existing literature is
an essential step during analysis, as spectral simulations cannot always accurately account for the interactions between electronic defects. It is also important to remember
that the recorded spectra are the first derivative of absorption. Therefore, to quantitatively determine the concentration of defects, a double integration is required. For
this reason, EPR results representing the defect structure are often compared on a relative scale from the directly acquired spectra, thereby reducing the propagated error
accumulated through integrations of complex spectra with overlapping peaks.
2.3.4.3

Modes of operation

There are several EPR techniques currently in use, namely continuous wave EPR, electron nuclear double resonance (ENDOR) spectroscopy [134], and electron spin echo
envelope modulation (ESEEM) spectroscopy [135]. The first technique is the most
common, in which the specimen is subjected to a continuous wave of microwave irradiation at a fixed frequency, while the magnetic field is swept. The microwave frequency
used in a EPR acquisition is dependent on the equipment geometry, and it can only
be produced in small frequency windows called bands. The five major bands widely
accessible today are the S-band (3.5 GHz), X-band (9.25 GHz), K-band (20 GHz),
Q-band (35 GHz), and W-band (95 GHz) [133]. Of these, the X-band provides optimum sensitivity for the widest array of nuclear materials, where as few as 1011 spins
of paramagnetic species can be detected [132]. For this reason, it was used in this
investigation. Higher frequencies and reducing the temperature would have enabled
improved sensitivity and resolution, but it would occur alongside a reduction in the
sample volume, thus negating some of the improved sensitivity.
In many ways EPR is similar to nuclear magnetic resonance (NMR) spectroscopy
with one technique focusing on electron spins, while the other on nuclear spins. Both
make use of Zeeman splitting of energy states in an external magnetic field, involve
spin-spin coupling interactions, and various relaxation processes to acquire spectra.
They differ however in terms of the resonance frequencies required to run experiments.
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EPR uses microwave techniques, as opposed to radiofrequency, which is essential in
NMR [136].
2.3.4.4

Experimental mode of acquisition

In this thesis, EPR spectra were obtained at the X-band (ν ∼ 9.86 GHz) on an EMX
Bruker spectrometer at room temperature with 100 kHz field modulation, and 1 mW
microwave power using quartz tubes. Spectra were normalised to the relative sample
weight, attenuation, and receiver gain. This techniques was only used following βirradiation experiments, as equipment access was tied to the SIRIUS beamline.
EPR is a bulk technique, therefore samples could be left as monoliths. An assumption had to be made that there was not a large variance in the filling factor given that
β-irradiated samples all had similar dimensions. Moreover, measurements were made
for both β-irradiated sample sets a couple days after irradiation in order to maximise
detected defects. Except where otherwise explicitly indicated, all recorded defects were
induced by β-irradiation.
Owing to the complexities and multiphased nature of the compositions investigated,
g-factor assignments were empirically determined by comparison to literature. Both the
theoretical defect structure for each predicted defect, and the defect structure observed
for similar radiation conditions and compositions, were used for determination. These
are however empirical estimates, and should only be considered as such.

2.3.5

Nuclear Magnetic Resonance (NMR) spectroscopy

NMR has been a powerful tool to measure nuclear magnetic resonance signals in solids,
and in solution since it was first observed in 1946 by Bloch & Purcell [137]. As mentioned in the previous section, NMR makes use of nuclear spins to determine the
structure of a molecule. In this thesis, solid-state 11 B MAS NMR spectroscopy was
performed on pristine samples to determine concentration effects on the structure of
boron units.
2.3.5.1

Basic principles of NMR

Some nuclei have an intrinsic angular momentum (L) based on charge, which is different
from the orbital angular momentum quantum number (I) that is commonly referred
to as nuclear spin. The intrinsic angular momentum is a vector that can be quantified
using equation (2.10), assuming that nuclei are spherical.
L=

hp
I(I + 1)
2π

(2.10)
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where h is Planck’s constant, and I is the angular momentum quantum number
(I = 0, 1/2, 1, 3/2, 2, ...6). This angular momentum vector L can be correlated to
its magnetic moment (µ) according to equation (2.11):
µ=γ·L

(2.11)

where γ is a constant called the magnetogyric ratio. This constant is unique for a given
type of nucleus, and it will determine the sensitivity of NMR. Nuclei with a large γ
will be easier to observe than those with a small γ. Furthermore, it is clear from this
expression that nuclei with I = 0 will have no nuclear magnetic moment.
If a nucleus is placed in a uniform magnetic field (B0 ), the energy of the nucleus
can be expressed by equation (2.12), where the frame of reference is along the z -axis.
E = −µz · B0 = −

h
ml · γ · B0
2π

(2.12)

Therefore, the magnetic field (0, 0, B0 ), and subsequently µz , are considered to be in
the z -direction. The angular moment term in equation (2.12) has also been replaced
with the magnetic spin quantum number (ml ), where ml is an interval from −I to +I
in values of 1. This means that for nuclei with non-zero spin (I 6= 0), there are (2I + 1)
values of ml , and therefore possible orientations of the nuclear magnetic moment in
the external magnetic field. This will in turn create 2I + 1 degenerate energy levels
[137, 138].
NMR probes the transition between two adjacent Zeeman energy states when an
external magnetic field is applied. The resonance condition to excite these transitions,
and cause spin flipping, occurs when pulsed radiofrequency (rf) waves with an oscillating magnetic field, and a certain frequency (ω), interact with the dipoles of nuclei.
Transitions will occur when this rf equals the Larmor frequency (ω0 = −γ · B0 ) [137].
The net magnetisation of a sample can be considered the vector sum of each nucleus’
µ, but this does not change the energy, or excitation frequency relations.
The resonance frequency can be slightly altered by the local chemical environment
of the resonating nucleus. Induced currents in the surrounding electrons can cause a
certain amount of screening from the applied magnetic field. Any screening from the
local environment will cause a chemical shift (in ppm) relative to a known standard,
as equation (2.13) describes, for a certain frequency (f ) [138].
δ=

f − fstandard
× 106
fstandard

(2.13)

Greater shielding of the nucleus is associated with a negative chemical shift, while
a positive chemical shift is associated with electronic deshielding. As these chemical
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shifts are quite small, the applied magnetic field must be homogeneous to accurately
determine changes.
2.3.5.2

Magic-angle spinning (MAS)

In solid-state NMR experiments, MAS is commonly used to remove the effects of chemical shift anisotropy arising from asymmetry in local electronic shielding, and heteroand homonuclear dipolar coupling [138]. In quadrupolar nuclei with non-spherical
charge distribution, such as 11 B, MAS can also be used to narrow lines, and limit
the effects of homonuclear dipole-dipole coupling. In order to achieve this goal, very
high spinning speeds are required. This technique is used to replicate measurements of
liquid solutions, where the rapid isotropic tumbling of molecules reduces dipole-dipole
coupling and chemical shift anisotropies to zero or a single isotropic value, respectively.
Dipole-dipole interactions and chemical shift anisotropy are dependent on the molecular orientation that takes the form of 3 cos2 θ − 1, where θ is the angle between the
applied magnetic field and the principal axis of interaction, which could be either the
dipolar coupling tensor or the shielding tensor. In a solid sample, θ can take on any
value. The ‘magic-angle’ required to make this term equal to zero is θ = 54.74◦ . Therefore, if the sample is spun at θ = 54.74◦ , directionally dependent chemical shielding and
dipolar coupling can be removed, thus replicating molecular tumbling in liquids, which
subsequently narrows the linewidths of isotropic chemical shifts. If the spinning speeds
are slower than the anisotropy of the interaction expressed in Hz, spinning sidebands
will be produced. Theses sidebands will appear on either side of the isotropic chemical
shift, with a frequency equal to the spinning speed. Therefore, the sidebands can be
distinguished from the isotropic shifts by varying the spinning speed.
2.3.5.3

Fourier transform (FT) NMR and data processing

In FT (or pulsed) NMR, the magnetic field is fixed, and the frequency is varied, thus
enabling all resonances to be excited simultaneously by a short intense pulse [139]. This
technique has superseded continuous wave NMR in which the magnetic field is varied,
and the frequency is fixed. This change has significantly improved the signal-to-noise
ratio, as short pulses enable multiple acquisitions.
In order to derive spectra from this type of signal acquisition, a mathematical operation (Fourier transform) must be applied to the accumulated free-induction decays
(FIDs) [137]. The spectrum in the frequency domain consists of both real and imaginary parts, where the signal phases differ by 90◦ . The real spectrum, corresponding
to absorption modes, is typically chosen for representation. This means that phase
correction must be used to separate the real spectrum from the imaginary spectrum of
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dispersion modes. In this study, zero-order phase corrections were applied across the
spectrum to show only peaks in the absorption mode. In some cases, a first-order phase
correction was also required when there was a delay between the end of the excitation
and detection, but this is more or less negligible for the spectra presented in this thesis.
2.3.5.4

NMR experiments

The nucleus of interest in this investigation was 11 B, which has an 80.1% natural
abundance, µz = 2.6887 nuclear magneton (µN ), and γ = 8.5847 × 107 rad/T · s. 11 B
is a quadrupolar nucleus with spin I = 3/2, and ml = −3/2, −1/2, 1/2, 3/2 where
primarily only the −1/2 to 1/2 transition is seen.
Experiments were conducted on a Varian Infinity Plus spectrometer with a 11.74 T
superconducting magnet, using 2.5 mm probes, and zirconia rotors. At this magnetic
field, the probe was tuned to the Larmor frequency of ∼ 160.37 MHz. Approximately
9 – 13 mg of packed powdered sample were used for each measurement, which ensured
that the minimum 1018 – 1020 nuclei of interest were present to guarantee sensitivity.
The small rotors, and high natural abundance of 11 B enabled fairly high spinning
speeds, and therefore peak differentiation. All 11 B MAS NMR experiments were made
on solids spun around ∼ 20 kHz using pressurised gas. 90◦ pulses with a 0.7 s pulse
delay, and 5 µs receiver and acquisition delays were applied. Chemical shifts were then
measured relative to a secondary solid standard of NaBH4 (- 42 ppm), with the primary
liquid standard of BF3 Et2 O (0 ppm).

2.3.6

Simultaneous DSC-TGA (SDT)

In order to determine temperature-based transitions, SDT was employed. This technique provides simultaneous measurements of weight changes and heat flow, thus combining the elements of Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC).
In SDT, two sample trays are horizontally arranged with heaters under each pan.
One serves as an empty pan reference, in order to dynamically normalise sample measurements as they are collected for temperatures up to 1500 °C. Changes to mass are
indicative of degradation (loss) or a chemical reaction with the atmosphere (gain),
while changes to the heat flow are indicative of thermal critical points, such as the
glass transition temperature (Tg ), melting temperature (Tm ), or the specific heat (Cp )
of a substance. The difference in the amount of heat required to increase the temperature of the sample relative to the empty pan is measured as a function of temperature.
The rate of heating is dependent on a chosen program that enables either a fixed or
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variable heating rate. It also allows for dwell time at temperature, if desired.
Physical transformations of interest will require more or less heat flow to the sample
than to the reference in order to maintain the same temperature for both pans. An
exothermic reaction would require less heat to flow to the sample, as energy is being
expunged, while an endothermic reaction would require more heat flow to the sample,
in order to account for the absorbed heat required to undergo a phase transition.
An example of an exothermic event would be crystallisation, while melting from a
solid to a liquid is an endothermic event [140]. The enthalpy of each reaction can be
determined from the integrated area of the curve for an associated temperature range.
Glass transitions are another feature that can be measured by calorimetry, and it is
particularly relevant for this set of synthesised glasses and GCs. This transition results
from an increase in the heat capacity of an amorphous solid that initiates mobility of
a previously ‘frozen’ metastable phase. This enthalpy jump signifies a glass transition,
and will appear as a step in the SDT curve. By monitoring changes to heat flow, SDT
is able to determine the temperature at which these transitions occur. They will of
course be dependent on the heating rate, with the most accurate changes recorded
for an infinitesimally small heating rate [141, 142]. As this is physically unfeasible, a
standard 10 °C/min was used, and comparative observations were made.
2.3.6.1

Equipment used

A TA Instruments Q600 with Pt/Rh thermocouples arranged for a dual beam balance
with a choice of atmosphere from air, nitrogen, or argon located in the Department
of Materials Science and Metallurgy at the University of Cambridge was utilised in
this investigation. The equipment configuration resulted in a balance sensitivity of ±
0.1 µg, and a ± 2% calorimetric accuracy [143]. In all measurements, alumina pans
were employed with 10 – 18 mg of powdered samples. Measurements were taken under
a nitrogen atmosphere to ensure no weight changes resulted from oxidation at high
temperature. The program used a 10 °C/min heating rate to a maximum temperature
of 1500 °C, after which the system was cooled by blowing air over the apparatus until
the system reached room temperature. In some cases, a secondary heating to 1500 °C
was undertaken to see how thermal transitions changed following a melt, and to identify
possible phase transformations. All observable thermal transitions were analysed using
TA Instruments Universal Analysis 2000 software.
This technique was only used for ‘pristine’ samples in the CN series. As powders
with particles < 75 µm were required for this analytical technique, irradiated samples
that needed to be left as monoliths could not be investigated. Moreover, any changes
to thermal transitions following irradiation were expected to be small given the small
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irradiation volume (ion penetration depth < 13 µm for samples with a ∼ 500 µm
thickness), and therefore may fall within measurement error.
The samples in the CN series were specifically chosen for analysis using SDT over
calcium borosilicates, because data relating to sodium borosilicates exists in literature
for comparison. Single measurements were acquired for each composition in the CN
series for the given heating rate. A second set of measurements were also collected on
this sample set with a 5 °C/min heating rate to ensure that observed transitions were
real. This latter set of results are not presented in this thesis as they were primarily
used to verify the findings presented in Chapter 4.
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Chapter 3
Influence of composition on glass
structure in calcium borosilicates
Vitrification in a borosilicate glass network is the technique currently employed for the
immobilisation of FPs and actinides arising from the reprocessing of UO2 fuel. While
extensive research exists on homogeneous glasses, there is a lack of understanding when
it comes to phase separated wasteforms that result from a high concentration of relatively insoluble species, such as molybdenum. High concentrations of molybdenum
are expected from weapons-grade waste, post operative clean out, increased fuel utilisation, or Generation IV reactors. It is also a concern if increased waste loading is to
be considered, as a means to minimise the final volume of waste for long-term storage. The incorporation of this excess molybdenum may alter the chemical durability
of the final wasteform through the formation of water soluble complexes, hence why
the processes of phase separation and precipitation are of interest.
In order to understand how a high concentration of insoluble species will alter the
structure of a glassy wasteform, the effect of composition in simplified systems was
investigated. The systems chosen focused on formation of the water-durable CaMoO4
phase within an amorphous matrix, as mentioned in previous chapters, in order to attempt to synthesise stable composite materials. The next two chapters seek to address
the mechanism behind structural evolutions induced by changes to [B2 O3 ], [MoO3 ],
and [CaO] in heterogeneous calcium and soda lime borosilicates, as a means to assess
the chemical stability of increased waste loading. This chapter focuses on calcium
borosilicates and the origins of liquid-liquid phase separation, as well as the precipitation of crystalline molybdate phases based on the competition for limited charge
compensators.
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3.1

Calcium borosilicate compositions

Calcium oxide is known to have a limited solubility (∼ 11 mol%) in borosilicate glasses
[23, 55], but how this system responds to the inclusion of MoO3 is unknown. As the
eventual aim of this project was to promote the formation of CaMoO4 in wasteforms,
the simplified B2 O3 −SiO2 −CaO−MoO3 oxide system was chosen for investigation.

Figure 3.1: Ternary phase diagrams for the CB, CM, and M series. Bottom axis represents
network formers, left axis insoluble MoO3 , and right axis cations. With the exception of GCs
in the M series, the remaining calcium borosilicates (CaBSi, CM1, CM2.5, CBO, CB7, CB15,
and CB23) were completely amorphous and multiphased according to XRD and SEM.

The theoretical compositions of the three different calcium borosilicate series are
listed in Table 2.1 on page 25, and are illustrated in the ternary phase diagrams of
Figure 3.1. As this investigation focused on the increased integration of molybdenum,
which has a limited solubility in silicates and borosilicates [21], simplified compositions
normalised to SON68 were chosen that focused on the constituents affecting CaMoO4
formation. From these initial conditions three series of glasses were created that systematically varied [MoO3 ] or [B2 O3 ], or in the last series the [SiO2 ]/[B2 O3 ] network
former ratio. These glass compositions were used to understand the effects of preferential charge balancing of BO4 – and MoO42 – units by Ca2+ in the absence of Na+ alkali
ions. Therefore, it sought to identify the independent effect of [B2 O3 ] on the precipitation of CaMoO4 , as well as the subsequent response of the residual matrix. The first
series in which [B2 O3 ] was varied for a fixed [MoO3 ] is referred to as the CB series.
The second series in which [MoO3 ] was increased for a normalised B2 O3 −SiO2 −CaO
system is referred to as the CM series. The third series which tests the effects of matrix
variations for a fixed [CaO]/[MoO3 ] ratio is referred to as the M series. This last series
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also includes one soda lime borosilicate (CN10) that will be more thoroughly discussed
in the next chapter, but which was included here for comparative purposes.

3.1.1

Verification of composition

The multiphased nature of synthesised samples made the actual composition difficult
to ascertain. Furthermore, the distribution of phases was inhomogeneous which made
sampling a secondary factor in determining the relative composition of samples. As
the effect of composition and primarily the influence of increasing [MoO3 ] and [B2 O3 ]
was under investigation, it was necessary to determine that these elements were in the
correct proportion for the various series.

Figure 3.2: EDS mapping of CB15 confirms the presence of two to three immiscible phases.
Two phases are rich in Si, while the other is rich in Mo and Ca (and possibly Gd). Micrograph
dimensions: 500µm × 350µm. In clockwise order BSE image, Si (green), Gd (pink), Mo
(aqua), and Ca (blue).

EDS was used as the primary source of compositional analysis and could accurately
measure Si, Ca, Mo, and Gd at the surface. Semi-quantitative analysis was performed
by either mapping an area or selecting a number of points in each of the phases as
identified by BSE imaging, an example of which can be seen in Figure 3.2. Moreover,
additional points were collected from designated regions across multiphase interfaces
to yield information on the mechanisms of phase separation following cooling from the
melt. Examples of a full analysis for multiphased systems can be seen in Appendix
A2, which confirm that the samples fall within reasonable error to the theoretical
compositions, in so far as a comparison can be made for multiphased systems. Owing
to the heterogeneous nature of the samples, and the need for comparison, ratios were
used as a metric between phases, as will be more thoroughly explored in this chapter,
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instead of absolute values.
While EDS was a simple and effective method of quantification, it is a surface
technique, and an assumption had to be made that it was representative of the bulk.
Unfortunately, the SEM used in this study was not capable of reliably measuring light
elements with Z < 11 (if at all), hence the concentration of boron could not be directly
measured. As the long melting times at high temperature may have induced boron
volatilisation, it was essential to ensure that it occurred uniformly across all of the
synthesised samples. Moreover, it was necessary to determine that the samples had
the correct proportion of boron, in order to draw conclusions on the effect of [B2 O3 ] on
phase separation. 11 B MAS NMR was enlisted for this purpose, the results of which
can be seen in Figures 3.3 & 3.4.

Figure 3.3: 11 B MAS NMR spectra of samples in the CB series with increasing [B2 O3 ].
Spectra on the left have been normalised per gram of sample, while the spectra on the right
are scaled independently to signal intensity to more clearly illustrate lineshape.

The mass-normalised spectra in Figure 3.3 confirm that [B2 O3 ] correctly mirrors the
CB23 > CB15 > CB7 relation in the CB series, and therefore indicates that any boron
volatilisation was consistent across all samples. The conclusions drawn throughout
this chapter in relation to increasing [B2 O3 ] can therefore be seen as true, even if the
exact range of [B2 O3 ] is not 7 to 23 mol%. The spectra in Figure 3.3 illustrate that
as [B2 O3 ] increased, the proportion of BO4 – groups centred around −1 ppm remained
fairly constant. In contrast, the quadrupolar BO3 peak centred around 10 ppm that
is composed of two complex contributions from BO3 in ‘ring’ (primarily boroxyl rings)
and in ‘non-ring’ (BO3 units diluted in the glass network) structures experiences a shift
towards the formation of ‘ring’ structures as [B2 O3 ] increased. See Table 3.1 for a list
of associated chemical shifts.
The spectra in Figure 3.4 similarly verify the correct proportions of boron oxide
in relation to the theoretical batch compositions. This is illustrated in the spectra
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Figure 3.4: 11 B MAS NMR spectra of samples in the CM series with listed [B2 O3 ]. Spectra
on the right have been normalised per gram of sample, while the spectra on the left are scaled
independently to signal intensity in order to visualise the lineshape of each sample.

normalised per gram of sample, where the area under the curve is largest for CaBSi
and decreases in the following order: CaBSi > CM1 > CM2.5 > CM7 as [B2 O3 ]
decreases. In terms of lineshape, there are several marked differences observed as
[MoO3 ] increases and [CaO] decreases in ascending order. There was a noticeable
decrease in BO4 – groups as MoO3 was included in increasing proportions, and [CaO]
marginally decreased from CaBSi to CM7. A shift in the distribution of the BO3
groups from ‘ring’ to ‘non-ring’ was also observed as [MoO3 ] increased and eventual
crystallisation of CaMoO4 occurred.
Table 3.1: Chemical shift assignments of

Structure
BO3 ‘ring’
BO3 ‘non-ring’
BO4 – (2B, 2Si)
BO4 – (1B, 3Si)
BO4 – (1B, 3Si)

3.2

δiso (ppm)
17.3
12.9
1.0
- 0.2
- 2.0

to
to
to
to
to

18.0
14.7
0.3
- 1.0
- 2.5

11 B

MAS NMR peaks

References
[23, 39]
[39, 144, 145]
[23]
[39, 41, 145]
[23, 39]

Microstructure and crystallinity

In order to determine how the concentration of [B2 O3 ] and [MoO3 ] independently affected phase separation and crystallisation within the synthesised calcium borosilicates,
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several analytical techniques were employed. The microstructure of pristine samples
was investigated using SEM imaging, while crystallinity was primarily verified using
XRD. These techniques indicated a unique embedded microstructure for sintered calcium borosilicates with crystal formation only observable for [MoO3 ] ≥ 5 mol%.

3.2.1

Immiscibility

For the given compositions and fabrication conditions, immiscibility resulting from
liquid-liquid phase separation was observed in many samples. The [CaO] chosen was
based on realistic values found for existing waste glasses, hence why even the calcium
borosilicate without molybdenum (CaBSi) showed phase separation. In order to form
a homogeneous glass, a much higher [CaO] would have been required to prevent immiscibility, but this composition would deviate too far from SON68. Therefore, this
chapter tested the effects of MoO3 inclusion, as well as varying [B2 O3 ], on immiscibility
properties.

Figure 3.5: Microstructure of pristine samples: (a) CaBSi, (b) CM1, (c) CM2.5, (d) CM7,
(e) CM5, (f) CN10, (g) CB7, (h) CB15, and (i) CB23. Micrograph dimensions: 200µm ×
300µm. Lighter phase is CaMo-rich and darker phase is Si-rich. Samples CM7, CM5, and
CN10 exhibit CaMoO4 crystallisation.

Using microscopy two to three amorphous phases were detected in the CB series and
some of the samples in the CM series (see Figure 3.5). The images reveal an unusual
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microstructure showing embedded immiscibility, a schematic of which can be seen in
Figure 3.6. The schematic also provides the phase notation used for each identified
region, and the interfaces of interest. Immiscibility arose primarily from Si-rich phases
interacting with CaMo-rich droplets, as the compositional maps in Figure 3.2 confirm.
EDS analysis indicates that there are CaMo-rich droplets (phase B) embedded within a
Si-rich amorphous matrix (phase A). Within these phase B droplets, there are further
immiscible regions 5 – 50 µm in diameter (phase C) that are also rich in Si, but
are compositionally different to phase A. Furthermore, the presence of phase C was
observed to be dependent on the initial size of phase B regions. In some cases, no phase
C deposits were observed when the area of phase B was very small. For this reason,
comparing the microstructure between samples became very difficult. Heterogeneities
were not only found in the distribution of phases, but within the phases themselves.

Figure 3.6: Schematic of observed embedded immiscibility in the microstructure of CB7,
CB15, CB23, CaBSi, CM1, and CM2.5. Phase A, B, and C are used in the text, where A
and C are Si-rich and B is Ca-rich. Phase B is also the preferential carrier of Mo groups.
Quantitatively, phase C appears to be a mix of phases A and B, with a bias towards phase
A. Interfaces of interest between these phases are also labelled.

While phase B deposits were generally spherical or elliptical, phase C deposits took
on a variety of irregular shapes. The schematic in Figure 3.7 illustrates the types of
geometries observed and the terms assigned to them. Where deposits were found to
take on non-spherical geometry, an equivalent diameter was estimated (drawn in Figure
3.7) for quantifying changes to size.

Figure 3.7: Schematic of the various geometries phase C deposits are found to take. A dashed
line represents the equivalent diameter used for quantification of size.

The terms in Figures 3.6 & 3.7 will be used throughout this thesis to describe
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the morphology and distribution of these embedded amorphous phases prior to and
following irradiation.
3.2.1.1

Relative composition of phases

Phases A and C are rich in Si and phase B is poor in Si, as EDS mapping in Figures
3.2 & 3.8 imply. While this is true, phase C is compositionally a mixture of phase A
and B. Furthermore, its exact composition was dependent on the droplet area relative
to the probed volume during measurements. In the CM series, phase C had a [Si]/[Ca]
ratio of ∼ 9.0 – 9.3 relative to phase A with [Si]/[Ca] ∼ 40 – 58, as determined by EDS
analysis, which assumed each element was found as an oxide. Similarly, the [Si]/[Ca]
ratio for phase C was ∼ 13 – 44 relative to [Si]/[Ca] ∼ 32 – 62 for phase A in the CB
series. A greater range for [Si]/[Ca] was observed in the CB series, indicating that the
B2 O3 content significantly impacts the distribution of both Si and Ca atoms between
phases in comparison to MoO3 additions. These collective observations suggest that
phases A and B separate from the melt concurrently during synthesis, and that phase
C forms following a mixing of phase A with the surrounding phase B during cooling.

Figure 3.8: EDS maps of CM1 exhibiting three phases, where one (phase C) is a mix of
the other two and is embedded in the CaMo-rich droplets (phase B). From left to right: Si
(green), Mo (aqua), and Ca (blue). Micrograph dimensions: 175µm × 200µm.

3.2.2

Concentration effects

The embedded microstructure observed in Figure 3.5 reflects the immiscibility of CaO
within a borosilicate network when at low concentrations. As the theoretical difference
in [CaO] between samples is not very significant, microstructural variations in terms
of size, morphology, and distribution of phases B and C in multi-amorphous phased
samples could be directly correlated to changing [B2 O3 ] and [MoO3 ].
In the CB series, the effect of increasing [B2 O3 ] caused changes to the morphology
and density of the various amorphous phases. In CB7, phase B deposits were bimodal
in size distribution with mainly two categories: small (2 – 18 µm), and medium (75 –
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150 µm). As [B2 O3 ] increased, the number of phase B deposits increased, and larger
deposits (> 200 µm) were also observed, indicating that phase B is rich in boron.
Therefore, increasing [B2 O3 ] increased the population density and size of phase B
deposits. Furthermore, changes to the distribution of phase C droplets within these
phase B separated regions was also observed. In general, phase C deposits were only
found in medium to large separated areas of phase B, and were approximately ∼ 3 –
18 µm in diameter. So CB7 with the lowest [B2 O3 ], and therefore the smallest phase
B deposits, had fewer phase C droplets, if any. As [B2 O3 ] increased, the number of
phase C deposits also increased, though the individual size of deposits did not vary
significantly. In some larger regions of phase B, clusters of phase C around ∼ 50 µm in
diameter were also observed, but they were few in number. A change in the physical
distribution of phase C deposits within phase B was also observed. With increasing
[B2 O3 ], phase C deposits along the A – B interface became larger by ∼ 7 µm, and more
populated in comparison to those found in the centre of phase B (see Figure 3.9).

Figure 3.9: SEM micrographs of the A – B interface in the CB series: a) CB7, b) CB15, and
c) CB23. As [B2 O3 ] increased, phase B deposits became larger and more numerous. Within
these phase B deposits, phase C droplets also increased in number and were located closer to
the A – B interface. Micrograph dimensions: 200µm × 300µm.

Quantitatively, the [Ca]/[Mo] ratio increased towards the direction of phase B from
the A – B interface, while it decreased in the direction of phase A for samples in the
CB series. This was a result of Mo clustering on the phase B-side of the interface, and
a Ca-rich region along the phase A-side of the interface. As [B2 O3 ] increased, a drop
in the relative amount of Si in phases B and C was observed, further supporting that
phase B is rich in boron. It also implies increased phase separation between network
formers with increasing [B2 O3 ], hence why boron selectively aggregated away from
Si-rich phase A, and caused growth in the size and number of phase B regions.
Similar to the CB series, the glasses CaBSi, CM1, and CM2.5 in the CM series
also exhibited three phases with embedded immiscibility (see Figures 3.5 & 3.8). As
[MoO3 ] increased from 0 to 2.5 mol%, phase B regions of immiscibility became more
spherical in morphology from initially elliptical geometries, and increased marginally
in size. Unlike the CB series, larger phase C deposits were found in the centre of
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medium (75 – 150 µm) and small (2 – 18 µm) sized separated phase B regions, and
smaller phase C deposits were located closer to the A – B interface. In contrast, the
distribution of phase C deposits in larger (> 200 µm) regions of phase B was similar
to that observed in the CB series for low [MoO3 ]. However, as [MoO3 ] increased to 2.5
mol%, the size of phase C deposits became more homogeneous. This variance indicates
how increasing [MoO3 ] caused direct changes to the melt viscosity, and therefore to the
distribution and size of phase C within phase B. From EDS analysis, an increase in
[Mo], and a decrease in [Si] in phase B as [MoO3 ] increased was observed. Conversely,
an increase in [Si] was observed in phase A. These observations indicate a promotion
of the liquid-liquid immiscibility initiated by CaO with increasing additions of MoO3 .

3.2.3

Crystal formation

As the concentration of MoO3 exceeded 2.5 mol% in CM5, CM7, and CN10, GCs were
formed in which only two phases were present. Phase A remained amorphous in these
GCs, and subsequently had an increased amount of Si within the residual matrix, in
comparison to phase A within heterogeneous multi-amorphous phased samples. XRD
analysis indicated that the other phase was crystalline with a tetragonal scheelite-type
powellite (CaMoO4 ) structure and an I41 /a space-group (see Figure 3.10). In this
powellite structure, MoO42 – tetrahedra are charge balanced by eight-fold coordinated
calcium, as the unit cell in Figure 3.11 indicates.
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Figure 3.10: XRD patterns of CaMoO4 bearing samples in the M series. The ICSD-22351
reference structure [121] was used for identification.

The tetragonal unit cell parameters of powellite determined by full diffractogram
Rietveld refinements range between a = 5.226 – 5.228 Å and c = 11.455 – 11.462 Å
(see Table 3.2). The diffractogram also displayed a wide-angle X-ray scattering signal
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Figure 3.11: Unit cell of powellite (CaMoO4 ) as determined by Hazen et al. [146] depicted
in Mercury [147, 148]. Ca atoms (blue), Mo atoms (green), and O atoms (red).

at ∼ 22°, which is representative of the amorphous phase. In these specimens there
was no phase C, as was observed in heterogeneous multi-amorphous phased samples.
Table 3.2: Scherrer crystallite size (CS) diameter and cell parameters of powellite (CaMoO4 )
from Rietveld refinement of XRD spectra using Topas v4.1 [118]
Sample ID

CS (nm)

a (Å)

c (Å)

CM5

124.92
(± 2.29)
20.47
(± 0.70)
125.24
(± 1.94)

5.2281
(± 0.0002)
5.2261
(± 0.0018)
5.2264
(± 0.0001)

11.4618
(± 0.0004)
11.4554
(± 0.0051)
11.4554
(± 0.0030)

CM7
CN10

In calcium borosilicate GCs, CaMoO4 crystallites with a Scherrer crystallite size
(CS) ranging between 20 – 125 nm formed spherical particles (∼ 200 – 400 nm in
diameter) that occasionally arranged themselves into lamella (with lengths of ∼ 800 nm
– 4 µm). These crystalline particles aggregated into larger clusters of varying sizes from
500 nm – 90 µm. These crystal clusters were randomly and heterogeneously distributed
in the amorphous matrix (see Figure 3.12). While the distribution in aggregate size
did not vary significantly between CM7 and CM5, Table 3.2 indicates that CS was
smaller in CM7 despite having a higher [MoO3 ] than CM5. This result indicates that
the composition of the residual matrix has a significant influence on CS, possibly more
so than [MoO3 ] when [MoO3 ] > 2.5 mol%. In CM5, the [SiO2 ]/[B2 O3 ] ratio was ∼ 2.95,
while in CM7 it was ∼ 3.30. This relative difference suggests the influence of increasing
[B2 O3 ] on increasing the general order of MoO42 – units, and hence promoting CS
growth. It also indicates that crystals form outside the silicate network, and therefore
the level of Si−O−B connectivity will also influence CS, and cluster size.
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Figure 3.12: Microstructure of CM5 at various resolution indicating clustering of small crystals into larger clusters that are found to form heterogeneously in the amorphous matrix.
Micrograph dimensions: (a) 200µm × 300µm and (b) 20µm × 30µm.

In contrast to calcium borosilicate GCs, crystallites are found to form ∼ 1 µm
particles that are uniformly distributed in the soda lime borosilicate CN10 (see Figure
3.5 (f)). This result outlines the importance of alkalis in promoting homogeneous
crystallite distribution. Furthermore, though the [SiO2 ]/[B2 O3 ] ratio was ∼ 3.75 in
CN10, the CS values were very similar to those in CM5 (see Table 3.2). In this case,
the introduction of MoO3 at a concentration double to that of CM5 with the inclusion
of 10.78 mol% Na2 O, counteracted the inverse CS correlation to the [SiO2 ]/[B2 O3 ]
ratio. This observation further alludes to the effect of alkalis on mitigating structural
alterations induced by B2 O3 on CaMoO4 formation during synthesis. This is presumed
to occur by allowing Ca2+ ions to freely charge balance MoO42 – entities, while Na+
ions promote the formation of BO4 – groups.
From the 11 B MAS NMR spectra of GCs in Figure 3.13, it is clear that there were
significant changes to the [BO4 – ]/[BO3 ] ratio for samples in the M series. The addition
of Na2 O greatly influenced the formation of BO4 – groups by enabling the BO3 −−→
BO4 + Na+ conversion. In comparison, there was a preference for BO3 units when only
Ca2+ was available for charge compensation. Therefore, the presence of primarily BO3
units appears correlated to the observed heterogeneous size and distribution of crystal
clusters in calcium borosilicate GCs.
It is also evident from Figure 3.13 that CM5 favours BO3 in ‘ring’ structures, while
CM7 contained relatively more BO3 in ‘non-ring’ structures. These differences may
account for the relative CS and cluster size observed for CM5 and CM7, where BO3
in ‘ring’ structures was found to promote crystal growth and/or accumulation into
larger aggregates. In a similar manner, the formation of BO4 – groups also appeared to
increase CS. It is also hypothesised to promote the homogeneous distribution of crystal
clusters, while also limiting the size of said clusters to a more uniform range.
Quantitatively, a similar trend across the amorphous matrix to crystalline interface
to that observed across the A – B interface in multi-amorphous phased samples with
respect to [Ca]/[Mo] was seen (see Figure 3.14). The gradual increase of [Ca] from
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Figure 3.13: Mass normalised 11 B MAS NMR spectra of GC samples in the M series
with a fixed [CaO]/[MoO3 ] ratio, and varying B2 O3 −SiO2 −MoO3 −Na2 O matrices. The
[SiO2 ]/[B2 O3 ] ratio of the samples in ascending order is: 2.95, 3.30, 3.75.

the matrix to the centre of crystal clusters suggests a diffusion-based mechanism of
formation that is dependent on liquid-liquid phase separation prior to crystallisation.
While the relatively high [Mo] at the interface suggests an inherent immiscibility between MoO42 – anions and silica. It is also hypothesised that the connectivity between
network formers is lowest at the interface, hence why molybdenum groups cluster in
these depolymerised interfacial regions.
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Figure 3.14: Relative concentration of Si, Ca, and Mo in CM5 along the amorphous matrix to
crystalline interface according to EDS analysis. The left side represents the Si-rich amorphous
phase, while the right side represents a crystal cluster. Within the crystal cluster, small
crystallites form particles 100 nm – 4 µm in length that are embedded in an amorphous
matrix that is presumably richer in boron than the exterior matrix, hence why [Si] decreases
from phase A to the interface.
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3.3

Raman analysis

Raman spectroscopy can be used to probe the short-range order of both the amorphous
and crystalline phases. It therefore proves a useful tool for assessing the average changes
to bonding, as a function of changing composition and precipitate formation.

3.3.1

Amorphous and crystalline characteristic bands

The amorphous phases in both the CB and CM series have several characteristic Raman
vibrations associated with silicates and borates, as seen in Figures 3.15 to 3.18. The
standard borosilicate broad band between ∼ 450 – 520 cm−1 (R band) is attributed
to mixed Si−O−Si and Si−O−B bending and rocking [4, 62, 145, 149], as well as
B−O−B rocking (∼ 500 cm−1 ) [150]. Additional overlapping bands between 850 –
1250 cm−1 represent Si−O stretching vibrational modes for Qn units that represent
SiO4 tetrahedra with n bridging oxygen [151], and a weak band around ∼ 800 cm−1
is attributed to O−Si−O symmetric bond stretching associated with the motion of Si
atoms against its oxygen cage [61, 145, 151]. There was also a narrow band around ∼
807 cm−1 assigned to the symmetric vibrations of 6-membered boroxyl rings formed
of BO3 triangles [61, 152, 153], as well as a low intensity broad band around ∼ 1445
cm−1 associated with B−O – bond elongation in metaborate chains and rings [4]. These
groups of Raman vibrations are classically assigned to silicates and borates, respectively
[62, 151]. The presence of these bands indicates a degree of phase separation into Si-rich
and B-rich domains following synthesis. In some samples, there were additional bands
between ∼ 910 – 930 cm−1 . The peak at ∼ 910 cm−1 is associated with symmetric
stretching of MoO42 – tetrahedral units within amorphous systems [30], while a broader
peak at ∼ 923 cm−1 is assigned to symmetric Si−O stretching of chains with NBOs
[62, 145].
In contrast to the broad bands of the amorphous phase which indicate a degree of
structural disorder, the crystalline phase powellite with C4h point symmetry exhibited
several sharp peaks. These peaks are assigned to the lattice vibrations for internal
MoO42 – modes in powellite and are as follows: ν1 (Ag ) 878 cm−1 , ν3 (Bg ) 848 cm−1 ,
ν3 (Eg ) 795 cm−1 , ν4 (Eg ) 405 cm−1 , ν4 (Bg ) 393 cm−1 , and ν1 (Ag +Bg ) 330 cm−1 [154].
These modes represent symmetric elongation of the molybdenum tetrahedron, asymmetrical translation of double degenerate modes, symmetric and asymmetrical bending
[155]. These vibrational modes can be visualised in Table 4.3 on 95 for reference. All of
these vibrational bands can be observed in GCs containing powellite, such as CM7 (see
Figure 3.16), CM5, and CN10, while some can also be seen in phase B of heterogeneous
multi-amorphous phased samples.
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3.3.2

Effect of increasing MoO3

The concentration effect of MoO3 on the glassy phase A can be observed in Figure
3.15. The Raman spectra exhibited similar patterns with regards to the silica network
for all samples in the CM series. There was however some variation in the R band,
which can be attributed to 6-membered (∼ 450 cm−1 ) versus 4-membered rings (∼ 490
cm−1 ), the latter of which has smaller inter-tetrahedral angles, and is referred to as
the D1 defect. As 1 mol% MoO3 was introduced into the system, there was growth of
the band at ∼ 930 cm−1 , and a shift in the distribution of the R band to favour higher
wavenumbers. This occurred along with a narrowing of the boroxyl ring band, and a
marginal growth in the low intensity B−O – bond elongation band. These observations
indicate a change in the ring structure of Si and B structural units, which could be
indicative of liquid-liquid phase separation within the borosilicate network.
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Figure 3.15: Raman spectra of the Si-rich matrix (phase A) in the CM series with increasing
fractions of MoO3 . CaBSi, CM1, and CM2.5 are heterogeneous amorphous samples, while
CM7 is a GC.

As [MoO3 ] was increased further to 2.5 – 7.0 mol%, there was growth of the MoO42 –
vibrational modes, and damping of the overlapping bands between ∼ 910 – 930 cm−1 .
These changes indicated increasing order within the molybdenum environment that
eventually led to the crystallisation of CaMoO4 . This coincided with a broadening
of the R band, and a similar shift to higher wavenumbers, as was observed to occur
following the introduction of MoO3 into the calcium borosilicate system. There was
also significant growth in the intensity of the boroxyl ring peak in this [MoO3 ] range,
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as Figure 3.15 indicates.
It is interesting that CM2.5 depicted some MoO42 – vibrational modes similar to
those in CM7, though there were no powellite crystals in this composition according
to XRD and SEM imaging. This result suggests either the existence of very small
crystallites less than 1 vol% in density, which are beyond the detection limits of these
analytical techniques, or it implies an amorphous precursor environment to crystallisation, which has a similar MoO42 – tetrahedral structure in the amorphous phase.
This oddity underlines the necessity for multiple analytical techniques for accurate
structural determination.
3.3.2.1

Crystallisation in GCs

In this series, CM7 was the only sample with crystallites according to XRD. The corresponding Raman spectra for this two-phased sample can be seen in Figure 3.16. The
spectra illustrate a similar silica network connectivity for both the amorphous matrix
and the crystalline phase of CM7. This is exhibited by similar lineshapes for the silicate
bands, though the amplitude of these bands is of course significantly lower in crystal
clusters given that amplitude is correlated to concentration. Therefore, the presence of
these silicate bands in crystal clusters originates from the matrix surrounding individual crystals. This observation further supports imaging conclusions from Figure 3.12
that suggest crystals cluster into aggregates rather than forming larger single crystals.
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Figure 3.16: Raman spectra of crystal clusters and the residual amorphous phase in CM7.
Amorphous bands in both spectra support BSE imaging that indicates crystalline particles
are embedded within an amorphous network within crystal clusters.

The MoO42 – vibrational modes associated with powellite were also present in both
phases, indicative of nanoparticles dispersed in the amorphous matrix that could not
be easily observed using SEM. Or similar to that which was predicted from the spectra
72

Influence of composition on glass structure in calcium borosilicates
of CM2.5, it could indicate that MoO42 – anions dissolved in the amorphous phase have
a similar structure in both the amorphous and crystalline phase.
While there was a similarity between the silicate bands for both phases of CM7,
there was a marked difference in the intensity of the boroxyl peak, and the B−O –
bond elongation band. These peaks are observed to decrease significantly in crystal
clusters, compared to the surrounding amorphous phase. This observation indicates
that though MoO42 – groups may cluster in B-rich phases, crystals are located in depolymerised regions of the glass network, where Si−O−B ring structures are smaller
or fragmented. It further outlines a correlation between [B2 O3 ] (through the linkages
between structural units), and the order of MoO42 – anions.
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Figure 3.17: Raman spectra of crystal clusters and the residual amorphous phase in CM5
with crystalline MoO42 – vibrations labelled. In comparison to CM7, far fewer amorphous
bands are visible in this composition, indicative of a larger average CS, and a more even
distribution in crystal clusters throughout the amorphous network.

Similar spectra were also observed for CM5 (see Figure 3.17), indicating that these
observations are relevant for all calcium borosilicate GCs. In comparison to CM7,
CM5 exhibited no borate-like amorphous bands. This contradicts bulk NMR results
in Figure 3.13 that imply CM5 favoured BO3 in ‘ring’ structures. This could mean
that the BO3 ‘ring’ structures are not technically boroxyl rings, but larger rings formed
of more BO3 units or mixed B−O−B−O−Si units. A second option is that there is
a variance between the structural units at the surface, and those found in the bulk.
Alternatively, it could indicate that the larger crystal clusters and CS found in CM5
damped the presence of any amorphous Raman modes, and therefore borate-like bands.
In CM5, the MoO42 – vibrational modes appeared more prominent for both phases in
comparison to CM7, so this inference is probable. A forth option is that spot sampling
for Raman acquisitions affected the results, but it is the least likely cause for the
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observed spectra in Figure 3.17, as multiple points were measured.

3.3.3

Effect of increasing B2 O3

The amorphous phase A of the CB series similarly had characteristics of a silicate-like
phase. In these samples, there were also two contributions to the R band around ∼
440 cm−1 and ∼ 490 cm−1 (D1 ) that are similar to those observed in the CM series.
However, the spectra for phase A in Figure 3.18 also exhibited a weak band (∼ 800
cm−1 ) associated with symmetric vibrations of Si atoms around bridging oxygens, and
a defect band around ∼ 606 cm−1 (D2 ), which is assigned to the breathing of threemembered SiO4 rings [38] at low [B2 O3 ]. Increasing [B2 O3 ] caused a broadening of the
R band and D1 defect, along with growth in the intensity of boroxyl ring band (∼ 807
cm−1 ) that subsequently caused damping of the O−Si−O stretching vibration (∼ 800
cm−1 ). This alteration occurred alongside a reduction in the intensity of the D2 defect.
Therefore, the appearance of the O−Si−O stretching mode, and the D2 defect must
be dependent on a high SiO2 content. Furthermore, as [B2 O3 ] increases, the Raman
spectra take on more characteristic bands associated with borates. These observations
reflect the increased phase separation observed with increasing [B2 O3 ].
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Figure 3.18: Raman spectra of the CB series with increasing [B2 O3 ]. Main spectra represents
the Si-rich (phase A) regions, while the insert represents CaMo-rich (phase B) regions.

There was also the emergence of MoO42 – vibrational modes as [B2 O3 ] increased
(see Figure 3.18). In CB7, emergence of one mode at ∼ 878 cm−1 was observed, which
progressively grew in intensity with increasing [B2 O3 ]. In CB23, emergence of the
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other MoO42 – vibrational modes at ∼ 325 cm−1 , ∼ 400 cm−1 , ∼ 795 cm−1 , and ∼ 847
cm−1 could be seen. The growth of these modes occurred alongside a damping in the
bands lying between ∼ 910 – 930 cm−1 . These observations indicate increased order of
MoO42 – units towards a more crystalline phase, along with the formation of isolated
boron groups or smaller Si−O−B rings, with increasing [B2 O3 ]. Though increased
order of MoO42 – units is indicated by the Raman spectra, it is important to stress that
no crystallisation was detected by XRD in any of these samples.
In phase B of the CB series (insert of Figure 3.18), MoO42 – vibrational modes are
mostly observed for [B2 O3 ] ≥ 15 mol%. In CB15 these bands are quite broad and they
continue to sharpen for CB23. In this range there is also very little contribution from
silicate-like bands. This observation supports the theory that phase B is relatively poor
in Si and presumably rich in boron.

3.4
3.4.1

Discussion
Mechanism of phase separation

Homogeneity was not achievable in these calcium borosilicate systems without the
inclusion of alkali constituents, hence all of the calcium borosilicate glasses synthesised
here exhibited liquid-liquid phase separation. The formation of phases A, B, and C is
hypothesised to occur during cooling, according to Figure 3.19.

Figure 3.19: Schematic of liquid-liquid phase separation hypothesised to occur in calcium
borosilicates during fabrication.

At the melt temperature it is assumed that the mix is homogeneous before separating into immiscible Si-rich (phase A) and B/Ca-rich (phase B) domains, the latter of
which acts as a carrier for Mo. The temperature at which this initial liquid-liquid phase
separation occurs is referred to as the phase separation temperature (TP S ). Within
phase B separated regions at this stage there are still small deposits of phase A. As
cooling continues, phase A deposits mix with the surrounding phase B during phase A
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droplet coalescence to form a new phase C. The time allowed for steps 3 & 4 in Figure
3.19 before the glass transition temperature (Tg ) is reached and the system ‘freezes’ will
determine the size, composition, and distribution of these new phase C deposits within
phase B. The final structure will have a fictive temperature (Tf ) associated with it, as
these heterogeneous amorphous compositions are metastable, which is a characteristic
of all glasses.
This hypothesis corresponds to compositional studies in calcium borosilicates that
observed the formation of a second liquid phase within a borosilicate following the
addition of < 38 mol% CaO [55]. It was determined that homogeneous glasses could
be obtained in these systems with repeated grinding and melting, but that this was
difficult in high SiO2 mixtures, where boric acid is very volatile, and SiO2 makes the
system very viscous. In such compositions a clear separation of liquids is unlikely,
which may account for the embedded immiscibility observed here.

3.4.2

Compositional effects on phase separation

The concentration of CaO, B2 O3 , and MoO3 all influenced the specific microstructure
of samples synthesised in this study. The effect of molybdenum was the most easily
identifiable as it had both imaging and spectral markers. In literature, molybdenum
has a compounding effect on phase separation, not only by inducing precipitation of
crystalline molybdates at high concentrations, but also by increasing the immiscibility
temperature per mol of MoO3 , and lowering the viscosity and Tg of the melt [49]. It is
also found to affect the glassy matrix by increasing network polymerisation through a
marginal reduction of NBOs [41, 42, 52]. This is predicted to occur according to:
MoO3 + (2 Q3 + Ca2+ /2 Na+ ) −−→ (MoO42 – + Ca2+ /2 Na+ ) + 2 Q4 [42].
While a significant change to the silicate coordination was not observed by Raman
spectroscopy, alterations to the immiscibility properties based on MoO3 additions were
evident from the microstructure of samples in the CM series.
It is predicted that changes to the glass or GC microstructure are correlated to TP S .
Increases to TP S will result in a greater degree of phase separation, and will lower the
Tf of the residual matrix [43]. In soda lime borosilicates, Magnin et al. observed a ∼
50 °C increase in the TP S , and ∼ 40 °C increase in the crystallisation temperature (TC )
of CaMoO4 following a 0.5 mol% increase in MoO3 [28]. Assuming that a similar trend
is applicable for calcium borosilicate systems, it is estimated that the TP S increases
from ∼ 980 °C at 2 mol% MoO3 to approximately ∼ 1030 °C in CM2.5. This increase in
TP S could account for the increased regions of immiscibility observed by SEM imaging,
as well as the more spherical shapes phase B deposits form.
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As the synthesis temperature was constant in all systems within this study, microstructural features can be used as a metric to observe changes to the immiscibility
temperature. Increasing TP S would allow for the development of multiple phases with
different viscosities that increase or decrease depending on its constituents in proportion to TP S . In this case, an increase to TP S would cause the lower viscosity separated
phase B to coalesce for a longer period of time during cooling, thus forming larger
regions. Moreover, the pressure induced by the surrounding higher viscosity Si-rich
phase A would cause the cation-rich phase B deposits to combine into the lowest possible surface area, hence why more spherical deposits are observed with increasing
[MoO3 ].
At lower [MoO3 ], the elongation of separated phases (see Figure 3.5 (a - b)) is
attributed to the merging of smaller regions of phase B when the viscosities of the two
phases are more similar, which occurs when TP S is closer to Tg . Therefore, it can be
concluded that increasing [MoO3 ] enhances immiscibility in the SiO2 −B2 O3 system,
and thus promotes secondary phase formation during synthesis. It further enables the
amorphous phases to reach a state closer to metastable equilibrium, as the difference
between TP S and Tg becomes larger. This would result in the residual matrix having
a lower Tf .
These observations indicate that an analogous principle can be proposed for calcium borosilicate systems, in which increasing [MoO3 ] also causes an increase in TP S
and TC . As all the samples in this study were heterogeneous, we can further assume
that the initial TP S is higher in calcium borosilicates than it is in soda lime borosilicates.
The higher field strength of Ca2+ relative to Na+ could be promoting the separation
of Mo6+ , hence the observed heterogeneity in comparison to compositions containing
Na2 O. Quintas et al. hypothesised that increasing the modifier field strength would
also promote the formation of NBOs in the silica network via changes to boron coordination [51], and thus it would encourage liquid-liquid phase separation. Correspondingly,
we can conclude that in the absence of alkali ions the phase separation tendencies increase with Ca2+ ions, as it affects both the separation of Mo6+ , and also liquid-liquid
separation between silicate and borate groups. The NMR spectra in Figures 3.4 &
3.13 support this theory with formation of significantly more BO3 to BO4 – units in
calcium borosilicates, in comparison to soda lime borosilicates [18, 23, 39, 42]. This
shift towards more BO3 can cause changes to the NBO population, and therefore the
glassy network connectivity, which would subsequently encourage phase segregation.
In soda lime borosilicates, [MoO3 ] was observed to have little effect on the [BO4 – ]/[BO3 ]
ratio [23]. In comparison, there was a more marked effect on [BO4 – ]/[BO3 ] for samples
in the CM series, where the fraction of BO4 – decreased and more ‘non-ring’ BO3 units
77

Influence of composition on glass structure in calcium borosilicates
were observed with increasing [MoO3 ]. These observations indicate that in the absence
of Na+ ions, the influence of increasing [MoO3 ] via modifications to the availability of
Ca2+ ions for charge compensation becomes more significant towards altering boron
coordination, and therefore the structure of the glassy network.
In calcium borosilicates with [MoO3 ] ≥ 5 mol%, CaMoO4 crystals were found.
These crystals were observed to form in clusters, which did not occur in soda lime
borosilicates, see Chapter 4 [156]. Despite this alteration in crystal distribution, the
individual crystals remained spherical in both systems. The spherical nature of crystallites in these calcium borosilicate GCs supports a nucleation and growth mechanism,
while the formation of aggregates indicates a high melt viscosity of the surrounding
matrix induced by partial liquid-liquid phase separation of the melt during synthesis.
These observations support the theory that calcium borosilicates have a higher TP S
and TC than soda lime borosilicates when MoO3 is introduced into the system.
Molybdates are predicted to form in depolymerised regions of the glass [16, 26,
36], therefore large depolymerised domains must have been created by liquid-liquid
phase separation during synthesis in these samples. Prior to crystallisation, MoO42 –
tetrahedra in these domains are predicted to take a similar form in the amorphous
phase to that of crystalline CaMoO4 . This notion is based on the Raman spectra of
CM2.5 in Figure 3.15, which exhibited MoO42 – vibrational modes, though this sample is
completely amorphous according to XRD. Uncrystallised molybdenum has previously
been hypothesised to be trapped in an amorphous phase of CaMoO4 in soda lime
borosilicates [47], and the same appears true in calcium borosilicates. Therefore, the
structure and local environment of molybdenum tetrahedra appears less dependent on
the cationic species in the matrix, and more related to the properties and connectivity
of network formers.
The formation of crystallites from amorphous precursor environments seemed driven
by the concentration and mobility of Ca2+ and MoO42 – ions. EDS analysis indicates
that [Ca] is highest in the centre of these clusters and is localised to regions around
precipitates in the amorphous phase. Conversely, [Mo] is highest around the internal
periphery of crystal clusters. These results allude to a process of phase separation
in which the level of borosilicate network connectivity and the formation of NBO
channels influence the migration of Ca2+ cations and clustering of insoluble MoO42 –
species. It further highlights the immiscibility of MoO42 – units within a Si-rich phase.
These observations also reflect the quenching technique used for fabrication, as fast
quenching causes the amorphous phase to exert rigidity on the distribution of ionic
species. A slower cooling process may have altered the distribution of Ca species more
homogeneously, and therefore altered the distribution of CaMoO4 crystals.
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The synthesis process also affected the initial strain within CaMoO4 crystals. While
XRD confirmed the presence of a single crystalline phase, the lattice parameters determined by refinement were initially higher than those of CaMoO4 monocrystals
(a = 5.222 Å and c = 11.425 Å) [146]). This observation has been previously recorded
for soda lime borosilicates employing a similar fabrication technique [28, 157] and emphasises how the properties of a glassy phase can increase the lattice energy of embedded crystals [158]. The lattice parameters of powellite crystals were not only affected
by synthesis conditions, but also by composition. In this study, they are observed to
decrease as [MoO3 ] increases. This reflects the time at which the temperature (T ) falls
between TC > T > Tg . As [MoO3 ] increases, so too does TP S and TC . As the maximum melt temperature was constant in this study, an increase in TC would allow for
a longer period of crystal formation and relaxation before the matrix viscosity hinders
any further changes (after Tg ) during cooling.
While MoO3 has several notable effects on microstructure and crystallisation, the
amount of B2 O3 similarly inspired multiple metamorphoses. Increasing [B2 O3 ] caused
growth of the Raman vibrational mode around ∼ 807 cm−1 , indicating an increase in
the concentration of boroxyl rings. The findings from 11 B MAS NMR in Figure 3.3
mirror these results and similarly indicate an increase in the relative proportion of BO3
in ‘ring’ structures versus ‘non-ring’ isolated BO3 units located in the silicate network.
While increasing [B2 O3 ] has been primarily observed to decrease the [BO4 – ]/[BO3 ]
ratio in soda lime borosilicates [23, 44], the initially high [BO3 ] relative to [BO4 – ] in
these samples is attributed to the presence of only Ca2+ ions, which do not cause
the same transition of xBO3 −−→ xBO4 – + Ax+ as Na+ ions do [39]. This initial
condition can account for some of the liquid-liquid phase separation observed, as well
as the subsequent changes following B2 O3 additions. Additionally, the increase in
BO3 ‘ring’ structures versus ‘non-ring’, which has previously been used as a marker for
Si−O−B connectivity, further alludes to increased phase separation as [B2 O3 ] increases
[18, 144, 145].
The collective Raman and 11 B MAS NMR results indicate increased phase separation between silicon and boron structural units with increasing [B2 O3 ]. This hypothesis
is further supported by microscopy, which revealed an increase in the areas of phases
B and C in the embedded microstructure as [B2 O3 ] increases. The findings from this
chapter imply that: 1) increased phase separation occurs with increasing [B2 O3 ]; 2)
the CaMo-rich phase B is also rich in boron; and 3) [B2 O3 ] affects the melt viscosity.
Increasing [B2 O3 ] was also observed to increase the order of MoO42 – units, according
to Raman spectroscopy. Therefore, these results suggest that increasing [B2 O3 ] also
increases the TP S , thus allowing for greater order within phase B following synthesis.
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It also outlines a direct impact of [B2 O3 ] on the molybdenum environment.
The concentration of CaO is also predicted to affect phase separation. Though
[CaO] was kept around its limit of 11 mol% [23], liquid-liquid phase separation evidently
occurred during synthesis indicating that this limit is lowered in the absence of alkali
constituents. This suggests that the CaO content is an important factor in controlling
phase separation, as the 11 B MAS NMR results illustrate, and that homogeneity is only
possibly when an alkali oxide is also in the melt. It could also imply that the synthesis
conditions needed to be altered (physical mixing step at temperature or increased
melting temperature) in order to promote a more uniform distribution. Though several
iterations of temperature (1150 – 1550 °C), time at temperature (10 minutes to 5 hours),
heating rates (1 – 20 °C/min), and remelts (up to three) were attempted, homogeneous
glasses could not be obtained for these samples. Moreover, any mixing steps in the
synthesis set-up required a temperature drop, which similarly caused liquid-liquid phase
separation. While melting temperatures greater than 1550 °C, or in-situ mixing may
have yielded better results, these conditions were not possible for the equipment used.
Though Ca2+ may have promoted phase separation, it is interesting that calcium
borosilicates were able to incorporate a higher [MoO3 ] (∼ 2.5 mol%) in comparison to
sodium borosilicates (∼ 1 mol%) before crystallisation commenced, albeit in a heterogeneous amorphous network rather than a single amorphous phase. This observation
could indicate that while the field strength of Ca2+ may promote amorphous phase
separation, sterics and mobility of larger cations may limit actual CaMoO4 formation.
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Chapter 4
Influence of MoO3 on the structure
of soda lime borosilicates
4.1

Soda-lime borosilicate compositions

Similar to the calcium borosilicates in the previous chapter, the base composition for
soda lime borosilicates in this chapter was chosen based on the inactive French nuclear
waste glass SON68. As this system has been thoroughly investigated and is currently
being used in industry as R7T7, it was easy to identify areas of research that required
additional exploration and to investigate how process changes can be implemented
within existing infrastructure.
The phase separation tendencies of silicates, borates, and borosilicates with the
addition of calcium or sodium oxides have also been thoroughly investigated in the
development of SON68, along with glasses for other applications. Thus, any phase
separation induced during synthesis in this study can be directly correlated to molybdenum additions. As this investigation focused on the increased integration of molybdenum, which has a limited solubility in silicates and borosilicates [21, 28], simplified
compositions were chosen to examine the basic constituents that affected formation of
CaMoO4 . From these initial conditions several samples were created that systematically added MoO3 in a 1:1 ratio to CaO. The addition of CaO with MoO3 was a desired
condition in order to preferentially form CaMoO4 , and prevent the formation of water
soluble Na2 MoO4 precipitates. The phase diagram in Figure 4.1 illustrates the variation between network formers, cations that can act as network formers or modifiers,
and insoluble species (in this case MoO3 ) for the samples in the CN series. As Table 2.1
indicates, two of the samples in this series do not contain MoO3 . They were included
here to understand how the charge balancing of BO4 – units commenced with multiple
available cations, and what subsequent alterations would arise within the glass network
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structure from this competition. As mentioned in Chapter 1, MoO42 – and BO4 – units
both prefer charge balancing by Na+ cations. Therefore, in order to drive the formation
of CaMoO4 all Na+ ions must be used to charge balance the borosilicate network, thus
leaving Ca2+ ions available for molybdate formation. Understanding this balance of
available cations for charge compensation of boron anions within the glassy framework,
and molybdenum anions in a crystalline phase for simplified compositions was a focus
of this investigation, and is of industrial interest if increased waste loading is to be
considered.

Figure 4.1: Phase diagram of samples in the CN series. The bottom axis represents network
formers, the axis on the right represents cations and the axis on the left represents the
insoluble species of interest (molybdenum) in molar fractions. NaBSi, CNO, and CNG1 are
fully amorphous, while CNG1.75, CNG2.5, CNG7, and CN10 are GCs with a single crystalline
phase of CaMoO4 within an amorphous matrix.
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While the ratio of SiO2 −B2 O3 −Na2 O is fixed for all samples labelled with ‘CN’,
it was marginally different for the sample NaBSi. The composition for this specific
sodium borosilicate was chosen to test the radiation stability of a composition along
a phase separation tie line. In general, NaBSi had a lower ratio of NaO than the
other samples in the CN series. It therefore tested the effect of limiting the cation
content. Moreover, some samples contained a gadolinium (Gd) dopant, which was
useful for EPR measurements. It can also act as a marker for actinide incorporation,
as mentioned in Chapter 2. These Gd-containing compositions have ‘G’ in the sample
name. CN10 does not contain the Gd dopant, which was purposely done in order to
investigate the relative effects of molybdate crystallisation with and without a dopant
at high [MoO3 ].

4.2

Microstructure and phase identification

With the given melt temperature and cooling conditions from fabrication, the molybdenum solubility limit in this soda-lime borosilicate system is below 1.75 mol% MoO3 .
This result agrees with studies carried out for simplified soda lime borosilicates enriched
with MoO3 [23, 30, 32, 44]. The solubility limit in the current study was determined
by optical analysis and examination of SEM micrographs. Below the solubility limit
when the concentration of molybdenum was 1 mol% (CNG1), the sample was optically
transparent (see Figure 4.2) and characterised with a homogeneous grey surface by
BSE imaging (see Figure 4.3 (a - b)). This finding was also true for the simplified
glasses NaBSi and CNO that are without MoO3 . Additionally, no diffraction peaks or
crystal bands were identifiable by either XRD or Raman spectroscopy for all three of
these samples, indicating that they are all homogeneously amorphous.

Figure 4.2: Images of soda lime borosilicates in the CN series that are approximately 4 mm ×
4 mm in surface dimensions. CNG1 is transparent (hence why tape underneath is visible) and
fully amorphous, while the remaining samples become more opaque as increasing amounts of
MoO3 are included, and CaMoO4 crystallites form.

Between 1.75 – 2.50 mol% MoO3 , the samples displayed a visible opalescence, and
SEM imaging revealed the precipitation of homogeneously dispersed spherical particles
∼ 180 – 430 nm in diameter (see Figure 4.3 (c - d)). These particles are composed of
powellite crystallites sized between 50 – 55 nm in diameter according to XRD pattern
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refinements (see Figure 4.4, and Table 4.1). The blue coloration noted for CNG1.75
and CNG2.5 in Figure 4.2 is attributed to the presence of Gd, and its optical luminescence is also correlated to the level of powellite crystallisation. Increasing [MoO3 ]
to 7 mol% caused the glasses to become more opaque, as Figure 4.2 indicates. This
shift corresponds to individual crystallite growth up to ∼ 140 nm in diameter, and
the formation of larger particles 0.5 – 1.0 µm in diameter (see Table 4.1 for values).
This transition indicates an increasing fraction of liquid-liquid phase separation during
synthesis, which follows the tendency of hexavalent molybdenum to initiate crystallisation in increasing proportions to [MoO3 ]. In neutral environments, the proportion of
Mo6+ has been previously observed to increase with increasing [MoO3 ] relative to Mo
in lower oxidation states [35, 48], hence why there was a significant increase in phase
separation and crystallisation for samples with high [MoO3 ].

Figure 4.3: BSE micrographs of: (a) CNO, (b) CNG1, (c) CNG1.75, (d) CNG2.5, (e) CNG7,
and (f) CN10. The light phase corresponds to CaMoO4 particles, and the darker phase to
the glass. Micrograph dimensions: 20µm × 30µm.

Samples CNG1.75, CNG2.5, CNG7, and CN10 are GCs that exhibited nano-crystallites,
which aggregated into spherical particles ≤ 1 µm. These GCs showed diffraction patterns for a single phase identified as a tetragonal scheelite-type powellite (CaMoO4 )
structure with a I41 /a space - group (see Figure 4.4). This scheelite-like system has
only one tetragonal plane of symmetry in the horizontal crystallographic axis, and only
one vertical axis of symmetry normal to the plane [159]. In this structure, MoO42 –
tetrahedra are charge balanced by eight-fold coordinated calcium. There was also a
signature halo in the diffractogram at ∼ 22° representing the amorphous phase.
The tetragonal cell parameters of powellite determined by Rietveld refinements of
XRD spectra in Figure 4.4 ranged between a = 5.226−5.229 Å, and c = 11.455−11.460
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Figure 4.4: Raw XRD spectra of pristine samples containing MoO3 . In ascending order,
samples contained: 1 mol%, 1.75 mol%, 2.5 mol%, 7 mol%, and 10 mol% MoO3 . CNG1 was
fully amorphous like NaBSi and CNO. All diffraction peaks in the other spectra are associated
with a single crystalline phase of synthetic CaMoO4 (reference structure: ICSD-22351 [121]).

Å. Increasing the initial concentration of MoO3 had the effect of decreasing the a and
c cell parameters, as Table 4.1 indicates.
Table 4.1: Crystallite size (CS) in diameter and cell parameters of powellite (CaMoO4 ) from
Rietveld refinement of XRD spectra using Topas, and particle size (PS) from image analysis.
Sample
ID

CS
(nm)

a
(Å)

c
(Å)

PS large
(nm)

PS small
(nm)

CNG1.75

51.27
(± 2.26)
55.09
(± 2.08)
143.38
(± 2.54)
125.24
(± 1.94)

5.2289
(± 0.0011)
5.2280
(± 0.0080)
5.2265
(± 0.0001)
5.2264
(± 0.0001)

11.4606
(± 0.0034)
11.4593
(± 0.0025)
11.4558
(± 0.0003)
11.4554
(± 0.0030)

257–429
(± 20)
185–295
(± 20)
528–950
(± 20)
703–1000
(± 20)

∼ 60 *
(± 10)
–

CNG2.5
CNG7
CN10

∼ 140 *
(± 10)
∼ 140 *
(± 10)

Notes: Two PS ranges are given for each composition. Larger particles can be observed in Figure 4.3,
and smaller particles through high resolution imaging in Figure 4.5. * The small particle estimates
are assumed constant, owing to resolution limitations of the equipment at this scale, but a variation
likely exists that corresponds to CS. A dash indicates that no smaller particles were identified.

As mentioned in Chapter 2, XRD peak broadening is attributed to only CS given
the quality of diffraction patterns. While the cell parameters are observed to decrease
with concentration, CS in Mo-bearing samples changed non-linearly with respect to
increasing [MoO3 ]. CS generally increased with [MoO3 ] for Gd-bearing samples, though
CNG2.5 and CNG1.75 did have very similar CS values despite a difference in [MoO3 ]
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(see Table 4.1). A small discrepancy also arose in CN10, which does not have a dopant
like the other GCs. In CN10, CS was around ∼ 15 nm smaller than it was in CNG7,
despite having an additional 3 mol% of MoO3 . However, a larger range of PS was
detected by SEM microscopy for CN10 compared to CNG7 (see Table 4.1). This
observation indicates a greater degree of phase separation in CN10 than in CNG7.
Therefore, small amounts of Gd may act as a seed for crystallisation during cooling, thus
giving doped samples larger crystals, or more perfect crystals with a longer coherence
length. Nevertheless, this occurrence does not effect the overall phase separation of
crystalline particles from the amorphous phase.
The XRD peak fwhm of samples with 1.75 – 2.50 mol% MoO3 were very similar.
So too were the SEM micrographs that depicted evenly distributed particles of similar sizes (see Figure 4.3, and Table 4.1). While CS was very similar among these
compositions, high-resolution image analysis indicated that the smallest aggregates of
crystals were actually found in CNG2.5, not CNG1.75. This result is supported by
Raman spectroscopy, which illustrates the largest amorphous contribution (bands at
∼ 500 cm−1 , ∼ 910 cm−1 , and ∼ 1075 cm−1 ) in CNG2.5, compared to all of the other
samples with CaMoO4 particles in the CN series (see Section 4.4.2).

Figure 4.5: BSE micrographs of (a) CNG7 showing several large spherulites > 500 nm, and
a spattering of much smaller particles .140 nm (micrograph dimensions: 7.9µm × 6.7µm);
and (b) CNG2.5 that only exhibited one size range of particles ∼ 180 – 300 nm (micrograph
dimensions: 3.5µm × 3.0µm).

In general, two groups of PS could be detected for these GCs. One was in the range
of 200 – 400 nm for MoO3 ≤ 2.5 mol%, and the other was in the range of 0.5 – 1.0 µm
for MoO3 ≥ 7 mol%. These ranges correspond to CS < 85 nm, and those > 120 nm in
diameter, respectively. This result implies that a correlation may exist between CS and
PS. In addition to a range of large particles, at higher resolution a spattering of smaller
particles (60 – 140 nm in diameter) could also be observed throughout the matrix of
some GCs. The size of these smaller particles appeared to approach CS values (see
Figure 4.5 (a)). CNG2.5 was the only sample that did not exhibit smaller precipitates,
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as Figure 4.5 (b) indicates. It therefore remained the only GC without a bimodal PS
distribution (refer to Table 4.1).
The XRD results of CaMoO4 crystal phase determination were supported by EDS
analysis (see Figure 4.6), which indicated that Ca and Mo atoms formed clusters and
that Na remained in the matrix. EDS analysis also showed that Si and Na were
uniformly dispersed in the matrix, implying that the glassy framework was fairly homogeneous. This assumption can also be extended to the boron distribution, as Na+
atoms are indicative of boron, or more specifically BO4 – , dispersion.

Figure 4.6: EDS mapping of CNG7 confirms the formation of Ca-Mo crystallites generally
free of Na substitutions. From left to right: BSE image, Si (green), Na (pink), Mo (aqua),
and Ca (blue). Micrograph dimensions: 29.4µm × 29.4µm.

In terms of composition, there were some variations in the [Mo]/[Ca] ratios determined by EDS, although only a single crystalline CaMoO4 phase was detected by XRD.
At lower concentrations of MoO3 (≤ 2.5 mol%) when CS was ∼ 50 nm, EDS semiquantitative analysis indicated an excess of calcium near Mo-centres with [Mo]/[Ca]
∼ 0.40 – 0.54 (± 0.20). In comparison, the [Mo]/[Ca] ratio of precipitates with a
high [MoO3 ] was ∼ 0.81 (± 0.05). The [Mo]/[Ca] variation between high and low
MoO3 bearing samples is likely a result of the electron beam spot size used for quantification. Measurements probably included both the precipitate and the surrounding
amorphous area, hence why lower [Mo]/[Ca] ratios were observed in low [MoO3 ] bearing samples with smaller CS or PS. This observation could also imply that there were
dissolved molybdenum anions in a cationic sublattice located in the vicinity of crystalline molybdates. Diffuse Mo anions in a Ca-rich zone around a precipitate could
account for the [Mo]/[Ca] < 1 ratio. Or it could mean that there were smaller crystalline particles beyond SEM detection limits in the surrounding amorphous matrix,
which could contribute to the higher [Mo] found for samples with [MoO3 ] ≥ 7 mol%.

4.3

Thermal analysis

The addition of MoO3 can lead not only to possible crystallisation of CaMoO4 or
Na2 MoO4 molybdates, but also to alterations in the properties of the residual glass
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matrix. In order to investigate how increasing amounts of MoO3 would alter thermal
properties in these simplified borosilicates, SDT thermal analysis was employed. Using
this technique the glass transition temperature (Tg ) of the glassy phase, melting temperature (Tm ) of crystallites, and decomposition temperature (Tdecomp ) were identified
(see Figure 4.7), the results of which are summarised in Table 4.2.

Figure 4.7: SDT spectra of amorphous CNG1 processed using Universal V4.5A TA Instruments software. The spectrum illustrates two glass transitions (Tg ), the melting temperature
of powellite (Tm ), and the onset of decomposition or volatilisation of boron (Tdecomp ).

Table 4.2: Glass transition, melting, and decomposition temperatures, along with enthalpies
of transitions (H) for samples in the CN series according to SDT analysis.
Sample
ID
NaBSi
CNO
CNG1
CNG1.75
CNG2.5
CNG7
CN10

Tg1
T (°C) H (J/g)
599.56 5.08
595.39 6.70
591.10 16.82
593.86 19.76
586.05 23.80
599.81 6.35

Tg2
T (°C) H (J/g)
781.06
741.54
725.80
738.91
742.93
757.88
760.26

44.76
89.95
42.29
55.53
54.35
69.47
80.56

Tm of CaMoO4
T (°C) H (J/g)

1015.85
1042.78
1041.41
1087.64
1067.87

115.40
137.70
125.70
310.00
327.00

Tdecomp
onset (°C)

1284.15
1279.71
1268.82
1212.97
1230.73

Notes: Tdecomp indicates the start of the transition characterised by a significant weight loss. This
drastic change in mass makes any additional information difficult to discern from this temperature
regime.
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It was interesting to observe that the addition of CaO (in CNO) caused another glass
transition to appear at a lower temperatures, in addition to the Tg found in the sodium
borosilicate glass composition NaBSi. This result suggests some glass-in-glass phase
separation within soda lime borosilicates. However, as complementary analyses of the
samples indicated a homogeneous glass, it is theorised that either the heating rate or the
relaxation of complex intermediate versus short-range order processes influenced the
position of any glass transition(s). Increasing the heating rate is known to overestimate
the actual glass transition [141, 142, 160], and any variance in the heating rate during
experiments may have caused a single transition to be split into two. While equipment
errors of this sort are highly unlikely, they are still possible and would cause noticeable
effects, as this transition is highly sensitive to the heating rate. Alternatively, the nature
of an amorphous structure may also have contributed to the formation of multiple
glass transitions. Amorphous materials are defined by a certain randomness in their
structure, but there is often a short to intermediate-range order. This order can be
described by either by a distribution of ring structures, or the ratio of certain linkages
between structural units [37, 153, 161]. Changes to this order would result in changes
to the glass properties. These concepts will be further explored later in this chapter,
but we will assume the presence of two empirical glass transitions for this data set.
The first transition (Tg1 ) between 570 – 600 °C was closer to the Tg recorded for
similar SON68-based simplified compositions [30, 53, 162]. The second transition (Tg2 )
between 720 – 780 °C, corresponding to the sodium borosilicate system was consistent
to that which is found for alkali borates [163]. While inclusion of CaO was observed
to induce Tg1 , it also lowered the value of Tg2 . This was also true when MoO3 was
introduced into the system, as long as the sample remained amorphous, which was
the case for CNG1. These additives obviously altered the general structure of the
glass, which could therefore induce these shifts in Tg . Additions of CaO and MoO3 are
predicted to create a looser network with more NBOs, and hence larger depolymerised
areas. This change in structure and introduction of defects thus enables easier thermal
motion, which is why a lower Tg was observed.
As MoO3 increased past 1 mol%, CaMoO4 crystallites formed during synthesis, and
the residual matrix was altered by the presence of these precipitates. When this occurred, Tg1 was observed to decrease and Tg2 increased, as Figure 4.8 indicates. Though
Tg2 increased from CNG1 to CN10, it did not recover to the initial transition observed
for the sodium borosilicate system without MoO3 (NaBSi). An exception to these relationships laid in CN10, which did exhibit an increased value of Tg2 with increasing
[MoO3 ], but a higher Tg1 in comparison to all Gd-bearing samples was also observed.
This value of Tg1 for CN10 approached the temperature range observed for CNO. How89
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ever, Tg1 was very small in this sample (see H values in Table 4.2), which may indicate
a more homogeneous residual glass phase in comparison to other GCs.
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Figure 4.8: Glass transition temperatures for soda lime borosilicates in the CN series as a
function of [MoO3 ] as determined by SDT analysis.

While several oddities were observed for the trend of Tg with composition, the heat
capacity (∆Cp ) for the observed transitions illustrated a clearer correlation to [MoO3 ],
as Figure 4.9 indicates. For both transitions (Tg1 and Tg2 ) there appeared to be a critical
point ∼ 2.5 mol% MoO3 where the relationship between ∆Cp of the thermal events,
and [MoO3 ] tailed off to a possible plateau. As these two recorded glass transitions may
in fact be part of a single broader transition influenced by temperature fluctuations,
the total heat capacity can be a useful metric to determine the relationship between
structural changes, and therefore thermal transitions with [MoO3 ] and [CaMoO4 ].
The average trends in Figure 4.9 indicated that inclusion of a greater number of
non-network forming constituents caused a decrease in the total ∆Cp required for glass
transition events. This means that less energy was required to make the system become
mobile. As a result, it can be hypothesised that both Ca and Mo created defects in the
borosilicate glass network, as previously mentioned. When crystallisation commences
for samples with [MoO3 ] > 1 mol%, there will be a greater number of intrinsic defects
in the glass structure, as molybdates are predicted to form in depolymerised regions
of the glass [44]. These defects correspondingly enabled the glassy phase to become
less viscous at lower temperatures, which is why Tg1 decreases. It is hypothesised that
increased crystallisation also pulls isolated Mo anions from the highly polymerised
SiO2 −B2 O3 −Na2 O network to other depolymerised regions of the glass rich in Ca2+
cations. This would restore the packing of the SiO2 −B2 O3 −Na2 O network, hence why
Tg2 increases with crystallisation.
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Figure 4.9: Calculated heat capacity of the glass transition temperatures for soda lime borosilicates containing MoO3 as determined by SDT analysis.

In addition to glass transitions, the melting temperature of CaMoO4 (or a CaMorich precursor environment) was also observed by SDT. It is assumed that there was an
amorphous precursor environment to CaMoO4 crystallisation, in which the structure
of Mo anions in relation to cations is very similar to that of the crystalline phase.
This is why Tm appeared in Figure 4.7 for the sample CNG1, which seemed to be
homogeneously amorphous according to XRD and SEM imaging. The presence of this
melting transition could also indicate that there were very small crystallites (< 200 nm)
in CNG1 that were beyond detection using XRD and SEM. Therefore, this transition
is referred to as Tm of CaMoO4 , but it is also predicted to incorporate melting of
CaMo-rich amorphous deposits.
The Tm of CaMoO4 was observed to follow a much simpler relationship with [MoO3 ]
than the complex relationship discussed above for Tg1 and Tg2 . As Figure 4.10 indicates,
Tm and the enthalpy of the thermal event (HT m ) increased with [MoO3 ]. Prior to
crystallisation on a detectable level, Tm was found at a lower temperature. This reflects
the fact that motion in an amorphous precursor environment would be easier than in an
analogous crystalline phase. As [MoO3 ] increased in GCs, an increase in the CaMoO4
crystal content correspondingly caused an increase in Tm . The deviations from the
average linear Cp versus [MoO3 ] trend can be correlated to the non-linear CS and
PS trends observed with increasing [MoO3 ], as discussed in the previous section for
CNG2.5.
The third event observed was general decomposition, which occurred for T >
1200 °C. The significant weight loss associated with this event is jointly caused by
melting of any remaining CaMoO4 crystallites, and a predicted volatilisation of boron
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Figure 4.10: Melting temperature (Tm ) of CaMoO4 and enthalpy of the transition for soda
lime borosilicates containing MoO3 in the CN series as measured by SDT analysis.

and sodium. Though volatilisation is predicted, a residual amorphous phase was visible in the crucible following each experiment. Phase identification proved difficult,
but it was predicted to be primarily silica, based on the high temperature stability of
all possible phases. Given that there was a significant endothermic peak caused by
weight loss here, this event may be obscuring any other phase transitions. Therefore,
identification of the residual phase is only speculation.
Similar to the other thermal events, decomposition also showed a correlation to
composition. A decrease in the initial Tdecomp was observed as [MoO3 ] increased. This
outcome was also predicted to be a result of the additional defects created by Ca and
Mo inclusions, which decreased the general network reticulation, and thus made any
energy barriers to thermal transitions smaller. This theory is supported by Tdecomp for
NaBSi, which was greater than 1400 °C. The NaBSi structure is likely the most ordered
in the CN series, owing to it containing the fewest constituents, and having the greatest
size, and charge compatibility of cations with network formers.

4.4
4.4.1

Structural analysis by Raman and NMR
11

B MAS NMR

The mass normalised 11 B MAS NMR spectra for samples in the CN series is provided
in Figure 4.11. Similar to samples in the CB and CM series, this technique can be
used to test the volatilisation of boron. However, the melt time was much shorter in
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this sample series than in the calcium borosilicates of the previous chapter, so any
volatilisation would be limited. The normalised spectra do, however, confirm that the
correct proportion of B2 O3 is present in the CN series. More importantly, NMR can
provide information on the molecular structure of boron units within the glass.
BO4
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non-ring

CN10

CNG7

CNG2.5
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NaBSi
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Figure 4.11: 11 B MAS NMR spectra normalised per gram of sample for the CN series with
increasing amounts of MoO3 and CaO. NaBSi has no Ca and Mo, while CNO has Ca, but
no Mo. The samples with the letter G in the name contain a Gd dopant, which can account
for the observed peak broadening in these samples.

Similar to calcium borosilicates, there were contributions from BO4 – groups centred
around -1 ppm and BO3 groups centred around 10 ppm. The quadrupolar BO3 peak is
composed of two contributions from ‘ring’ and ‘non-ring’ configurations, as the labels
on Figure 4.11 indicate. The full peak assignments for these two coordinations are the
same as those provided in Table 3.1 on page 61.
It is evident that the inclusion of Na2 O increased the proportion of BO4 – units
based on comparisons with the spectra of calcium borosilicates in Figures 3.3, 3.4 &
3.13. This change can be correlated to Na+ ions instigating the conversion of BO3
to BO4 – , which reaches a maximum for [Na2 O]/[B2 O3 ] ' 0.5 [164]. As the ratio of
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[Na2 O]/[B2 O3 ] remains constant (∼ 0.81) from CNO to CN10, no significant changes in
the magnitude of this peak were expected. Indeed, the BO4 – peak across the CN series
in Figure 4.11 illustrates just this result. The general presence of BO4 – units with the
addition of Na2 O supported the theory that most Na+ ions were charge balancing the
borosilicate network, and unavailable for molybdate formation.
While there were no significant changes to the BO4 – peak for samples in the CN
series, there were two noticeable changes with the addition of CaO, MoO3 , and Gd2 O3 .
Firstly, the inclusion of additional CaO and MoO3 caused an increase in the BO3 ‘ring’
peak over the ‘non-ring’ peak. This is likely due to the addition of CaO, and not
MoO3 , as the line shape for CNO (which contains no MoO3 ) was similar to that of
CN10. The second noticeable compositional impact was a visible spectral broadening
for samples CNG1, CNG1.75, CNG2.5, and CNG7. This was caused by the 0.15 mol%
of Gd dopant in samples with a G in the label. Gadolinium with 7 unpaired electrons
(spin 7/2) can create a local magnetic field that will induce spectral broadening. The
slow electron flipping of Gd ions can also cause fluctuations in the relaxation of boron
with spin 3/2, which would similarly cause spectral broadening.
NMR can provide accurate information on the short-range order of certain isotopes
in the bulk, but it requires powdered samples with a minimum mass of the isotope of
interest. While this option was available for pristine samples, it would not be as useful
for irradiated samples, where the act of powdering could induce additional structural
defects. And in the case of SHI irradiation, there was only a small irradiation volume
(penetration depth of ions ∼ 1.5 µm for Au, and ∼ 12 µm for Xe). As a result, Raman
spectroscopy was employed as a complementary technique for structural analysis.

4.4.2

Raman spectroscopy

Raman spectroscopy is a useful technique that can be used to elucidate the structure
of crystalline phases, as well as the short and medium-range order of an amorphous
phase, while also allowing the samples to remain as monoliths. Using this technique,
each Raman band represents a distinct collection of vibrational modes for elastic, periodically arranged atoms or molecules in matter [154]. According to Group Theory,
the lattice vibrations for powellite can be divided into 26 species of even and odd vibrations for C4h point symmetry, the latter of which are Raman active [154]. The six
energetic visible internal MoO42 – modes in crystalline powellite are: symmetric elongation of the molybdenum tetrahedra ν1 (Ag ) 878 cm−1 ; asymmetrical translation ν3 (Bg )
848 cm−1 , and asymmetric bridging for molybdate chains ν3 (Eg ) 795 cm−1 ; asymmetric
O−Mo−O bending modes ν4 (Eg ) 405 cm−1 and ν4 (Bg ) 393 cm−1 ; and symmetric bending ν2 (Ag +Bg ) 330 cm−1 [165–168]. All of these vibrations are observable in the Raman
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spectra of Figure 4.12, and can be visualised in Table 4.3. These specific modes have
all been previously observed for synthetic powellite in glass ceramics with [MoO3 ] ≥ 1
mol% [30, 99]. Additionally, there were three external modes at ∼ 206 cm−1 , 188 cm−1 ,
and 141 cm−1 that are considered to be νdef (Ag ) deformation modes of the cationic
sublattice assigned to the rotation or translation of Ca−O and MoO42 – [33, 155]. The
presence of these deformation modes indicates some disorder in crystal stacking, which
was likely impacted by the surrounding amorphous matrix. They also imply clustered
crystallisation, as opposed to single crystal distribution.
Table 4.3: Principal vibrational modes of MoO42 – tetrahedra in crystalline CaMoO4 .
Wavenumber
(cm−1 )

O−Mo−O
vibration

Raman mode

330

symmetric
bending

ν2 (Ag +Bg )

393
405

asymmetric
bending

ν4 (Bg )
ν4 (Eg )

795
848

asymmetric
translation &
bridging of
molybdate chains

ν3 (Eg )
ν3 (Bg )

878

symmetric
stretching

ν1 (Ag )

Vibrational mode

Notes: black dots represent molybdenum atoms and white dots represent oxygen atoms.

The peak positions of these MoO42 – modes experienced a shift of ∼ 0.4 – 0.8
cm−1 towards higher wavenumbers as [MoO3 ] increased from 1.75 to 7 mol% (see Raw
data, page 292), which corresponds to a growth in CS from ∼ 50 nm to 140 nm (see
Table 4.1). A shift to higher wavenumbers is typically associated with the shortening
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of bonds. This shift could therefore be related to the degree of phase separation or
crystallite growth, and the crystal quality. Moreover, the observed peak positions in
all GCs were at a lower wavenumber than the internal modes listed for powellite single
crystals [99, 155]. As the concentration of MoO3 increased, the peak positions moved
closer to theoretical values and the cell parameters correspondingly decreased, which
suggests a reduction of internal stresses. This indicates that as [MoO3 ] increased, so
too did the crystal quality, which is a function of MoO42 – ordering, grain size, defect
population, and CS within the powellite phase of GCs.
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Figure 4.12: Raman spectra of samples in the CN series with an increasing concentration
of MoO3 . In ascending order: 1, 1.75, 2.5, 7, and 10 mol% MoO3 . The internal modes of
MoO42 – in powellite are: ν1 (Ag ) 878 cm−1 , ν3 (Bg ) 848 cm−1 , ν3 (Eg ) 795 cm−1 , ν4 (Eg ) 405
cm−1 , ν4 (Bg ) 393 cm−1 , and ν2 (Ag +Bg ) 330 cm−1 . The deformation modes νdef (Ag ) 141 –
208 cm−1 are also labelled on the plot. These spectra provide support that crystallisation
occurs for MoO3 ≥ 1.75 mol%.

In addition to a marginal change in the peak position, the peak fwhm also decreased
with increasing [MoO3 ], which is indicative of an increase in the ordering of the crystalline phase. This was true for all samples except CNG2.5, which displayed the largest
array of peak widths for all internal MoO42 – modes of powellite. It also exhibited the
largest proportion of bands characteristic of the amorphous phase, as previously mentioned. In Figure 4.12, not only was a relatively higher proportion of broad bands ∼
500 cm−1 , ∼ 1075 cm−1 , and ∼ 1150 cm−1 associated with the silicate network seen,
but also a strong band at ∼ 910 cm−1 . This band is associated with symmetric stretching vibrations of Mo−O bonds in MoO42 – tetrahedral units located in an amorphous
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system [30]. This finding further suggests a unique composition that resulted in an
increased solubility of molybdenum for 2.5 mol% MoO3 . CNG1.75 also exhibited these
amorphous bands, but as Figure 4.12 indicates, they were more prominent in CNG2.5.
In CNO there were several characteristic broad bands typical of amorphous silicates
or borates at ∼ 450 – 520 cm−1 (Si−O−Si bending) [4, 149], ∼ 633 cm−1 (Si−O−B
vibrations in danburite-like B2 O7 −Si2 O groups) [4, 155], ∼ 1445 cm−1 (B−O – bond
elongation in metaborate chains and rings) [4], and Si−O stretching vibrations for Qn
entities that represent SiO4 units with n bridging oxygen between 845 – 1256 cm−1
[169] (see Figure 1.2 on page 6 for a schematic of the silicate Qn groups, and Figure
4.13 for Raman spectra). Any created NBOs in these structures would have a residual
negative charge that requires compensation by network forming cations, which would
thus alter the charge and bonding of nearest neighbours. These NBO sites would also
distort the average Si−O bond stretching vibrations, hence why Qn has a range of
vibrational values attributed to different values of n.
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Figure 4.13: Raman spectra of amorphous NaBSi, CNO, and CNG1 illustrating the effects
of Ca, Mo, and Gd inclusion into a sodium borosilicate glass.

The effects of adding 1 mol% MoO3 to a soda lime borosilicate glass can be observed
in Figure 4.13. The three broad bands in CNG1 at ∼ 330 cm−1 , ∼ 870 cm−1 , and ∼
910 cm−1 describe the order of molybdenum entities in the amorphous phase. Though
CNG1 did not show definitively sharp crystal peaks, the broad bands around ∼ 330
cm−1 , and ∼ 870 cm−1 were at similar positions to the MoO42 – vibrations for powellite
(refer to Figure 4.12). The most prominent change to the spectra from CNO to CNG1
was the significant growth of the band at ∼ 910 cm−1 , which is related to MoO42 –
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dissolved in an amorphous system. These results indicate that although molybdenum
was found to be dispersed in the borosilicate glassy matrix as MoO42 – tetrahedra, they
did not necessarily crystallise into CaMoO4 . That being said, molybdenum was still
tetrahedrally coordinated with oxygen, and it exhibited some general order with the
Ca2+ charge balancers in the vicinity while in the amorphous phase. Therefore, the
structure of Mo anions in an amorphous phase are predicted to be similar to that of
the crystalline phase, which was similarly proposed for calcium borosilicates bearing
[MoO3 ] ≤ 2.5 mol% (see Chapter 3). This result supports the theory that molybdenum
which does not crystallise remains trapped in an amorphous form of Cax [MoO4 ]y in a
borosilicate matrix [42, 47].
The inclusion of Mo and the Gd dopant also appeared to marginally alter the
borosilicate network via changes to the ratio of Qn species, and the peak position of
the R band. As Figure 4.13 indicates, the ratio of Q3 species increased relative to both
Q4 and the R band in CNG1, as compared to CNO. There was also a shift of ∼ 10
cm−1 to higher wavenumbers for the R band, which indicates smaller inter-tetrahedral
Si−O−Si and Si−O−B angles. This shift therefore implies the formation of smaller ring
structures. These modifications were also evident in CNG1.75 and CNG2.5, though
the amplitude of MoO42 – vibrational modes made the amorphous bands in Figure 4.12
difficult to discern. Spectral fitting tables supporting these finding are available in the
Raw data, page 292.
While additions of MoO3 into a soda lime borosilicate glass left many traces, the
addition of CaO to a sodium borosilicate also caused several small modifications to the
Raman spectra. The most noticeable was a shift of the R band by ∼ 17 cm−1 to higher
wavenumbers (see Figure 4.13). This was concurrent to a growth of the peaks assigned
to Qn groups relative to the R band, and the O−Si−O symmetric bond stretching
band (∼ 800 cm−1 ) [61, 145, 151]. There was also growth of the peak assigned to
danburite-like units with the addition of CaO. This growth could contribute to the
relative differences observed between the ‘ring’ and ‘non-ring’ BO3 peaks in the NMR
spectra of NaBSi and CNO in Figure 4.11.
The relative Raman shifts also indicate a change in the connectivity of the borosilicate network, where the formation of smaller rings and more NBOs could be responsible
for the detection of a second Tg at lower temperatures. Furthermore, while phase separation was not evident in CNO based on the Raman spectra remaining constant across
multiple measurements at different locations, the changes do indicate a compositional
shift in the distribution of network formers. This shift may be altering the intermediaterange order, and thus creating a bimodal system in terms of the ring structures, and
[NBO] found in the glass.
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4.5
4.5.1

Discussion
CaMoO4 formation during synthesis

The compositions used in this study facilitated an excess of calcium for CaMoO4 formation, and had a high enough concentration of B2 O3 to ensure that Na+ ions were
unavailable for Na2 MoO4 formation. In excess of 1 mol% MoO3 , crystallisation commenced during synthesis (cooling), and a single powellite (CaMoO4 ) phase was observed
within an amorphous network.
The spherical and unconnected nature of the CaMo-rich particles, and distribution within the amorphous matrix indicated a uniform nucleation and growth process
[170]. The first stage of this process involves liquid-liquid phase separation, and the
migration of MoO42 – entities to less polymerised regions of the glass. The initiation
of phase separation can be correlated to the field strength of modifying ions, such
as Na+ , Ca2+ , and Mo6+ . In this case, the high field strength of Mo6+ is primarily
hypothesised to promote initial phase separation within the borosilicate glass matrix
[44, 49]. The second stage of this process involves the crystallisation of CaMoO4 inside
these separated phases during cooling [28, 44]. In these compositions, the process of
phase separation and crystallisation occurred homogeneously within the bulk, hence
why CaMo-rich particles are distributed throughout each GC matrix (see BSE images
in Figure 4.3). These particles are composed of CaMoO4 crystallites, as XRD indicates.
These individual CaMoO4 crystallites were observed to precipitate on the nanometre scale following synthesis. The resultant CS values for these crystals align with
studies on similar base glasses that also had a high molybdenum content [53, 171].
All of the crystallites here take the form of scheelite-type powellite with a tetragonal structure. The lattice parameters observed in this study are initially higher than
those of CaMoO4 monocrystals (a = 5.222 Å, and c = 11.425 Å) [146], which have
been similarly observed to occur following a sintering fabrication method [28, 157]. It
was also found to be the case for calcium borosilicate GCs described in Chapter 3.
The difference between monocrystals and crystals in GCs is predicted to be caused by
the quenching process during synthesis, and the nature of the surrounding amorphous
phase.
Rapid quenching of the system can cause a contraction of the glassy matrix that
could create tensile stress on CaMoO4 particles. This occurrence would subsequently
not allow for a full relaxation of CaMoO4 crystals, thus they would not reach the room
temperature equilibrium state. This would therefore create the discrepancies observed
between the cell parameters for crystals embedded in a glass, and those found for
monocrystals. Furthermore, we observe that the stress along the c-axis was initially
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greater than that along the a-axis. The range of values observed here for the a cell
parameter between 5.226 – 5.229 Å are associated with those observed following heat
treatments at 25 – 100 °C [172]. Whereas, the range observed for the c cell parameter
between 11.455 – 11.460 Å are associated with thermal treatments between 100 – 200 °C
[172]. These comparisons indicate that quenching initially caused rigidity primarily in
the stacking of Ca polyhedra along the c-axis over Mo tetrahedra stacked in the adirection (see Figure 3.11 for a powellite unit cell visualisation).
In addition to fabrication conditions, the cell parameters and CS of CaMoO4 were
also dependent on composition. In general, phase separation was proportional to
[MoO3 ] with two groups of CS (∼ 50 nm and ∼ 140 nm) and PS (∼ 200 – 300 nm
and ∼ 600 – 1000 nm) observed for low and high [MoO3 ]. Increasing [MoO3 ] was also
observed to be inversely related to the a and c cell parameters. An exception to the
proportional dependence of CS with [MoO3 ] occurred in CN10. This may result from
the absence of a Gd dopant in this composition, which is predicted to improve crystallisation kinetics in the other GCs of the CN series. Despite this finding, the range
of PS was largest for CN10, and the cell parameters were equal to or less than those
found for CNG7.
The anomaly for CN10 suggests that trace levels of Gd2 O3 aid in the early nucleation
of CaMoO4 during synthesis. This effect is based on the relative CS values found for
CNG7 and CN10, which were prepared using the same synthesis method and cooling
conditions. Platinoid heterogeneities in nuclear waste glasses have been previously
observed to enhance crystal nucleation by reducing the liquid-crystal interfacial energy,
and therefore the thermodynamic barrier to crystallisation by roughly three orders of
magnitude [173]. The inclusion of Gd2 O3 in this study appeared to increase CS, but the
effect is much smaller in magnitude (less than one order), which can be correlated to its
trace amount. The observation does however indicate that the effects of dopants may
follow a logistics growth model (initial exponential increase followed by an exponential
decay to a plateau, as sterics impede any further kinetic impacts). Though this is a
working theory, it nonetheless outlines a change created by trace incorporation.
The variations in CS could also be owing to the effect phase separation tendencies
have on the mosaicity of the crystalline phase. The synthesis method employed in
this thesis would produce several defects, which would interrupt the periodicity of the
crystal system. Disordered crystals resulting either from the initial liquid-liquid phase
separation, or precipitation within separated phases would alter the coherency length
determined by XRD refinements. This would subsequently affect the CS values, given
that both are a function of peak broadening. Using this interpretation, the crystals
in CN10 could be more disordered than those in CNG7, hence they have a smaller
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CS. This could also be attributed to a smaller grain size within particles in CN10, as
grain size and CS area often correlated. Whilst a smaller CS was observed for CN10, it
nonetheless depicted the largest PS values, which implies proportional phase separation
with increasing [MoO3 ].
In this study, the degree of phase separation and CaMoO4 crystallisation determined
by microscopy generally appeared to be proportional to MoO3 , with the exception of
CNG2.5. It can therefore be concluded that an increase in [MoO3 ] is related to phase
separation during synthesis, as previously predicted. This compositional effect can
be tied to an increase in the immiscibility temperature, and therefore both the phase
separation (TP S ) and crystallisation (TC ) temperature. In previous studies of sodium
borosilicates containing MoO3 , the immiscibility temperature was observed to increase
by ∼ 18 °C per mol of MoO3 [49]. In comparison, Magnin et al. observed a ∼ 50 °C
increase in TP S and ∼ 40 °C increase in TC of CaMoO4 following a 0.5 mol% increase
in [MoO3 ] from an initial concentration of 2 mol% in a soda lime borosilicate [28]. The
dependency of TP S and TC on [MoO3 ] is not linear, however. For 7 mol% MoO3 it
was estimated that the liquid-liquid phase separation temperature increases from ∼
980 °C at 2 mol% MoO3 to ∼ 1200 – 1300 °C, based on high temperature viscosity
studies. Correspondingly, TC would increase from ∼ 900 °C at 2 mol% MoO3 to ∼
1100 °C at 7 mol% MoO3 [174]. Hence, we can assume that the largest PS observed
for MoO3 ≥ 7 mol% was a result of an increased TP S . Meanwhile, the smallest cell
parameters observed at this range of [MoO3 ] were due to the greatest time above the
glass transition temperature (when TC >> Tg ), which would allow for bonds within
crystals to relax, thus forming shorter bonds.
Similar trends were observed for Tm , and the enthalpy of the transition (HT m )
with increasing [MoO3 ], indicating that TP S and TC are related to the melting of
crystallites. When TP S and TC increase, larger CS are expected with smaller cell
parameters, hence more perfect CaMoO4 crystals form. These crystals are also formed
in greater number. Results in this chapter support these predicted outcomes with
smaller cell parameters observed with increasing [MoO3 ] from 1.75 to 10 mol%, and
by the larger (∼ 3× in size) PS observed for high [MoO3 ]. As crystals approach cell
parameters closer to ideality (those of monocrystals), a higher temperature is required
to induce thermal motion and eventual melting. The less ordered crystal structures
formed when TC is closer to Tg will in comparison require less thermal energy to induce
amorphisation. For this reason Tm is predicted to increase with TP S and TC , and
therefore [MoO3 ]. The relationship between TC and Tm of a crystal phase is well
known. They are theoretically presented as overlapping Gaussian profiles on the Gibbs
Free Energy versus temperature plot [60]. So the proportional relationship between
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TC and Tm observed here for CaMoO4 in these GCs was not unexpected. HT m can be
similarly tied to an increased degree of phase separation with [MoO3 ], as it is predicted
to increase with the volume of crystallites. Although the concentration of crystallites
could not be definitively determined by XRD, the increase in HT m with [MoO3 ] does
indicate that there were more or larger crystallites formed as [MoO3 ] increased.
An anomaly occurred for the sample with 2.5 mol% MoO3 . In this composition,
electron imaging revealed the smallest PS for the series (see Table 4.1). More to the
point, EDS analysis indicated an excess of calcium near Mo-centres. This occurred
concurrently to an increased concentration of molybdenum in the amorphous network,
as indicated by the large Raman band at ∼ 910 cm−1 . These findings imply a lower
TC for this composition in comparison to all other GCs. The results further suggest
that there was a significant fraction of molybdenum dissolved in the glassy matrix
of CNG2.5, and that these MoO42 – tetrahedra were located in Ca-rich amorphous
regions, hence why the molybdenum tetrahedra remained similarly coordinated. It can
therefore be predicted that an initial phase separation of Mo-Ca rich regions occurred
in all GCs, even if crystallisation was delayed in this specific composition.
Previous studies support this composition-based oddity. Taurines et al. observed
an increased peak broadening of XRD spectra for 2.5 mol% MoO3 in a study comparing
crystal structures for compositions with a range of 1.5 – 4.5 mol% MoO3 in a soda lime
borosilicate [32]. In this case, the increased broadening observed at 2.5 mol% MoO3 ,
which would cause a smaller CS, was proposed to result from a higher concentration
of Gd2 O3 (∼ 1 mol%), as this was hypothesised to promote Mo solubility. As [Gd2 O3 ]
was lower in this study, there must be another explanation for the observed increase
in Mo solubility for CNG2.5.
Despite a uniform synthesis technique, the glassy matrix in CNG2.5 appeared to
have a higher fictive temperature (Tf ) based on the increased incorporation of molybdenum, which would imply a faster quenching rate. At this new metastable equilibrium,
more Mo was dissolved in the amorphous matrix, and only one size of CaMoO4 particles were observed. In the other GCs, less Mo appeared to be dissolved in the matrix
(from Raman and EDS analysis), and a second group of particles ∼ 60 – 140 nm in
diameter, in addition to much larger particles were found. A relatively slower cooling rate would allow this phenomena to occur. As the external parameters were kept
constant, it would suggest that there is some variance in the internal heat capacity
of the various GC compositions. Alternatively, it could indicate a unique composition
in CNG2.5 that reduces the TP S and TC by forming a eutectic point with respect to
Mo and a borosilicate. Further investigation is required to elucidate this theory, as it
cannot be confirmed from literature.
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In addition to PS and CS, Raman bands were another metric of phase separation.
In an amorphous system such as CNG1, the band representing Mo−O bond elongation
in dissolved MoO42 – tetrahedra (∼ 910 cm−1 ) proved to be an important factor in
determining Mo solubility and structure. As partial crystallisation commences from
the precursor environment, the location of this band changes. It will move to lower
wavenumbers as it approaches perfect symmetry within the Mo tetrahedra [28, 175] just
prior to CaMoO4 formation. As crystallisation proceeds, the amplitude of this band
decreases, and the internal MoO42 – modes in powellite would dominate the Raman
spectra. Indeed, it was observed that this peak was at ∼ 908 cm−1 in CNG2.5, and
at ∼ 905 cm−1 in CNG1.75, while it is unidentifiable at higher [MoO3 ]. The relative
location of this band in CNG1.75 and CNG2.5 indicates that the phase separation
tendency in CNG2.5 was lower. Or it implies that the higher fictive state of the
amorphous network in CNG2.5 prevented ordering within phase separated regions,
thus hindering additional crystallite formation. The presence of this vibration also
supports the theory that a Mo-Ca rich vitreous phase with a similar composition to
CaMoO4 acts as a precursor to crystallisation, which was previously suggested.
Another interesting observation is that at high concentrations of MoO3 , a range
of smaller particles (∼ 140 nm) were found to form in clustered regions (see Figure
4.5 (a)). As previously discussed, molybdates are predicted to form in depolymerised
regions of the glass [16, 26, 42]. Therefore, this observation further suggests that Morich droplet immiscibility causes localised phase separation during synthesis, which acts
as the precursor environment to crystallisation, hence why small crystals are found to
precipitate in similar hypothetical regions. It also underlines the influence the initial
distribution of network links has on allocating sites for crystal formation.

4.5.2

Amorphous systems and glass transitions

For compositions without molybdenum or with 1 mol% MoO3 (NaBSi, CNO, and
CNG1), the samples appeared to be homogeneously amorphous according to SEM and
XRD. Furthermore, random Raman spot analysis at the surface gave almost identical
spectra (see Appendix A2 & A6), which indicates a general order of the borosilicate
network that was constant throughout. If there were large areas of phase separation it
would be visible by SEM, especially if one of the phases preferentially carried heavier
Ca or Mo atoms. More to the point, Raman analysis would have revealed a different
proportion of silicate and borate-type features in repeated acquisitions. Nevertheless,
all the compositions containing Ca exhibited two glass transitions according to SDT
analysis.
While amorphous phase separation was not visible by SEM or Raman analysis,
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it does not necessarily mean that it was non-existent. There may have been evenly
distributed micro phase separation, but this is counterintuitive to the very nature
of an amorphous network, which is defined by a random configuration. In order to
come to terms with these discrepancies, a theory is put forth that assumes there is
a bimodal average structure evenly distributed throughout the amorphous network,
which causes two glass transitions. This bimodal distribution is expected to describe
the intermediate range order of network links within clusters. Clusters of greater
connectivity with a high number of rings and bridging oxygens would induce a higher
Tg , while clusters with with more NBOs, and broken or smaller rings would induce a
lower Tg .
If the 11 B MAS NMR spectra in Figure 4.11 are consulted, a change in the distribution of BO3 ‘ring’ and ‘non-ring’ structures also appeared with the addition of CaO. It
is perhaps this change along with a shift in the distribution of the Raman R band towards smaller inter-tetrahedral angles between network formers that represents a shift
or split in the intermediate-range order, which would induce multiple glass transitions.
Intermediate-range order within a glass is an important consideration to determine
the average periodic configuration used to define the glass structure, and therefore
its properties. It was also observed to affect the glass transition process according
to Kobayashi et al. [43]. Although Tg is a non-equilibrium transition, there is a
hypothetical metastable line between the solid and liquid phases that is used to define
this transition. The associated temperature of this transition is dependent on long and
short relaxation times, which are inherently dependent on short and long-range order.
Therefore, some variation in the intermediate or long-range order could create multiple
glass transitions. This could be due to either the average structural distribution, or
the internal relaxation processes that occur at different temperatures, and are therefore
influenced by the heating rate.
In DSC, the heating rate has been previously noted to have a log relationship with
the characteristic temperature of a thermal event, and specifically to Tg [141, 142].
This means that a fast heating rate would overestimate Tg [160]. It also implies a
dependency between the heating rate, and the spectral shape. Though the heating
rate in SDT experiments was kept constant at 10 °C/min, there are of course possible
fluctuations at higher temperatures where longer and constant heating was required. In
this range, the temperature feedback system between the thermocouple and electronic
reading (and therefore adjustment) becomes more inaccurate. This is especially true
for slower heating rates, but 10 °C/min is considered a standard rate for this technique.
Therefore, results are less susceptible to equipment errors such as these. Any variance
in the heating rate could however cause the relaxation process to be spread over a larger
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temperature regime, and hence produce what would appear to be multiple transitions.
Besides the heating rate, particle size, dilution, and pressure are also predicted to
influence the spectral shape of transitions [141]. Therefore, a range of particle sizes
could also account for this oddity in the observed glass transitions. In these experiments
particles < 75µm were used, but there is likely a distribution of sizes within this limit.
Larger particles in this range would of course require a larger energy input based on
volume, and with a smaller surface area to volume ratio, the rate of energy transfer
would also be slower.
If it is assumed that despite appearing homogeneously amorphous there were two
Tg s, a compositional explanation can be used to describe the possible two phases, or
characteristic regions of intermediate-range order that could have induced multiple
transitions. Tg has been observed to show a dependence on the cation content in
silicates and borates. In silicates, the addition of alkali and alkaline earth oxides
causes a decrease in Tg , because thermal motion becomes easier with an increase in
the NBO population, which is induced by the input of network modifying cations.
Whereas, low alkali or alkaline earth concentrations can increase Tg in borates through
the creation of BO4 – entities by supplying a charge compensator [163]. The type
of network modifier also affects the directional change to Tg , as larger cations will
cause an increased spatial hindrance, thus increasing Tg . Using this knowledge, it
can be predicted that one repetitive cluster is rich in boron and modifier ions, while
the other is silica-based. These two structures are predicted to be equally distributed
throughout the glass in small domains, which is why phase separation is difficult to
see by either SEM imaging, or Raman spectroscopy. It is further assumed that any
thermal transitions proceed dynamically from cations in the medium-range area, which
determine structural mobility [176]. Therefore, the addition of calcium is predicted to
cause these regions to become more disparate and to form larger domains, and hence
results in multiple transitions in order to induce full relaxation of the various structures
within the amorphous phase.
As previously mentioned, Tg1 was closer to the value of Tg found for similar soda
lime borosilicate systems, which range from 500 – 600 °C with a dependence on the
glass composition [4, 13, 27, 53, 171, 177]. Tg1 also exhibited the previously observed
inverse relationship to increasing [MoO3 ] [49]. In comparison, Tg2 was higher than
those found for similar sodium borosilicates, which reached a maximum at ∼ 630 °C
[68, 76, 178]. The temperature range for Tg2 was actually closer to the TC of powellite
(750 – 820 °C) observed by DTA for aluminoborosilicate glasses with [MoO3 ] ' 1.5 –
6.0 mol% [45, 47, 157, 179]. However, as this transition appeared in NaBSi and CNO
in this study, neither of which contains MoO3 , this was more likely a glass transition,
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as initially presented in the results. There is also a possibility that Tg2 is actually
decarbonisation of any remaining carbonates from synthesis. Though it falls within
the correct temperature regime [180], the lack of a significant weight loss indicates
that this was likely not the case. The origin and definition of this transition therefore
cannot be definitively explained, though many explanations have been examined.
Like Tg1 , Tg2 also experienced a composition induced shift with [MoO3 ]. In this
case, there appeared to be a natural logarithmic relationship between the two. It
is theorised that this relationship is correlated to crystallisation. As more [MoO3 ] is
added to the system, the tendency for CaMoO4 crystallisation increases. As this occurs,
the number of Ca2+ ions in the glassy matrix decreases, thereby allowing the residual
matrix to form a phase more similar to NaBSi. Although this may occur, the presence
of any crystallites in a glass does introduce some defects, thus altering the order of the
amorphous network, hence why Tg2 of CN10 (760.26 °C) was still lower than that of
NaBSi (781.06 °C).

4.5.3

Comparing calcium and soda lime borosilicates

In Chapter 3, it was predicted that similar changes to TP S and TC were induced by
increasing [MoO3 ] in calcium borosilicates. However, the heterogeneous distribution of
crystallites in calcium borosilicate systems indicates that the TP S was initially higher
than it was in corresponding soda lime borosilicate base glasses. If the cell parameters
and CS values of CM7 and CNG7 are compared, several differences are observed that
may elucidate the effect of Ca and Na cations on phase separation, and the crystallisation of molybdates. Crystallites in CM7 were observed to have marginally smaller cell
parameters than those in CNG7, but they fall within error of each other. Therefore, it
can be assumed that the TC of powellite is similar for both systems with [MoO3 ] = 7
mol%. As such, the effect of increasing [MoO3 ] may follow a similar trend with respect
to TC at high concentrations.
While the cell parameters are very similar, there was a significant difference in CS.
The CS was ∼ 7× larger in CNG7 than it was in CM7. As previously discussed, the
surrounding matrix may have influenced the crystal quality, which would affect the
coherence length described by the fwhm of XRD peaks, and hence the perceived CS.
The crystals in CM7 may have been more disordered, or had more defects than those
in CNG7. The amorphous network connectivity can also control the location of initial
crystallisation, as molybdates are primarily found to form in depolymerised regions
of the glass [16, 26, 42]. Furthermore, the links between network formers can inhibit
growth by limiting ion migration, especially as the Tf increases. These properties are
controlled by composition, along with external and internal cooling process. In this
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case, both the network connectivity induced by composition, and the cooling rate must
influence the observed differences in CS.
Calcium borosilicates are naturally more viscous than soda lime borosilicate counterparts. This is attributed to cation size and charge compatibility, where the larger
Ca2+ ions with a higher field strength inhibit mobility. This leads to the formation of
looser packed network formers with larger ring structures, in comparison to networks
with Na+ cations [44, 163]. This initial condition promotes early phase separation,
which causes the development of heterogeneous structures. It can also affect the subsequent migration of Ca and Mo ions to depolymerised regions of the glass, which
would encourage CS growth. The high viscosity of calcium borosilicates also implies a
faster internal quenching rate. This inference is based on the existing network links and
cation content, which describe a system with a higher Tf . This higher Tf is predicted to
limit ion migration, and therefore CS growth significantly during cooling. The external
quenching in calcium borosilicates was also faster than that of soda lime borosilicates.
The latter were poured from the melt and allowed to cool to room temperature, while
the former were quenched in a water bath (∼ 15 °C.) Water quenching was used to
try and limit phase separation during extended cooling in calcium borosilicates, but it
may have also limited crystallisation.
The [SiO2 ]/[B2 O3 ] ratio may also have contributed to crystallisation kinetics. In
CM7 the ratio was 3.30, while it was 3.75 in CNG7. The field strengths of B3+ and Si4+
are very similar (1.63 and 1.57), and so varying proportions would not greatly influence
thermal transitions [163]. On the other hand, the addition of BO3 to a silicate network
can create more disorder, and encourage the formation of larger ring structures causing
a larger distribution of ring sizes to form, and hence increase the melt viscosity during
cooling [57, 181]. This modification in structure will also be impacted by the presence of
network modifying cations. In calcium borosilicates, a higher proportion of boron oxide
groups were found as BO3 , according to NMR results in Figure 3.13, which is predicted
to encourage heterogeneities within the amorphous system. Increases to the relative
amount of B2 O3 in calcium borosilicates were also observed to increase the general
order of MoO42 – tetrahedra in Chapter 3, yet crystallisation was still inhibited by the
surrounding matrix. This higher proportion of BO3 relative to BO4 – was attributed to
the availability of only Ca2+ as a charge compensator, whereas Na+ ions were observed
to encourage BO4 – formation in soda lime borosilicates. This too then suggests a
higher viscosity, and therefore higher Tf of the glassy phase in calcium borosilicates,
which subsequently limits the migration of ions, and therefore crystallite nucleation
and growth.
At high enough concentrations of MoO3 when TC is also speculated to increase
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significantly, the propensity for nucleation likewise increases. At high temperatures,
when Ca and Mo ions are more mobile, it becomes easier for these ions to cluster before
quenching of the surrounding amorphous network limits further structural changes.
If CM2.5 and CNG2.5 are then compared, the solubility of Mo appears different in
both systems. While CM2.5 exhibited a heterogeneous amorphous microstructure,
no crystallisation of CaMoO4 was detected. Moreover, Raman spectra revealed the
presence of boroxyl rings (∼ 807 cm−1 ), which were not observed in the CN series.
The existence of this band is predicted to reflect phase separation of a borate-like
phase [181]. In contrast, CNG2.5 had homogeneously distributed crystallites within
a borosilicate network that was structurally very similar to the base glass without
MoO3 (CNO), according to Raman spectroscopy. These results further imply that
calcium borosilicates have a high viscosity during cooling, which ‘freezes’ the system
into a metastable state that thus limits further migration or relaxation, and therefore
prevents homogeneity in the glass. This is why 2.5 mol% MoO3 could be trapped in
an amorphous precursor phase in this system without any crystallisation according to
XRD, while the solubility limit of MoO3 was lower in soda lime borosilicates.
As a result, it can be concluded that without NaO in the glassy matrix, CaMoO4
crystallisation was retarded by properties of the surrounding amorphous matrix. At
low [MoO3 ] this meant slower nucleation, and a higher Mo solubility limit, while at
higher [MoO3 ] the crystallisation growth phase was affected. That being said, liquidliquid phase separation of the residual amorphous phase remained a primary feature
of the amorphous network for low [MoO3 ] in systems without NaO due to the higher
field strength of Ca2+ ions, which is not necessarily desirable.
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Chapter 5
Electron irradiation of calcium
borosilicates
External electron irradiation was used to replicate the effects of long-term β-decay
and other inelastic events associated with the internal radiation processes occurring
within nuclear waste materials on an accelerated scale. In this project, two doses of
0.77 and 1.34 GGy of 2.5 MeV electrons were achieved on the SIRIUS beamline. A
GGy of absorbed dose is on the order of that predicted for 100 to 106 years of β-decay
occurring during storage, given current fuel burn-up and waste loading standards for
R7T7 [10, 68].
During these irradiation experiments, the current was altered to maintain a maximum sample holder temperature of 50 °C, thereby minimising the thermal recovery
of defects. As a result, the modifications induced by accumulated β-irradiation would
more accurately replicate the long-term variation expected during storage when the
radiogenic heat falls below 100 °C [54].
This chapter sought to determine how expected long-term damage caused by inelastic collisions would alter the microstructure and extent of separated phases in calcium
borosilicate heterogeneous systems. It investigated if β-irradiation would cause the integration of separated phases created during synthesis, or increase the extent of phase
separation. Moreover, it tested how the radiation response changed with increasing
dose. It further sought to identify the point defects created by high-energy interactions
of β-particles with matter.
Given the complexity of these heterogeneous systems, multiple analytical techniques
were required to elucidate the modification induced by β-irradiation. The progressive
changes to the glass or GC structure with dose were examined using electron microscopy
and Raman spectroscopy, while alterations to the crystallinity were assessed using
XRD, and the defect structure was probed using EPR spectroscopy.
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5.1
5.1.1

Alterations of separated phases
Heterogeneous amorphous samples

Chapter 3 addressed the behaviour of calcium borosilicates as a function of [B2 O3 ] (CB
and M series) and [MoO3 ] (CM and M series), in order to determine the factors affecting
phase separation and crystallisation of molybdates in these simplified compositions. To
summarise, the synthesised glasses in these series were found to be multiphased, with a
unique embedded microstructure reflecting the immiscibility of the CaO−SiO2 −B2 O3
system when [MoO3 ] ≤ 2.5 mol%. In these embedded structures there is an outer
Si-rich phase A, which surrounds CaMo-rich phase B deposits that contain smaller
particles of phase C, which are compositionally a mix of the other two phases with a
tendency towards phase A. At higher concentrations of MoO3 , clustered crystallisation
was observed and hence the samples were referred to as two-phased GCs.
For a calcium borosilicate system normalised to SON68, increasing [MoO3 ] caused
an increase in TP S , which resulted in the progressive ordering of MoO42 – units until
crystallisation commenced for [MoO3 ] ≥ 5 mol%. An increase in TP S as [MoO3 ] increases is predicted to cause separated phases to take on a more spherical morphology,
owing to a larger difference between the viscosity of phases during cooling. Increasing
[B2 O3 ] similarly caused greater areas of immiscibility to be formed, as the separated
phase B acted as a carrier for both boron and molybdenum. As the size of phase
separated regions increased, the general order of MoO42 – tetrahedra in the amorphous
phase also increased, and approached a similar structure to that found for crystalline
CaMoO4 . The initial heterogeneities in these compositions stemmed from the charge
and size incompatibility of Ca2+ ions within the borosilicate network, which encouraged
phase separation. The high melt viscosity, primarily resulting from one of the phases,
did however limit crystallisation for [MoO3 ] ≤ 2.5 mol% through rapid internal quenching. This resulted in a higher Mo solubility limit than that found for corresponding
glasses containing sodium.
5.1.1.1

Comparing heterogeneous microstructures

The heterogeneous nature of these calcium borosilicate glasses resulted in a variance of
features prior to (see Chapter 3) and following irradiation. In order to determine the
effects of β-irradiation on the glass structure, comparative observations were made on a
per phase basis. Similarly sized phase B deposits were compared to each other from the
unirradiated and two β-irradiated sample sets, as were the interfaces between phases.
This methodology was used to maintain some consistency between measurements, and
to isolate the effects of irradiation from compositional effects that resulted in many
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heterogeneities. In general, different trends were observed for large and small phase
B deposits, so this was an important differentiation. In some small phase B deposits
there were no phase C droplets, so increasing [MoO3 ] greatly influenced the order of
MoO42 – tetrahedra. In contrast, the size and distribution of phase C in larger phase
B deposits was found be to dependent on composition (see Chapter 3 for full details).
The geometry of phase C deposits was also observed to take on many forms depending on its location within phase B deposits, and the composition of the glassy phases
(see Figure 3.7). The terminology used to describe the transformations of these phase
C deposits following irradiation are visually depicted in Figure 5.1. The three main
transformations observed are: (i) edge spattering of spherical or distorted (spattered)
phase C deposits, which is also refereed to as edge smearing for crystalline particles or
clusters; (ii) dispersion of large deposits that can eventually lead to the segregation of
a large deposit into smaller ones; and (iii) the coalescence of smaller phase C deposits
to form a larger deposit, independent of the initial or final deposit geometry.

Figure 5.1: Schematic of the various transformations to the morphology of phase C deposits
observed following irradiation. Some transformations and terms are also applicable to changes
observed for crystal clusters in GCs.

In addition to geometry and size changes, the distribution of phase C within phase
B was also affected by irradiation. The two main mechanisms of alteration were a
change in the uniformity of phase C deposits within the centre of phase B regions, and
a change in the proximity of phase C deposits to the A – B interface, as the schematic
in Figure 5.2 illustrates. When phase C deposits approach the A – B interface, they
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can do so uniformly from all the deposits within phase B to also create a more uniform
distribution, or a belt of phase C deposits close to the interface will form as Figure 5.2
depicts. The terms and descriptions from these two schematics will be used throughout
this thesis to describe radiation-induced transformations to morphology.

Figure 5.2: Schematic of the two main mechanisms of change to the distribution of phase C
deposits within phase B following irradiation.

5.1.1.2

β-irradiation effects on phase separation

In the CB series, changes to the glass microstructure following β-irradiation could not
be definitively correlated to changing [B2 O3 ]. In both CB7 and CB15, phase C deposits
appeared to coalesce with increasing electron dose. This effect was predominantly
notable along the A – B interface where phase C deposits were found to be between
30 − 35 µm in diameter (see Figure 5.3 (d, e)). This change in microstructure indicates
a reorganisation in the CaMo-rich phase B that enabled migration and coalescence of
phase C droplets, presumably by enabling Si tetrahedra to separate and congregate in
a phobic - philic type mechanism from the boron-rich phase B.
Unlike CB7 and CB15, the droplets of phase C along the A – B interface in CB23
were less circular following β-irradiation (see Figures 5.3 & 5.4). In this composition,
phase C regions of immiscibility appeared to spatter from an originally circular geometry. This is hypothesised to result from increased mixing between the phases. The
original circular geometry in CB23 indicates a higher surface tension within immiscible
droplets, which creates a higher energy barrier for phase integration. In comparison,
a non-spherical geometry coincides with greater structural disorder, and therefore a
higher Tf . This increase in Tf could have been caused by rapid quenching during
synthesis, and its presence in these samples is a result of sampling from heterogeneous
structures. Alternatively, these changes could be attributed to an increase in the stored
energy of the system following β-irradiation, which resulted in varying modifications
that can be correlated to the role of and concentration of boron structural units within
certain phases.
In addition to changes along the A – B interface, the distribution of phase C deposits
in the CB series also appeared to change following β-irradiation. At pristine conditions,
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Figure 5.3: BSE micrographs of the A – B interface in pristine CB15 (a, b), and following 1.34
GGy of β-irradiation (d, e); and of pristine CB23 (c) and following 1.34 GGy of β-irradiation
(f). Images are from two distinct sample sets that represent unirradiated and β-irradiated
conditions. Micrograph dimensions: 200µm × 300µm.

phase C droplets in smaller regions of phase B (< 150 µm) were found to be larger in
the centre of phase B with a 3 : 1 relative diameter ratio, whereas phase C droplets in
larger regions of phase B (those > 150 µm) were smaller in the centre, no matter their
shape. Following β-irradiation these trends were still true as Figures 5.3 & 5.4 depict,
but phase C deposits in medium to large regions of phase B (those > 75 µm) were
generally found to be located closer to the A – B interface. These interfacial deposits
were also larger in size compared to all other internal phase C deposits.
The observed changes to the morphology and distribution of phase C within phase
B following β-irradiation collectively suggests that the degree of mixing initiated by
ionisation events is altered by increasing [B2 O3 ]. The data imply that a barrier exists
for 15 mol% < [B2 O3 ] < 23 mol% where the mechanism of transformation changes,
and immiscible droplets stop coalescing and start mixing following β-irradiation. Nevertheless, there was a clear sign of migration or integration of phase C deposits within
phase B following β-irradiation.
Compositionally, there were still three discernible phases in the CB series following
β-irradiation (see Figure 5.4), but there was some detectable variation in the elemental
ratios along the interface between phases. Semi-quantitative analysis was performed
by either EDS mapping of an area or by selecting multiple points in each of the phases
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Figure 5.4: EDS maps of β-irradiated CB23 with a dose of 1.34 GGy. Micrograph dimensions:
220µm × 220µm. From left to right: BSE image, Si (green), Ca (blue), and Mo (aqua).

A, B, and C before and after β-irradiation in order to quantify this change. Analysis
across the A – B interface in CB23 (see Figure 5.5) indicated that phase B became
richer in both Mo and Ca following β-irradiation, though the migration of each element
occurred at a different rate. This result reflects phase-specific properties that promote
or retard ionic movement. It is speculated that Ca ions migrate on average from phase
A to phases B and C via changes to the anionic units being charge balanced in the
respective phases. On the other hand, Mo is predicted to migrate towards phase B from
both phases A and C, hence why a drop in the [Ca]/[Mo] ratio occurred in both phases
A and B following β-irradiation (see Figure 5.5). The trends across the A – B interface
following β-irradiation vary for each composition, but in general some migration of
Ca and Mo is noted either across the phases, or towards the bulk from the surface.
A full table of [Si]/[Ca] and [Ca]/[Mo] ratios for phases A, B, and C in all calcium
borosilicates is available in Appendix A3.
Interface
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40
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Figure 5.5: The [Si]/[Ca] and [Ca]/[Mo] ratios along the A – B interface in CB23, as determined by EDS semi-quantitative analysis.

While most of the phases in the CB series continued to be amorphous, an exception arose in CB7. Following a dose of 0.77 GGy, CB7 exhibited dendritic crystals
growing along the c-axis according to EDS and EBSD (see Figure 5.6 for EDS maps
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and Appendix A4 for EBSD results). As these crystals are only detected in a small
area (∼ 25 µm × 40 µm) by electron microscopy and not by XRD, it can be concluded
that the crystal content is below 1 vol%. It cannot be definitively concluded if this
crystallisation is radiation-induced precipitation, or caused during synthesis. As previously mentioned, SEM imaging and EDS are surface analytical techniques that do
not yield information on the bulk. Therefore, it is possible that minor crystallisation
existed in the bulk of some calcium borosilicates, and that these dendritic crystals are
indicative of such. However, XRD measurements of powdered samples from the batch
compositions did not indicate that this was the case, so any prior crystallisation in the
pristine samples was also below detection limits (< 1 vol%).

Figure 5.6: EDS maps of β-irradiated CB7 with a dose of 0.77 GGy exhibiting dendritic
crystals. Micrograph dimensions: 20µm × 20µm. From left to right: BSE image, Si (aqua),
Ca (pink), and Mo (yellow).

If some crystallites were formed in CB7 during synthesis, sampling may have played
a role in its presence in CB7 irradiated with 0.77 GGy. As the samples were all
heterogeneous, some variation in the sample sets is to be expected. Given that the
number of samples irradiated is limited, and that the volume of crystallisation is very
small, further investigation is required to confirm the cause of these observed dendrites.
In comparison to the CB series, the trend for the CM series was more uniform across
the sample set. In CaBSi, CM1, and CM2.5, phase C droplets became marginally
smaller and more uniformly distributed in size and space throughout regions of phase
B following β-irradiation (see Raw data, page 266 for additional images). At low
concentrations of MoO3 (∼ 1 mol%), a possible mixing of phase C into phase B was
found based on the relative size of phase C deposits before and after β-irradiation.
Alternatively, a migration of phase C, or the elemental components of phase C, to the
outer matrix (phase A) could be occurring. Owing to the heterogeneous nature of the
samples, this could also be a result of sampling from the glass bulk, wherein a variance
of internal quenching rates within the crucible could have created different levels of
immiscibility in different areas of the glass.
Qualitatively, there was an observed migration of Ca atoms from phase C to the
other phases, along with a concurrent shift of Mo from phase A to phases B and C
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following β-irradiation for glass compositions in the CM series. For CaBSi, which
has no MoO3 , Ca was observed to migrate from phase B to phases A and C. These
observations confirm β-irradiation assisted diffusion of elements, where the trends of
migration and mixing versus de-mixing are dependent on the initial composition, and
Tf of the system following synthesis.

5.1.2

Glass ceramics

The calcium borosilicate GCs (CM7 and CM5) remained two-phased following βirradiation. In these GCs, only the powellite (CaMoO4 ) crystalline phase was detected
by XRD and Raman spectroscopy following a dose of 0.77 to 1.34 GGy, indicating
that no Na substitution into molybdates occurred for these compositions and doses.
Na2 MoO4 has different vibrational and diffraction peak positions to CaMoO4 , so the
phases are easy to identify [23, 45, 171]. There are however noticeable β-irradiation
induced changes within CaMoO4 crystallites. Refinement of XRD patterns indicate
a reduction in the cell parameters of powellite from pristine conditions (unirradiated
sample), along with growth of CS following β-irradiation (see Table 5.1). These results
imply a relaxation of the tetragonal CaMoO4 unit cell in parallel to a possible diffusionbased or precipitated growth of crystallites. The soda-lime borosilicate in the M series
(CN10) displayed a non-linear CS growth pattern with dose, which will be further discussed in the following chapter. Nevertheless, it also had a concurrent relaxation of cell
parameters following β-irradiation. This result indicates that relaxation of the crystal
lattice is not directly contingent on the size of clustered particles, or the surrounding
cationic species, but rather is more dependent on properties of the powellite phase and
the added energy from irradiation.
Table 5.1: Scherrer crystallite size (CS) in diameter and cell parameters of CaMoO4 in βirradiated GCs in the M series from Rietveld refinements of XRD spectra using Topas v4.1
[118]
Sample
ID

CS (nm)
0.77 GGy

a (Å)
0.77 GGy

c (Å)
0.77 GGy

CS (nm)
1.34 GGy

a (Å)
1.34 GGy

c (Å)
1.34 GGy

CM5

125.82
(± 6.82)
21.80
(± 0.78)
130.97
(± 4.13)

5.2270
(± 0.0004)
5.2169
(± 0.0017)
5.2256
(± 0.0002)

11.4497
(± 0.0013)
11.4429
(± 0.0051)
11.4478
(± 0.0007)

153.54
(± 8.69)
28.23
(± 1.54)
118.53
(± 3.00)

5.2270
(± 0.0003)
5.2136
(± 0.0018)
5.2257
(± 0.0002)

11.4527
(± 0.0010)
11.4126
(± 0.0060)
11.4402
(± 0.0006)

CM7
CN10

Microstructurally, calcium borosilicate GCs still exhibited clustered crystals following β-irradiation, as Figure 5.7 indicates. However, there were minor modifications to
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Figure 5.7: Microstructure of CM5 following 1.34 GGy of β irradiation showing that calcium borosilicate GCs have crystal clusters that are formed of smaller crystalline particles.
Micrograph dimensions: (a) 200µm × 300µm; and (b) 20µm × 30µm.

the size of crystallites and also to the cluster size distribution. In general, the distribution of crystal clusters appeared to become smaller and more uniformly distributed
following β-irradiation (see Figure 5.8). This inference was made by comparing similar
size categories of crystal clusters (i.e. the largest group of clusters in each sample, or
the smallest, or those in between).

Figure 5.8: Scattering of CaMoO4 crystal clusters in CM5 (top row) and in CM7 (bottom row)
following 0.77 GGy (middle), and 1.34 GGy (left) of β-irradiation from pristine conditions
(right). Micrograph dimensions: 200µm × 300µm.

The changes in CS following radiation were nominal at 0.77 GGy, and reached a
maximum increase of ∆ ' 30 ± 10 nm for CM5 and ∆ ' 8 ± 2.2 nm for CM7 at a
dose of 1.34 GGy. Therefore, changes to the size and distribution of crystal clusters
following β-irradiation seemed independent of the individual CS. Moreover, the overall
density of crystal clusters remained fairly constant at the surface, further supporting
diffusion-based processes rather than reamorphisation to account for modifications. An
exception to this theory could be amorphisation of isolated crystallites or those in small
clusters (< 200 nm in diameter), which were difficult to resolve through image analysis.
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5.2

Raman analysis of β-irradiated samples

Raman spectroscopy is a useful technique to probe the bonding order in both the
amorphous and crystalline phases. It was therefore a useful technique to assess the
changes occurring in multiphased samples following irradiation. There were several
notable modifications to the Raman spectra of all samples following 0.77 to 1.34 GGy
of β-irradiation, which will be discussed in this section.
The broad bands attributed to mixed Si−O−Si and Si−O−B bending and rocking
(R band) [4, 62, 145, 149], Qn bands for silica tetrahedra with n NBOs and O−Si−O
symmetric stretching (∼ 800 cm−1 ) [61, 145, 151], as well as the sharp peak assigned
to boroxyl rings of BO3 triangles around ∼ 807 cm−1 [61, 152, 153], and the low
intensity B−O – bond elongation band around ∼ 1445 cm−1 [4] were all still visible
post irradiation (see Figures 5.9 – 5.12). These bands are characteristic of borate and
silicate-based amorphous phases [62, 151], and thus indicate ever present glass-in-glass
phase separation between borate-rich and silicate-rich regions in these heterogeneous
structures. There were also some overlapping bands between ∼ 910 – 930 cm−1 in
many spectra, which can be attributed to multiple vibrations. For samples containing
MoO3 , the peak at ∼ 910 cm−1 is associated with MoO42 – tetrahedra dissolved in an
amorphous network [30], while an overlapping broader peak at ∼ 923 cm−1 is assigned
to symmetric Si−O stretching of chains containing NBOs [62, 145]. Some samples
containing MoO3 also exhibited bands assigned to the internal MoO42 – vibrations in
powellite, especially GCs in the M series. Broader versions of these internal vibrations
could also be seen in some multi-amorphous phased samples, thus indicating that
molybdenum in the amorphous phase has a similar tetrahedral structure to powellite.
The relevant modes are as follows: ν1 (Ag ) 878 cm−1 , ν3 (Bg ) 848 cm−1 , ν3 (Eg ) 795
cm−1 , ν4 (Eg ) 405 cm−1 , ν4 (Bg ) 393 cm−1 , and ν1 (Ag +Bg ) 330 cm−1 [145, 154]. Images
and definitions of these vibrational modes can be viewed in Table 4.3 on page 95.

5.2.1

The CM and M series (with increasing MoO3 )

The effects of concentration on the Raman spectra of samples in the CM series was
thoroughly reviewed in Chapter 3 (see page 71). Several modifications and additions
to these spectra were observed following β-irradiation, but some of these changes were
also compositionally dependent. In all samples of the CM series there was an emergence
of the D2 defect peak, which is attributed to the breathing of three-membered SiO4
rings [38, 145] (see Figure 5.9). There was also growth of the D1 defect, which is part
of the R band. This defect represents smaller inter-tetrahedral Si−O−Si and Si−O−B
angles, which implies smaller ring structures within the borosilicate network following
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β-irradiation. A shift of ∼ 15 – 20 cm−1 to higher wavenumbers of the R band itself is
correspondingly observed, which also indicates a significant decrease in the Si−O−Si
bending angle, and thus possible formation of smaller rings. This can be qualitatively
described by an alteration to the 6-membered ring (∼ 450 cm−1 ) versus 4-membered
ring (∼ 490 cm−1 ) ratio. It could also imply distortion of the exiting ring structures
that leads to smaller angles, without smaller rings forming. This shift in the R band
is similar to that observed for SiO2 glass under neutron irradiation [182], and has also
been observed in other irradiated borosilicate glasses [96, 162].
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Figure 5.9: Raman spectra of the Si-rich matrix (phase A) in the CM series with increasing [MoO3 ] at pristine conditions and following 1.34 GGy of β-irradiation. Vertical arrows
indicate intensity changes and horizontal lines indicate peak shifts induced by irradiation.

β-irradiation was also observed to cause a prominent reduction in the intensity of
the boroxyl ring vibrational mode. This modification also implies a decrease in the
ring size of network formers in the Si-rich amorphous phase A. In heterogeneous amorphous systems, these modifications occurred alongside a reduction in the amplitude
and increase in the broadening of MoO42 – vibrational modes. This change indicates
additional structural disorder within Mo-rich regions, which prevented crystallisation.
These changes collectively imply an increase in the Si−O−B mixing, which subsequently rearranges the position of charge balancing cations away from MoO42 – groups.
This rearrangement could be due to a radiation-induced change to the coordination of
boron, which would effect the role, and therefore location of charge balancing cations.
Or it could be a result of defect-assisted migration of cations and interstitials.
In GCs, changes to both the crystalline and amorphous phase can be observed
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following β-irradiation. The Raman spectra of crystal clusters in CM7 show a small
broadening of the internal MoO42 – modes associated with powellite (Figure 5.10), which
was similarly observed to occur in CM5 (see Figure 5.11) and CN10. This broadening
was also observed to occur in the residual glass phase, along with a damping in the
intensity of said MoO42 – modes. Broadening is associated with greater structural
disorder, so β-irradiation was impacting the average crystal quality. As crystallites
are embedded within an amorphous matrix, even within crystal clusters (as Figure 5.7
indicates), this disorder was likely caused by changes to the surrounding matrix that
controls crystal orientation and the proximity of crystallites (or small particles) to each
other.
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Figure 5.10: Raman spectra of amorphous phase A and crystal clusters in CM7 at pristine
conditions and following 0.77 to 1.34 GGy of β-irradiation.

In the amorphous phase of GCs, a shift of the R band to higher wavenumbers was
also observed, as well as emergence of the D2 defect that represents three-membered
SiO4 rings. These modifications occurred alongside a reduction in the intensity of the
boroxyl ring peak (∼ 807 cm−1 ) in the case of CM7. In both CM5 and CM7, there also
appeared to be a relative growth in the intensity of the R band, which could indicate
either partial amorphisation or migration of some CaMoO4 crystallites from this phase.
These alterations are similar to those found for phase A in heterogeneous amorphous
phased samples in the CM series, and therefore also indicate the formation of smaller
ring structures with an increased Si−O−B integration.
The Raman spectra of crystal clusters in CM7 also exhibited a similar shift in the R
band, along with damping of the boroxyl ring band following β-irradiation (see Figure
5.10). This observation indicates that changes to the borosilicate network are indepen120
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Figure 5.11: Raman spectra of amorphous phase A and crystal clusters in the glass ceramic
CM5 at pristine conditions and following 0.77 to 1.34 GGy of β-irradiation.

dent of the proximity to CaMoO4 crystals. The crystal clusters of CM5 in comparison,
did not exhibit any amorphous bands in the Raman spectra of Figure 5.11. This is
predicted to result from the CS being much larger in CM5 (by ∼ 100 nm), in addition
to crystal clusters being more evenly distributed with a smaller particle size range.
Furthermore, Raman analysis is much more sensitive to the vibrations of crystalline
powellite than to amorphous structures. The combination of these effects resulted in
a smaller amorphous contribution in the Raman spectra of the amorphous matrix of
CM5, as well as no visible contribution for the crystal clusters in this composition. The
maintenance of MoO42 – modes in both phases of CM5 and CM7 could however support
the previous prediction that small crystallites are interspersed within the amorphous
phase A, and that molybdenum has a similar structure in both the crystalline and amorphous phase. Furthermore, while no significant amorphisation is expected, broadening
of MoO42 – vibrations indicates increased bonding disorder within powellite particles
located in either the amorphous network or in crystal clusters following β-irradiation.

5.2.2

The CB series (with increasing B2 O3 )

In the CB series, a shift of ∼ 3 – 15 cm−1 in the R band to higher wavenumbers, and
growth of the D1 defect were similarly observed following β-irradiation, as Figure 5.12
indicates. There was also growth in the intensity of the D2 defect peak, along with
damping of the boroxyl ring band, which was also seen in the spectra for the CM series.
Concurrent to these modifications, growth of the vibrational bands between ∼ 910 –
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930 cm−1 also occurred, together with increased broadening and amplitude reduction
of MoO42 – vibrational modes for samples with [B2 O3 ] ≥ 15 mol%.

Figure 5.12: Raman spectra of the CB series with increasing fractions of B2 O3 and as a function of increasing dose. Main spectra are of Si-rich (phase A) regions, while insert represents
CaMo-rich (phase B) regions. Vertical arrows indicate intensity changes and horizontal lines
indicate peak shifts following β-irradiation. Red circle indicates anomaly in CB7.

An exception to the general trends was observed for CB7 irradiated with 0.77 GGy.
In this spectra there was growth in the intensity of the MoO42 – vibrational mode at ∼
878 cm−1 . This growth is mirrored by the minor dendritic crystal content discovered
by EBSD and EDS within this sample (see Figure 5.6).
The spectra for phases A (main spectra) and B (insert of Figure 5.12) in CB7 are
very similar, though the MoO42 – mode at ∼ 878 cm−1 is more prominent, and the
amorphous contributions are smaller in phase B. For [B2 O3 ] ≥ 15 mol%, the spectra
for phase B regions are dominated by MoO42 – vibrational modes, albeit the bands
are much broader than those observed for GCs. While these modes tend to sharpen
with increasing B2 O3 , they broaden and dampen following β-irradiation, independent of
composition. Therefore, increased structural disorder is expected in both phases, which
prevented crystallisation of CaMoO4 , even in the CaMo-rich phase B. The exception
is of course CB7 irradiated with 0.77 GGy, but as previously mentioned, this may
be a result of either radiation-induced precipitation or sampling from heterogeneous
structures.
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5.3

β-irradiation induced defect structure

EPR spectroscopy is a sensitive tool used to describe point defects produced in glasses
by β-irradiation. Prior to irradiation, all of the samples exhibited no electronic defects
at room temperature, thus all observations are a result of the applied external irradi–
ation. Silicon peroxy radicals (Oxy) (−
−Si−O−O · ) [183], E’ centres (−
−Si ) [78], HC1
+
centres (−
−Si−O · Na ) [80, 184], and boron oxygen hole centres (BOHC) (−
−B−O · )
[82] have all been previously detected in borosilicates, and were also observed in this
study with varying compositional effects.
In the CM series, the following defect centres were empirically determined by comparison to literature: E’avg (g ∼ 1.9980); BOHC (g ∼ 2.0008, 2.0140, 2.0295); Oxy (g
∼ 2.0020, 2.0100, 2.0360); and the reduction of Mo6+ to Mo5+ (g ∼ 1.94) [99, 185].
Increasing the inclusion of MoO3 resulted in a change to the defect distribution and concentration of defects. For starters, a spectral shift with increasing MoO3 that caused
the E’ g-factor to move from ∼ 1.9973 to ∼ 1.9999 was observed (see Figure 5.13).
There was also a shift in the Mo5+ defect towards g ∼ 1.93 from g ∼ 1.95 as CaMoO4
crystallised. This occurred in parallel to a general spectral broadening that increased
with both increasing [MoO3 ] and β-irradiation dose.

Figure 5.13: EPR spectra of β-irradiated samples in the CM series with increasing [MoO3 ]
from 0 – 7 mol%. Trend outliers are circled.

In CM7, which contains crystalline CaMoO4 , significant broadening of the Mo5+
band was found following a dose of 1.34 GGy (refer to Figure 5.14). This broadening
is attributed to Mo5+ clustering, where dipole-dipole interactions and the exchange of
coupled Mo5+ ions led to a superposition of the unresolved hyperfine structure [96, 186].
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The formation of crystallites is therefore presumed to influence the proximity of defects
through enforced rigidity of the crystallite distribution by the surrounding amorphous
network.

Figure 5.14: Detailed EPR spectra of β-irradiated glass ceramic CM7.

Furthermore, a non-linearity in the types of defects formed with increasing [MoO3 ]
was observed. At 0.77 GGy, the BOHC defect was very prominent relative to Oxy (see
Figure 5.13). As dose increased to 1.34 GGy, an increase in both [Oxy] and [BOHC]
defects relative to [E’] was seen. Although E’ is saturated in Figures 5.13 & 5.14, it is
evident that the BOHC hyperfine spectrum dominates the spectrum with 4 lines per
directional component (gx, gy, gz), hence why it is clearly observed to increase with
dose. In CM2.5 irradiated with a dose of 1.34 GGy, two outliers were observed, see
marked parts of spectra in Figure 5.13. The first is that the hyperfine structure of E’
and the Oxy defect are more prominent here than in all other spectra of the CM series.
The second is that the Mo5+ line is narrower, indicating more isolated Mo5+ units.
In the CB series, a similar set of defects are depicted in Figure 5.15. The assignments
are as follows: E’ (g ∼ 2.0002); BOHC (g ∼ 2.0020, 2.0150, 2.0284); Oxy (g ∼ 2.0022,
2.0094, 2.0405); and Mo5+ (g ∼ 1.9527). Variations in the distribution of g tensors
between the glass series are attributed to differences in the bond angles of network
formers. In this series, there was an additional broad band ∼ 0.6 T wide centred
around g ∼ 2.0, which is associated with paramagnetic clustering of Gd3+ ions. Gd
has been previously noted to dampen other defects [96, 99], but this was only observed
to occur in CBO of this series.
In the CB series, the general spectral shape remained similar as [B2 O3 ] increased
from 7 to 23 mol%, with a marginal increase of [BOHC] at higher [B2 O3 ] (see Figure
5.15). As dose increased from 0.77 GGy to 1.34 GGy, a spectral shift of E’ from g
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∼ 2.0002 to g ∼ 1.9981, and Mo5+ from g ∼ 1.9527 to g ∼ 1.9495 was observed. An
increase in [BOHC] relative to [E’] and [Oxy] was also detected, whereas the defect
structure at 0.77 GGy resembled that of CM1 in Figure 5.13. Similar to the CM series,
a broadening of the Mo5+ defect with dose was also observed, indicative of defect
clustering. A proportional compositional effect was also found for the broadening of
this line with respect to increasing [B2 O3 ], as Figure 5.15 illustrates.

Figure 5.15: EPR spectra of samples in the CB series with increasing [B2 O3 ] from 0 – 23
mol% irradiated with 0.77 and 1.34 GGy.

In the M series, all of the GCs exhibited CaMoO4 crystals, but the distribution of
crystallites was dependent on the matrix composition. As a result, a change in the
types of defects, and therefore the EPR spectral shape was observed with composition
(see Figure 5.16). Primarily, an increase of [B2 O3 ]/[SiO2 ] in the matrix caused a
reduction in the relative concentration of all defects. This may be difficult to see in the
spectra of CN10, as there was significant broadening due to homogeneously distributed
crystallites, and also an increased number of glass components. The inclusion of Na
at high [MoO3 ] was specifically observed to induce an increased reduction of Mo6+ to
Mo5+ , an increase in the relative [BOHC], and a general broadening of all defects.
In comparison, the relative increase of [B2 O3 ] over [SiO2 ] in calcium borosilicate
GCs was found to lessen the reduction of Mo6+ to Mo5+ and increase [BOHC], relative
to [Oxy] and [E’]. This is an interesting observation, given that the spectral shape
remained quite similar in the CB series, in which increasing amounts of [B2 O3 ] were
incorporated into a heterogeneous amorphous structure (see Figure 5.15). This result
indicates that the presence of crystals influences the nature of defects formed and the
influence of [B2 O3 ] on said defects.
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Figure 5.16: EPR spectra of GCs in the M series irradiated with a dose of 1.34 GGy. From
bottom to top: CM7, CM5 (increase of [B2 O3 ]), and CN10 (inclusion of Na and increase of
[MoO3 ]).

5.4
5.4.1

Discussion
Microstructural changes

Radiation-induced transformations can cause amorphisation of crystallites, glass-inglass phase separation that can alter the distribution of radionuclides, or increase the
general number of structural defects [3, 10, 88, 187]. These changes can lead to mechanical deficiencies or a tendency towards accelerated corrosion, which could significantly
alter the chemical durability of a wasteform during final disposal. While many structural modifications have been observed in homogeneous systems following irradiation,
not all of them are negative. β-irradiation can lead to increased polymerisation of the
borosilicate network [86, 87], or it can increase the fracture toughness of the glass [94],
with a dependency on composition. In this study, changes to polymerisation were difficult to discern, however an increased network reticulation between B−O−Si groups
was suggested. Several other modifications were also observed, some of which were
favourable in the prevention of molybdate precipitation.
Given that samples were primarily heterogeneous, changes to microstructure were
difficult to conclude. In the CM series, there appeared to be an increased integration
of immiscible phases B and C. In the CB series, this phenomenon was dependent on
the initial size of phase B and also on composition. CB23 appeared to have increased
mixing of phases B and C, similar to that which was observed in the CM series. This
was indicated by a spattering of phase C deposits with dose, whereas CB7 and CB15
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displayed coalescence of phase C deposits, especially along the A – B interface.
Increased regions of immiscibility corresponding to changes in composition were
accompanied by growth in the intensity of the Raman boroxyl ring mode (∼ 807
cm−1 ), as describe in Chapter 3. However, β-irradiation appeared to remediate this
in heterogeneous multi-amorphous phased samples in both the CM and CB series.
A shift in the Raman R band to higher wavenumbers was also observed following βirradiation in all amorphous phases, which indicates a reduction of the inter-tetrahedral
angles between Si/B structural units. Together with growth of the D1 defect band,
these shifts suggest a more significant contribution from Si−O−B bending [62], and
therefore implies a greater connectivity between Si and B structural units following
β-irradiation.

Figure 5.17: Hypothesised boroxyl ring cleavage and creation of electronic defects following
β-irradiation that is predicted to initialise longer-range structural modifications observed in
this chapter.

Yang et al. [188] hypothesised that Au-irradiation caused the cleavage of sixmembered Si rings that subsequently resulted in the formation of two E’ and NBOHC
(non-bridging oxygen hole centre) defects. The resulting fragments could then be recombined to form smaller rings, thus resulting in growth of the Raman defect bands
D1 and D2 [188]. As β-irradiation also caused growth in these Raman modes, we can
predict that similar structural modifications are taking place following electron irradiation. Furthermore, the reduction in the intensity of the Raman boroxyl mode and the
proportional production of BOHCs with dose suggests that an analogous theory can
be made for six-membered boron oxide rings (see Figure 5.17).
Krogh-Moe [153] and Walrafen et al. [150] observed a similar reduction in intensity
of the Raman boroxyl mode for vitreous boron oxide heat treated with 260 – 1000 °C.
In this case, thermal events resulted in a structural reorganisation of primarily boroxyl
groups to a random network of BO3 triangles [150, 153]. Thus, β-irradiation is predicted to replicate certain temperature-based effects, and is further predicted to cause
large ring cleavage and subsequent reformation of smaller rings in both B-rich and Sirich regions. This occurrence would constitute a beneficial increase in the integration
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between network formers. The hypothesised ring cleavage could also be a contributing
factor to morphological changes, more specifically an increased mixing between phase
B and C, which was observed to occur in some heterogeneous amorphous samples.
In GCs with [MoO3 ] exceeding 2.5 mol%, CaMoO4 crystals were formed that were
also affected by β-irradiation. The Scherrer CS marginally increased with dose, concurrent to a reduction in the cell parameters of powellite in CM7 and CM5, as the plots
in Figure 5.18 illustrate. The change in CS induced by β-irradiation was likely due to
thermal relaxation and diffusion-based growth of some crystallites. This is supported
by Ca and Mo migration across the crystal cluster to glass matrix interface detected
by EDS analysis. This migration may be due to changes in the charge compensation
of different units that resulted in different [Si]/[Ca] and [Ca]/[Mo] ratios in the various
phases following β-irradiation. If Ca2+ or MoO42 – migration occurs within these GCs,
it is presumed to transpire primarily from the sublattice in which nanocrystallites are
embedded, rather than with the crystal particles themselves. Therefore, crystallites
maintain a stoichiometric CaMoO4 composition, despite any ion diffusion. The reduction in powellite cell parameters on the other hand is attributed to a relaxation process
induced by the added energy from β-interactions. As previously discussed in Chapters
3 & 4, the fabrication process caused cell parameters to be higher in GCs than in
monocrystals, which β-irradiation was observed to aid in remediating.

Figure 5.18: Visualisations of changes to powellite CS and cell parameters following 0.77
GGy and 1.34 GGy of β-irradiation within calcium borosilicate GCs. The original data can
be found in Tables 3.2 & 5.1.

CaMoO4 as a single crystal has been previously determined stable against amorphisation following Ar-irradiation that created 5 dpa of structural modifications [154],
and low-energy electron irradiation produced through in-situ TEM [33]. This chapter
proved that CaMoO4 is also stable with minimal alteration within a calcium borosilicate matrix for up to 1.34 GGy of β-irradiation. That being said, crystals may migrate
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through the surrounding amorphous network and minor modifications to the crystal
structure may occur, but no significant substitution or amorphisation was found. Despite a marginal broadening of crystalline Raman modes, and a possible migration
of Ca and Mo species, all MoO42 – vibrational modes and diffraction peaks were detectable before and after β-irradiation, indicating rigidity of the CaMoO4 structure and
composition.
While both CS growth and cell parameter reduction were uniformly observed in both
calcium borosilicate GCs, a different CS trend was observed for CN10. This will be
further discussed in the following chapter. Despite this difference, the cell parameters in
CN10 also decreased following β-irradiation. The specific change with respect to dose,
however, followed a slightly different trend in each of the compositions. In calcium
borosilicate GCs, the a and c tetragonal cell parameters significantly decreased at
0.77 GGy before levelling off at 1.34 GGy in CM5, while they followed a more linear
trend with dose in CM7. Although the alteration was more linear, there was in fact
little change to the c cell parameter of CM7 at 0.77 GGy, while the change in a was
similar to that of CM5. These differences reflect the initial structure and viscosity of
the glassy phase during cooling, which controls the orientation and order of powellite
crystals and any subsequent relaxation processes. These results also imply that more
energy deposition was required before relaxation of the stacked calcium polyhedra in
the c-direction could be achieved in CM7 than in CM5, indicating that the matrix of
this system had a higher Tf .
Though several changes to the CS and cell parameters were observed, no amorphisation was assumed to occur, or at least not on a significant scale. As calcium
borosilicate GCs have a heterogeneous distribution of crystals, and given that different
sample sets were used for pristine and irradiated conditions, this was difficult to quantify from an area or volume ratio. In addition to no powellite amorphisation in GCs, no
precipitation of additional CaMoO4 precipitates was likewise observed in heterogeneous
amorphous calcium borosilicates with [MoO3 ] ≤ 2.5 mol%.
An exception to this statement was observed in CB7, which exhibited dendritic
crystals following 0.77 GGy of β-irradiation. From glass kinetic studies, CaMoO4
needle shaped crystals have been observed between 630 – 810 °C [159, 173], and can
be prevented for temperatures greater than or equal to ∼ 1050 °C [32]. In comparison,
spherical particles were observed when compositions were heat treated to 810 – 900 °C
[173, 189], indicating that crystallisation kinetics are influenced by the internal rate
of cooling. Though a similar synthesis technique was used for all samples in the CB
series, properties of this specific glass composition may have enabled slower internal
cooling, which initiated and propagated dendritic growth. Thermal gradients have
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been previously noted to occur in bulk nuclear glass or GC melts, so this is a plausible
scenario. Some contaminant from the reagent powders could also have acted as a seed
to crystallisation, thus lowering the energy barrier of formation. Alternatively, we
could be observing radiation-induced crystallisation. Given that these crystallites are
not observed for CB7 irradiated to 1.34 GGy, and are few in quantity and localised to
a small volume for the sample irradiated with 0.77 GGy, it is more likely a result of
heterogeneities during synthesis. With a low [B2 O3 ], the separated phase B is mostly
rich in Ca and Mo ions. This initially high concentration of Ca and Mo in localised
areas could have enabled faster growth kinetics without a significant mass transfer
step, and thus initiated the formation of dendrites. Moreover, the melt would have
had a higher viscosity with a low [B2 O3 ], which may have created slower cooling in
some pockets of the melt centre, which would be necessary for dendritic production.
Consequently, this theory indicates that though increasing [B2 O3 ] increased the order
of MoO42 – tetrahedra in the amorphous phase, it also reduced the tendency of crystal
formation during cooling by altering the [Ca]/[Mo] ratio in phase B.
Many of these observed structural changes are predicted to result from the defects
created by β-irradiation. The residual defect structures observed in this study followed those found in literature [64, 65, 96, 99, 190], with a variance corresponding to
composition. A change in the glass composition can alter alkaline processes, and therefore the [BOHC] defect relative to [Oxy]. Both MoO3 and B2 O3 influenced the defect
distribution, the former of which had a greater impact in terms of Mo6+ reduction
and defect broadening, whereas B2 O3 inclusion appeared correlated to growth of the
BOHC hyperfine structure. At 1.34 GGy, increasing [B2 O3 ] also appeared to increase
the Mo5+ peak broadening, which suggests Mo migration as defects accumulate. This
theory is supported by the significant damping of MoO42 – Raman modes in the CB
series with dose. Therefore, in heterogeneous multi-amorphous phased systems, the
separation of boron-rich regions during synthesis could either lead to a dominant site
for defect creation, or it could indicate that while other point defects are absorbed in
longer-range structural modifications, trace BOHC and Mo5+ defects accumulated and
remained as electronic defects.
Following β-irradiation, a general broadening in the defect structure was observed,
indicating a change in the dipolar interactions of paramagnetic species in the vicinity
of other defects. This could imply Mo5+ clustering, which can be linked to concentration effects on the hetero-distribution of nuclei in calcium borosilicates. However, it
is difficult to determine which defect interactions are causing specific broadening, as
the spectra are very complex. Therefore, observations of the bulk response can only
be examined, even if intrinsic defects are localised. These defects could enable chan130
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nel formation that would ease migration of crystalline CaMoO4 species or ions, which
may account for some of the changes observed in GCs following β-irradiation. Alternatively, defects absorbed in longer range structural modifications could be increasing
the Si−O−B mixing through formation of smaller rings, as indicated by the schematic
in Figure 5.17.

5.4.2

Mo solubility in calcium borosilicate

Crystallised molybdates and diluted molybdenum anions within a glassy framework are
predicted to have a similar structure, hence why molybdenum has a limited solubility
in glasses [44]. In this study, a preference for MoO42 – units to be located in the Carich phase B, which is also predicted to be rich in boron, was observed. This is why
increasing [B2 O3 ] reduced the potential solubility limit of Mo anions and increased
the order of MoO42 – groups towards a more crystalline structure. This is predicted
to result from an increased competition for limited Ca2+ charge compensators and a
general immiscibility of MoO42 – groups within a borosilicate network.
As β-irradiation commenced, changes to the molybdenum order are indicated by a
relative shift in [Mo] between phases, as well as damping of Raman MoO42 – vibrational
modes. These changes can be correlated to the reduction of Mo6+ , as alterations in
the oxidation state of molybdenum are known to impact phase separation tendencies.
Yellow phase precipitation in particular is prevalent for Mo(VI), and changes to the
redox conditions during preparation are known to influence the Mo solubility limit [48]
with glasses synthesised under reducing conditions having an increased solubility of
MoO3 [17]. This is an important factor to consider, as there is a proportional reduction
of Mo6+ to Mo5+ induced by β-irradiation that is compounded by dose (refer to Figures
5.13 & 5.14). Indeed, a significant decrease in the order of MoO42 – tetrahedra in multiamorphous phased systems, and especially for samples in the CB series, was observed as
dose increased. This is illustrated by the Raman spectra in Figure 5.12, which show a
significant damping of MoO42 – vibrational bands in the Si-rich phase A, and significant
broadening in the CaMo-rich phase B. This occurred alongside an increase in the Mo6+
reduction according to EPR analysis. These results suggest an increased Mo solubility,
or at least an increased degree of disorder within the molybdenum environment as a
function of dose that prevented crystallisation when the concentration of MoO3 was ≤
2.5 mol%. The oxidation state of Mo ions may be one of many factors impacting said
disorder.
A similar effect was also observed in the Raman spectra of the CM series. In these
systems, β-irradiation was found to favourably create structural disorder, thereby averting CaMoO4 crystallisation in heterogeneous multi-amorphous phased samples (CM1
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and CM2.5). In GCs with [MoO3 ] > 2.5 mol%, damping of crystalline Raman vibrational modes was also observed, as well as migration of Ca and Mo ions between
amorphous phase A and crystal clusters (phase B). It is unlikely that β-irradiation is
causing amorphisation of CaMoO4 , as all the Raman modes are visible post irradiation. Instead, these changes are likely a result of increased disorder in the sublattice
surrounding the crystalline phase. This would indicate that in GCs, most of the Mo5+
defects are positioned within the amorphous phase A, or in the sublattice of crystal
clusters, and not the crystals themselves. This was not the case for heterogeneous
multi-amorphous phased samples ([MoO3 ] ≤ 2.5 mol%), where significant damping of
MoO42 – Raman modes indicates multi-amorphous phase integration and amorphisation of any nanocrystallites that are not detectable by SEM or XRD. Increasing [MoO3 ]
also resulted in an increased Mo6+ reduction, which was similarly observed in sodalime borosilicates [99, 156]. Therefore, the solubility of molybdenum and subsequent
precipitation prevention is assumed to increase with accumulated decay, provided that
there was no prior crystallisation.
The EPR spectral shift of the Mo5+ defect towards g ∼ 1.93 from g ∼ 1.95 as
CaMoO4 crystallised is indicative of a transformation from a bonded ion to a free ion
[17]. Although EPR detects trace defects, this alteration could reflect those absorbed
by longer-range structural transformations. This shift indicates that while the powellite
crystal structure appears unchanged according to XRD in this investigation, this may
change for higher doses.
Therefore, the tendency for CaMoO4 crystals to form and aggregate is more dependent on the propensity for phase separation during synthesis, rather than β-irradiation
induced. β-irradiation is however observed to change the CS and cell parameters of
powellite in GCs, along with the general distribution of crystal clusters and smaller
particles within the amorphous matrix. This indicates that although modifications
are small for the given doses and dose rate, they may vary with higher doses, slower
dose rates typical for real processes, or integrated radiation types. In heterogeneous
amorphous samples, β-irradiation was observed to beneficially create disorder, thus
reducing the probability of precipitation albeit in a heterogeneous structure, despite
varying influences from [B2 O3 ] and [MoO3 ]. This means that the effects of β-irradiation
on Mo solubility in calcium borosilicates is limited to compositions with [MoO3 ] ≤ 2.5
mol%.
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Chapter 6
Electron irradiation of soda lime
borosilicates
Simplified GCs were successfully synthesised to increase molybdenum incorporation by
promoting the crystallisation of powellite (CaMoO4 ) and preventing the speciation of
water soluble Na2 MoO4 for up to 10 mol% MoO3 by introducing MoO3 in a 1:1 ratio
to CaO. The morphology and distribution of crystallites indicated a nucleation and
growth process, where the degree of phase separation was proportional to [MoO3 ] via a
predicted increase in TP S . A corresponding increase in TC resulted in smaller powellite
cell parameters of powellite with increasing [MoO3 ], which therefore approached the
unit cell observed for monocrystals. In general, two groups of PS and CS were assigned
to compositions. For [MoO3 ] ≤ 2.5 mol%, the observed PS was in the range of 200
– 400 nm with CS ∼ 50 nm; whereas for [MoO3 ] ≥ 7 mol%, PS was in the range of
0.5 – 1.0 µm with CS ∼ 140 nm. Furthermore, Mo units were predicted to have a
similar structure in both the amorphous and crystalline phase, which affected both Mo
solubility in the glassy phase and the eventual precipitation of crystallites. A detailed
characterisation of these samples is described in Chapter 4.
In this chapter, these samples were exposed to 0.77 and 1.34 GGy of 2.5 MeV electrons in order to test the stability of CaMoO4 crystallites within a soda lime borosilicate
against ionising radiation damage, as well as to monitor any changes to the Mo solubility. Analysis placed emphasis on radiation-induced changes to the powellite CS,
structure and distribution in an effort to identify any possible crystallite amorphisation
or additional precipitation. These doses fall within the expected range for long-term
β-decay, and thus replicate the predicted radiation damage occurring within wasteforms over ∼100 years of storage on an accelerated scale. Following irradiation, sample
morphology and crystal phase determination were investigated using XRD and SEM,
while Raman spectroscopy was used to gauge changes to bonding. Finally, the nature
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of radiation-induced electronic defects was analysed using EPR spectroscopy.

6.1

Microstructure of β-irradiated samples

Following β-irradiation, glasses and GCs experienced macroscopic discolouration, as
Figure 6.1 (b) and (d) illustrate. Radiation-induced glass reduction caused fully amorphous samples to obtain a brown tint, while GCs containing powellite crystals, resulted
in visible greying at the surface. Microscopically, glasses that were completely amorphous prior to irradiation remained so following β-irradiation, according to XRD and
SEM. Furthermore, only minimal structural modifications at the molecular level were
observed by Raman spectroscopy.

Figure 6.1: From top to bottom: samples CNG1, CNG1.75, CNG2.5, CNG7, and CN10 in a
Cu sample holder. For dose of 0.77 GGy: monoliths (a) prior to and (b) post β-irradiation.
For samples subjected to a dose of 1.34 GGy: (c) prior to and (d) following β-irradiation.

For GCs, the morphology of the crystalline phase remained spherical in nature and
evenly distributed throughout the amorphous matrix (see Figure 6.2). XRD patterns
of samples containing > 1 mol% MoO3 still exhibited only a single crystalline phase
of powellite following β-irradiation with only minor changes to the particle size and
area density of particles at the surface. Furthermore, EDS analysis confirmed that
particles are still only composed of Ca and Mo, with Na atoms remaining in the matrix
(see Figure 6.3). However, analysis indicated that the [Mo]/[Ca] ratio in precipitates
increased from ∼ 0.81 to ∼ 0.86 (± 0.05 – 0.06) following β-irradiation for high [MoO3 ].
This result implies either a migration of Ca atoms away from crystal centres and
possibly from the surface, or a precipitation of Mo at the surface. This change is
concurrent to a 0.2 – 0.3 (± 0.15) mol% increase in [Mo] relative to [Ca] within the
glassy matrix, which would indicate increased Mo incorporation in the glassy phase, but
as the [Mo]/[Ca] ratio increased in both phases it implies radiation-induced depletion
of cations at the surface following a dose of 1.34 GGy.
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Figure 6.2: BSE micrographs of: (a) pristine CNG1.75; (b) CNG1.75 irradiated with 0.77
GGy: particles appear somewhat larger; (c) CNG1.75 irradiated with 1.34 GGy: particles
look similar in size to pristine sample in (a); (d) pristine CNG2.5 (e) CNG2.5 irradiated with
0.77 GGy: shows smaller crystallites than in pristine sample (d); and (f) CNG2.5 irradiated
with 1.34 GGy: particles appear larger again; (g) pristine CNG7; (h) CNG7 irradiated with
0.77 GGy: range of particles appears similar to (g); and (i) CNG7 irradiated with 1.34 GGy:
smaller, but more populous particles. Micrograph dimensions: 20µm × 30µm.

At lower concentrations of MoO3 (≤ 2.5 mol%) when crystallites are ∼ 50 nm, the
particle [Mo]/[Ca] ratio for CNG2.5 was approximately ≈ 0.4 prior to and following
β-irradiation, while CNG1.75 showed a marginal increase in [Mo]/[Ca] from ∼ 0.54 to
0.58 (± 0.19 – 0.21) after 1.34 GGy of β-irradiation. The [Mo]/[Ca] variation between
high and low [MoO3 ] samples is likely a result of the large electron beam spot size used
for quantification relative to the particle size. EDS analysis probably measured both
the precipitate and the area surrounding said crystalline precipitate. This implies an
excess of Ca in the amorphous phase near Mo-rich centres in low Mo-bearing samples,
given the lower [Mo]/[Ca] ratio for EDS measurements of precipitates.
While an increase in [Mo]/[Ca] was observed in most GCs following β-irradiation,
the alteration falls within the propagated error, and may therefore be an artefact. If
not, it implies either a precipitation of Mo at the surface, or a migration of Ca from the
surface to the bulk. It can further be observed through EDS maps that there was no
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significant phase separation of the glass into silica-rich and alkali borate-rich regions
following β-irradiation based on the distribution of Si and Na in analysed regions (see
Figure 6.3).

Figure 6.3: EDS maps of CNG7 irradiated with a dose of 1.34 GGy β-particles that confirms the formation of CaMo-rich particles generally free of Na substitutions. Micrograph
dimensions: 20.8µm × 17.6µm with Si (blue), Na (pink), Mo (yellow), and Ca (aqua).

Despite the variations in [Ca] and [Mo] for crystal particles, a single crystalline
phase (CaMoO4 ) was identified in GCs using XRD. Refinement of XRD patterns was
subsequently used to identify not only the crystal phase, but also the associated tetragonal cell parameters and the average Scherrer CS. Table 6.1 summarises the results from
this analysis.
Table 6.1: Scherrer crystallite size (CS) in diameter and cell parameters of powellite in βirradiated GCs in the CN series from Rietveld refinements of XRD spectra using Topas v4.1
Sample
ID

CS (nm)
0.77 GGy

a (Å)
0.77 GGy

c (Å)
0.77 GGy

CS (nm)
1.34 GGy

a (Å)
1.34 GGy

c (Å)
1.34 GGy

CNG1.75

84.94
(± 3.25)
44.38
(± 2.68)
186.13
(± 4.69)
130.97
(± 4.13)

5.2263
(± 0.0045)
5.2279
(± 0.0014)
5.2265
(± 0.0001)
5.2256
(± 0.0002)

11.4474
(± 0.0014)
11.4512
(± 0.0047)
11.4466
(± 0.0003)
11.4478
(± 0.0007)

69.06
(± 2.34)
56.17
(± 2.31)
159.36
(± 3.42)
118.53
(± 3.00)

5.2246
(± 0.0005)
5.2261
(± 0.0008)
5.2257
(± 0.0001)
5.2257
(± 0.0002)

11.4441
(± 0.0017)
11.4478
(± 0.0027)
11.4440
(± 0.0003)
11.4402
(± 0.0006)

CNG2.5
CNG7
CN10

Error given in brackets is the statistical estimated standard deviation from fitting of each parameter.

XRD analysis revealed that β-irradiation caused an anisotropic reduction in the a
and c cell parameters, while maintaining a tetragonal unit cell. At the first dose of
0.77 GGy, the c cell parameter rapidly reduced and then tailed off at 1.34 GGy (see
Figure 6.4). A clear relationship between the a cell parameter and dose was difficult to
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determine owing to the large statistical error in refinement of this parameter. This is
particularly prevalent in samples with a low [MoO3 ] (≤ 2.5 mol%), as the amorphous
contribution at low angles of 2θ caused some peak distortion. In general, CNG1.75
and CN10 had one trend for changes to the cell parameters with dose, and CNG2.5
and CNG7 had another. In the first group, the rate of change in a is greater at 0.77
GGy than at 1.34 GGy, whereas in the latter group, the a cell parameter is almost
the same at 0.77 GGy as it is at pristine conditions, before dropping off at 1.34 GGy.
Despite these variations and large estimated standard deviation in low [MoO3 ] GCs,
the a cell parameter is always smaller following β-irradiation. These results can be
found in Table 6.1 and indicate that β-irradiation caused relaxation or compression of
the unit cell, which significantly altered the order of stacked Ca polyhedral along the
c-axis, relative to changes in the Mo−O bonds that would affect the Mo polyhedra
stacking along the a-axis. This observation is based on the magnitude of change being
larger in the c-direction than in the a-direction for all compositions.

Figure 6.4: Visualisations of changes to the cell parameters (left axis) and Scherrer CS
(right axis) with dose, as estimated by Rietveld refinements of XRD patterns. While the
cell parameters decrease with dose, opposing trends for CS are observed in CNG1.75 and
CNG2.5. Cell parameter error bars are not included for trend clarity, but they are available
in Table 6.1.

Though the cell parameters experienced a decrease in value following β-irradiation
at any dose, the Scherrer CS exhibited an unusual growth trend, which is reflective of
changes to the whole pattern peak broadening. For CNG1.75, CNG7, and CN10, the
average CS in diameter increased by ∼ 30 nm, 40 nm, and 15 nm respectively, following
an irradiation dose of 0.77 GGy. This increase in CS corresponds to a decrease in peak
broadening. Almost doubling the dose to 1.34 GGy, resulted in a subsequent reduction
of CS to ranges closer to unirradiated samples, which corresponds to an increase in
the peak fwhm. An anomaly occurred in CNG2.5 where the opposite trend for CS
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with respect to dose was observed. At 0.77 GGy, there was a reduction in CS by ∼
10 nm, while at a higher dose of 1.34 GGy the CS once again recovered to roughly
pristine specifications (see Figure 6.4). It is interesting to note that CNG2.5 had the
smallest crystals following β-irradiation, though at pristine conditions they were similar
in size to those found in CNG1.75 (see Table 4.1). This difference in behaviour was
also observed in Raman spectra (see Figure 6.5) that showed the largest amorphous
contributions (broad bands at ∼ 500 cm−1 , ∼ 910 cm−1 , and ∼ 1075 cm−1 ) in CNG2.5,
compared to all other GCs in this series before and after β-irradiation. Therefore, these
observations indicate an initially lower crystal quality in this composition following
synthesis, which subsequently caused an irregularity in the CS trend with respect to
dose to be observed in Figure 6.4.
The nominal concentration of crystalline powellite within the samples could not
be accurately determined using XRD, as it was not feasible to use internal standards
given that the samples were monoliths. Instead, qualitative observations on separated
phases were made from SEM images, where the crystalline phase (or particles) were
in high contrast to the amorphous phase. Using this methodology, it can be inferred
that β-irradiation caused minor changes to the range and distribution of particles at
the sample surface. In CNG1.75 and CNG7 the mode PS appeared to increase at 0.77
GGy (see Figure 6.2), but the range of PS as a whole decreased with dose (see Table
6.2) suggesting a change in the PS distribution with β-irradiation. These combined
results indicate a decrease in the overall degree of phase separation, but a growth of
select particles. The range of PS in CN10 was fairly stable following β-irradiation,
suggesting that changes to PS were inversely proportional to the initial level of phase
separation.
The alteration of CS values was also compared to PS in SEM micrographs (Table
6.1). It is interesting to note that a similar pattern arose with respect to dose for
CNG2.5, where PS decreased in parallel to a decrease in CS at 0.77 GGy, and vice
versa following a dose of 1.34 GGy.
Using higher resolution electron imaging, a second range of smaller particles 60 –
140 nm in diameter was also observed throughout the matrix of GCs prior to irradiation. The size of these particles approached CS values (see Figure 4.5 in Chapter
4). Following a dose of 1.34 GGy, there are far fewer of these smaller particles in all
GCs, and none are detected in CNG2.5 or CNG1.75. In fact, no small particles are
detected in CNG2.5 before or after β-irradiation. These results could indicate that
the distribution of PS increased in proportion to CS. It could also indicate that the
CS alteration observed in CNG2.5 was influenced by the initial variations seen for the
composition. A comparatively more uniform nucleation and growth process in CNG2.5
138

Electron irradiation of soda lime borosilicates
during synthesis could have resulted in a more uniform distribution in particles, and
thus a smaller size range, as Table 6.2 implies.
Table 6.2: Estimated range of bimodal particle sizes (PS) observed by electron microscopy
(see Figure 6.2 for example) for β-irradiated GCs in the CN series.
Sample
ID

PS (nm)
pristine

PS (nm)
0.77 GGy

PS (nm)
1.34 GGy

CNG1.75

257 – 429
∼ 60 *
185 – 295
–
528 950
∼ 140 *
703 – 1000
∼ 130 *

228 – 319
∼ 60 *
64 – 100
–
593 – 866
∼ 140 *
603 – 1095
∼ 130 *

173 – 246
–
109 – 164
–
383 – 739
∼ 140 *
656 – 1003
∼ 130 *

CNG2.5
CNG7
CN10

* Small particle estimates are assumed constant after β-irradiation owing to resolution limitations of
the equipment at this scale, but a variation likely exists that corresponds to crystallite size. A dash
indicates that no smaller particles were observed.

The reduction or disappearance of smaller particles in other compositions following β-irradiation indicates either crystallite migration along NBO channels, dissolution
into the matrix, or growth into larger particles despite a global reduction in PS distribution with dose. These results further indicate that there was likely no nucleation of
additional CaMoO4 particles in any of the samples, as the number of smaller particles
decreased. If anything, amorphisation of smaller particles possibly occurred.

6.2

Raman analysis

As previously mentioned, Raman spectroscopy can be used to elucidate the structural
changes occurring within the crystalline and amorphous phase. Changes to peak area,
position, or line width are representative of changes to the level of disorder within a
system, and can therefore be used to gauge the effects of β-irradiation [154].
The relevant internal MoO42 – modes in powellite with C4h symmetry are: symmetric elongation of the molybdenum tetrahedra ν1 (Ag ) 878 cm−1 ; asymmetrical translation ν3 (Bg ) 848 cm−1 and asymmetric bridging of molybdate chains ν3 (Eg ) 795 cm−1 ;
asymmetric bending modes ν4 (Eg ) 405 cm−1 and ν4 (Bg ) 393 cm−1 ; and symmetric
bending ν2 (Ag +Bg ) 330 cm−1 [30, 165–168], as described in Chapter 4 on page 95. Additionally, there are three external modes at ∼ 206 cm−1 , 188 cm−1 , and 141 cm−1 that
are considered to be νdef (Ag ) deformation modes of the cationic sublattice assigned to
rotation or translation of Ca−O and MoO42 – [33, 155].
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Figure 6.5: Raman spectra of pristine, 0.77 GGy, and 1.34 GGy β-irradiated samples with
increasing [MoO3 ]. In ascending order: 1 mol%, 1.75 mol%, 2.5 mol%, 7 mol%, and 10 mol%
MoO3 . The internal and external modes of MoO42 – tetrahedra are labelled.

Modifications to all three Raman parameters are observed in all GCs following βirradiation, which suggests a reduction to the general crystal quality and a change to the
powellite lattice parameters. Despite these modifications, the molybdenum tetrahedron
retains most of its rigidity, hence why all six internal vibrational modes can still be
distinctly seen following β-irradiation (see Figure 6.5). This is most evident in CN10
and CNG7, which have the highest crystalline content based on the relative [MoO3 ], and
therefore all of the peaks in the Raman spectra are associated with the powellite phase.
Following β-irradiation most of these peaks experienced an increase in the fwhm with
dose (see Figure 6.6). Peak broadening was observed to occur in parallel to non-linear
changes in the peak area as a function of dose. In CNG7, the peak area of ν2 (Ag +Bg ),
ν4 (Eg ), and ν4 (Bg ), normalised to the breathing mode ν1 (Ag ), all increased at a dose of
1.34 GGy relative to samples irradiated with 0.77 GGy. In contrast, the area of these
peaks decreased relative to pristine (or unirradiated) conditions (see Appendix A6
for fitting tables). These observations indicate an increase in the population of certain
bending vibrations that were also becoming less ordered or distorted. It could also
signify some preferred orientation within the crystalline phase.
Additionally, a non-linear effect on peak area with respect to dose was also observed
in CNG2.5. At 0.77 GGy, the area of ν1 (Ag ) and ν2 (Ag +Bg ) nominally increased, before decreasing below pristine conditions at 1.34 GGy, whereas all other peak areas decreased with dose. Despite the non-linear changes to peak area with dose, both ν1 (Ag )
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and ν2 (Ag +Bg ) exhibited broadening with β-irradiation, as was previously mentioned
to occur in CNG7. The vibrational mode ν1 (Ag ) represents symmetrical stretching
vibrations in the molybdate chain, inferring that at 0.77 GGy there was greater order
in the unpolymerised cation-rich regions of CNG2.5.

Figure 6.6: Shifts in peak width and position for Raman MoO42 – vibrational bands for
pristine, 0.77 GGy, and 1.34 GGy β-irradiated CNG7.

In addition to modifications of the peak area and width, changes to peak position are
also relevant to determine structural modifications. The observed 0.5 – 2.0 cm−1 shift
to lower wavenumbers at 0.77 GGy in CNG7 aligns with a crystallite growth, whereas a
shift to higher wavenumbers in CNG2.5 is consistent with a reduction in CS [154]. The
opposite trend was observed when the CS of CNG7 decreased at 1.34 GGy and increased
for CNG2.5 (see Figure 6.7). However, these peak shifts were not uniform across all
modes. In CNG7, peak shifts of ∼ 0.5 cm−1 to lower wavenumbers were observed
for most peaks except for ν4 (Bg ) and ν3 (Bg ), where a ∼ 0.5 cm−1 shift to a higher
wavenumber was recorded. In a similar manner, the peak shift of ν3 (Eg ) in CNG2.5
continuously moved to higher wavenumbers, despite all the other peaks shifting back to
lower wavenumber at 1.34 GGy. These non-linear changes could indicate defects near
crystal centres that created anisotropic internal stress, and subsequently non-uniform
distortions in Mo−O bonds, or it could be indicative of some preferred orientation.
The Raman spectra of fully amorphous samples in Figure 6.8 did not exhibit great
structural modifications following β-irradiation. That being said, the band in CNG1
around ∼ 870 cm−1 that is analogous to ν1 (Ag ) experienced a shift to higher wavenumbers following β-irradiation, as well as a non-linear change in peak area with a maxima
at 0.77 GGy. There was also notable broadening of the peak at ∼ 910 cm−1 attributed
to dissolved MoO42 – tetrahedra in the amorphous matrix. Additionally, a very small
modification in the polymerisation index of silica was found, but Q3 (∼ 1075 cm−1 )
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Figure 6.7: Raman spectra of pristine, 0.77 GGy, and 1.34 GGy β-irradiated CNG2.5 and
CNG7 illustrating peak shifts induced by irradiation that align with CS modifications.
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Figure 6.8: Raman spectra of pristine, 0.77 GGy, and 1.34 GGy β-irradiated CNO and CNG1
illustrating the effects Mo inclusion in an amorphous structure.

In the amorphous sample without molybdenum (CNO), minor changes in the Raman spectra were similarly observed. The primary observation being a shift of 3.0 –
8.0 cm−1 to higher wavenumbers of both the R band (∼ 500 cm−1 ) and the Qn modes.
In this composition, a small growth in Q4 relative to Q3 was detected, which suggests
increased polymerisation. These modifications to silica polymerisation are all small,
indicating a fairly accommodating amorphous system to β-irradiation induced defects
and structural reorganisations. For GCs that exhibited both amorphous and crystalline
bands, such as those with [MoO3 ] in the range of 1.75 – 2.5 mol%, β-irradiation initially
caused a minor decrease in the Q3 /Q4 ratio for CNG2.5, and an increase for CNG1.75.
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For higher doses, the population of Q4 was lower at 1.34 GGy than at 0.77 GGy, which
was speculated to be a result of defect creation and the formation of NBOs.

6.3

Radiation-induced electronic defect structure

Prior to β-irradiation most samples were EPR silent, except those doped with Gd. In
these samples, EPR analysis revealed the well-known U spectrum (g ∼ 1.0, 2.0, 2.8)
for Gd3+ ions with spin I = 7/2 occupying low symmetry sites [96]. These lines are
representative of Gd3+ acting as a network modifier (n.m.), while the band at g ∼
4.8 is indicative of Gd3+ acting as a network former (n.f.) [99] (see Figure 6.9). A
large broad band with a width of ∼ 0.6 T indicative of superparamagnetic clustering
of Gd2 O3 was also observed in all doped samples. The Gd dopant also initiated the
reduction of Mo6+ to Mo5+ during synthesis, which was found to increase with [MoO3 ].
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Figure 6.9: EPR spectra of pristine, 0.77 GGy, and 1.34 GGy β-irradiated CNG1.75.

Following β-irradiation, silicon peroxy radicals (Oxy) (−Si−O−O · ) [183], E’ cen–
+
tres (−
−Si ) [78], HC1 centres (−
−Si−O · Na ) [80, 81, 184], and boron oxygen hole
centres (BOHC) (−
−B−O · ) [82] were detected empirically in NaBSi, CNO, and CN10
as per previous studies (see Figure 6.10). The following assignments for g-tensors were
prescribed: E’ (g ∼ 2), BOHC (g ∼ 2.002, 2.013, 2.043), HC1 (g ∼ 2.002, 2.008, 2.022)
and HC2 (g ∼ 2.001, 2.010, 2.026) associated with various charge balancers, and Oxy
defects (g ∼ 2.003, 2.011, 2.036). In addition to hole centres in the borosilicate matrix, CN10 also exhibited a reduction of Mo6+ at g ∼ 1.911. All of these non-doped
compositions had no defects prior to β-irradiation.
The EPR spectrum in Figure 6.10 illustrates the compositional effect on the defect
structure for this given system. A general broadening of the hyperfine splitting was
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noted to occur when CaO was included into a sodium borosilicate matrix, but this
broadening did not affect the nature of defects formed. Therefore, the Ca/Na combination did not have the same defect dampening nature as the mixed alkali effect.
Spectral resolution subsequently increased when calcium was taken out of the borosilicate network and incorporated into the crystalline phase powellite, as seen for CN10.
The presence of a resolved hyperfine structure in CN10 as compared to all other GCs
with a Gd dopant, alludes to the defect damping affect small amounts of REs can have
on the defect structure of the glassy phase in Mo-rich GCs [96]. Several EPR features
of the amorphous phase are assigned to compositional responses to β-irradiation. However, dose was also observed to alter the defect structure. The relative proportion of
E’ was found to increase when the dose doubled to 1.34 GGy in all specimens with a
resolved hyperfine structure (see Appendix A5 for additional spectra).

Derivative of absorabance (a.u.)

CN10: increase MoO3 to 10mol%
(without Gd dopant)

CNG7: increasing MoO3

CNG1: addition of 1mol% MoO3
(with Gd dopant)

CN0: addition of CaO

NaBSi

0.340

0.345

0.350

0.355

0.360

0.365

Magnetic Field (T)

Figure 6.10: EPR spectra showing compositional effects on the hyperfine structure of defects
induced by 1.34 GGy β-irradiation. In ascending order: NaBSi, CNO (observed line broadening), CNG1 (observed defect damping and further broadening), CNG7 (reappearance of
hyperfine structure with Gd incorporation into powellite), and CN10.

EPR spectra of all GCs also revealed a strong reduction of Mo6+ to Mo5+ . This
is evident from the growth of the sharp band at g ∼ 1.911 in Figure 6.11 assigned to
Mo5+ diluted in the glassy structure. Mo6+ is diamagnetic and hence EPR inactive,
so changes to oxidation are easily observed. The reduction of Mo6+ induced by βirradiation increased with the initial concentration of MoO3 , as illustrated in Figure
6.11, as well as with dose (Figure 6.9). The broadening of this single band with βirradiation is a result of Mo5+ clustering, where dipole-dipole interactions and the
exchange of coupled Mo5+ ions led to a superposition of the unresolved hyperfine
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(1-x)[67SiO2-18B2O3-15NaO2](7+x)CaO-xMoO3-0.15Gd2O3
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Figure 6.11: Influence of increasing MoO3 on the EPR spectra of 1.34 GGy β-irradiated GCs
doped with 0.15 mol% Gd2 O3 . Circles indicate Gd3+ inclusion bands.

structure [96, 186].
An E’ centre around g ∼ 2.0 was also observed in all samples with or without
MoO3 following β-irradiation. This defect increased proportionally with dose, but at
a slower rate than Mo6+ reduction. Simultaneous to an increase in the reduction of
Mo6+ with increasing [MoO3 ] was an increase in the incorporation of Gd into the
powellite structure. This too appeared to increase with dose. Circles on the EPR
spectra for CNG7 in Figure 6.11 indicate Gd3+ inclusion bands into the crystalline
phase, which could also be seen emerging at lower [MoO3 ]. As the amount of Gd3+
in powellite increased with dose, the hyperfine structure was observed to reappear for
[MoO3 ] > 1 mol% (tensor visible ∼ 0.35 T). Concurrently, the relative proportion of
Gd clustering was found to decrease with dose for all GCs, which could be correlated to
changes in magnetic cluster properties as the concentration of other defects increased.
Alternatively, it could be associated with a change in the role and site of Gd3+ ions
with dose.

6.4
6.4.1

Discussion
Modifications to the borosilicate glass network

The soda lime borosilicate matrix investigated in this study did not experience significant structural modifications following β-irradiation. The structure of MoO42 – tetra145
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hedra charge balanced by Ca2+ ions whether in the crystalline or amorphous phase
was maintained following β-irradiation. This was implied by the lasting presence of
XRD peaks and MoO42 – Raman vibrational modes. Additionally, no glass-in-glass
phase separation was detected at these doses, dose rates, and compositions. Phase
separation into alkali boron-rich and silica-rich regions has been known to occur following β-irradiation [12, 88], so this was an important aspect to test. Furthermore,
some small changes to the silica polymerisation were detected following β-irradiation,
but the evolution was dependent on initial composition, as different trends were observed for different samples. Previous studies of soda lime borosilicates have revealed
an increase in polymerisation following β-irradiation [86, 87], but significant changes
were not detected in this study. Therefore, it can be concluded that modifications were
limited in these specific compositions.
The results indicate a general stability against phase separation in both the amorphous phase and in the precipitation of a crystalline phase within an initially amorphous
system. This latter observation is based on CNG1 remaining fully amorphous following
β-irradiation. Furthermore, no local fractures near the crystal-glass interface or global
cracking were observed in GCs by SEM. That is not to say that they do not exist, but
that if they did, they would be few in number.

6.4.2

Gadolinium incorporation with β-irradiation

Gadolinium may be found in the glassy or crystalline phase depending on the composition and degree of crystallisation. The presence of Gd in doped compositions was
observed to cause an initial production of Mo5+ following GC synthesis (see Figure
6.9) that was not observed in non-doped CN10. A similar observation was noted to
occur in CaWO4 when neodymium was introduced as a dopant [191], though it is still
unclear why this may have occurred. It is predicted that the presence of Gd3+ ions in
the depolymerised regions of the glass internally affected redox conditions.
The effects of Gd-doping on CS were initially discussed in Chapter 4, based on
observations for CNG7 and CN10. As both the original CS and the rate of change
induced by β-irradiation are both larger in CNG7 than they are in CN10, it can be
assumed that Gd inclusion affected both nucleation, as previously discussed, and also
growth kinetics following external radiation. This observation outlines the effects of
trace incorporation in nuclear waste glasses or GCs.
In this study, Gd-doping was observed to cause a broadening of the EPR hyperfine
structure. This result indicates that while Gd3+ ions are in the glassy matrix, either
they aid in damping BOHC, HC1 , and Oxy defects, or dipole-dipole interactions arising
from Gd3+ ions in the vicinity of other defects cause significant broadening and thus
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distorts the spectral resolution. Given the low [Gd2 O3 ] in these compositions, the
former explanation is more likely.
At higher [MoO3 ], an incorporation of Gd3+ ions into the powellite structure appeared, indicating a transition of Gd3+ ions out of the matrix. EPR analysis revealed
that this occurred alongside a reduction in paramagnetic clustering, and an emergence
of the hyperfine structure (see EPR spectra of CNG7 in Figure 6.11). Incorporation
of Gd into powellite therefore seemed initiated by composition, and exacerbated by βirradiation. This phenomenon has been previously observed to occur when [MoO3 ] ≥ 5
mol% in soda lime borosilicates through a combined Na−Gd substitution of Ca2+ ions
[32]. The mechanism of substitution in this study was not clear, as Gd0.5 Na0.5 CaMoO4
crystalline markers were not detected by XRD. Refinement of the calcium site occupancy in CaMoO4 has been previously used to detect substitution of Ca2+ cations with
other charge balancers, particularly in the case of RE substitution, where the covalent
size of elements differ substantially [99, 179]. In this study, no such substitution was
detected following refinement. While XRD was not able to detect incorporation, Raman results showing a non-linear alteration to peak area and peak shifts of MoO42 –
vibrational modes with dose could be a result of Gd substitution. Conversion of the
octahedrally coordinated site from a S4 to C2 point group induced by Gd substitution into the powellite structure (see Figure 6.12) [192] following β-irradiation could
be responsible for the observed non-linear Raman shifts. It could also account for the
non-uniform peak area growth with dose of the νdef bands, which represent deformation
modes of terminal units.

Figure 6.12: Schematic from Schmidt et al. of powellite distortion induced by NaGd substitution of Ca2+ in end members along a labelled axis of symmetry. The dashed line represents
the mirror plane with S4 point symmetry, which is lost with the C2 distortion [192].

Whereas the presence of Gd may affect Mo reduction and solubility as previously
mentioned, it does not have a direct effect on the type of other defects induced in the
glassy matrix. The defect structure found by EPR in all the compositions without a
Gd dopant was similar to those detected in GCs with a Gd dopant when Gd3+ was
147

Electron irradiation of soda lime borosilicates
incorporated into powellite (see Figure 6.10). These observations indicate that the
behavioural pattern of defect creation in a soda lime borosilicate matrix can be easily
predicted, independent of dopants or interspersed CaMoO4 crystallites.

6.4.3

Radiation stability of CaMoO4

This study confirms the resistance of powellite crystals to β-irradiation at the anticipated doses following 100 to 106 years of encapsulation when embedded in a borosilicate glass matrix. Marginal losses in crystal quality and isotropic distortions in the
CaMoO4 structure were presumed to result from the defects created by β-irradiation.
Most importantly however, these modifications do not end in significant amorphisation. Furthermore, Gd3+ incorporation into the powellite phase as detected by EPR
spectroscopy was not seen by XRD, indicating that any incorporation is only at trace
levels. It could also indicate that lattice distortions induced by substitution on this
scale are minor, and thus do not significantly alter the crystallography of the bulk,
and therefore physical properties. This is an important consideration for active waste
glasses containing MAs (∼ 0.37 wt% [15]).
There are however isotropic changes to the crystal structure, which are reflected in
the CS patterns with dose determined by refinement of XRD patterns. A similar trend
for the tetragonal cell parameters with respect to dose was observed for all samples
with CaMoO4 crystals, but the variations in CS with composition suggested that βirradiation effects acted through multiple mechanisms. Radiation-induced relaxation
and diffusion replicating thermal processes, as well as the initial composition and defect
distribution, are predicted to all have roles to play in CS determination following βirradiation.
Let’s first consider an analogous temperature-based approach. The reduction of cell
parameters observed for all GCs by XRD following β-irradiation could have resulted
from the relaxation of the tensile stress created during synthesis. Stress reduction
would correspondingly contribute to an increase in CS, as these two parameters have
opposing trends on diffraction peak broadening (fwhm). The added energy associated
with β-irradiation could enable local relaxation, which would cause a reduction of
the unit cell parameters towards those of CaMoO4 monocrystals. This is empirically
observed to occur primarily along the c-axis at 0.77 GGy, presumably because the
initial stress induced during sintering was higher in this direction.
The thermal expansion of powellite has been seen to exhibit anisotropic behaviour
with the coefficient of thermal expansion along the c-axis being almost double that
along the a-axis [172, 193]. Temperature induced expansion lay primarily along the
Ca−O bonds in CaO8 polyhedra, whereas the MoO42 – tetrahedra are characteristically
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rigid with limited expansion. While the cell parameters were observed to decrease in
this study, β-irradiation induced changes to powellite correspondingly had a higher
impact along the c-axis. This parallel further supports the theory that the c-axis has
a greater susceptibility to modification during synthesis and following β-irradiation.
However, in two of the samples a reduction in the a cell parameter was also observed
at this dose, indicating that the initial internal stresses varied with composition.
This hypothesis of directional changes was supported by the fact that all MoO42 –
modes are present in the Raman spectra of all GCs following β-irradiation. This indicates that Mo tetrahedral units are rigid and that modifications observed by XRD and
SEM are likely due to alterations between the Mo tetrahedra and the charge balancing Ca2+ cations. This would result in alterations to the c-axis, as XRD refinement
indicates. This is not to say that defects do not alter the Mo−O bond in the Mo
tetrahedra, but that β-irradiation has a greater initial effect on the Ca···Mo bond, as
the Ca−O−Mo bond affinity is lower. This is why thermal treatments and pressure
induced compression [146] likewise affect the Ca polyhedra preferentially. The representation in Figure 6.13 illustrates the Ca polyhedra stacking along the c-axis and the
Mo tetrahedra stacking along the a-axis, which can help explain this theory. Raman
shifts similar to some of those observed in this study have also been previously recorded
to occur as a result of compression along the c-axis [193, 194]. Moreover, quantitative
analysis by EDS further supports this theory with observed migration of Ca atoms
away from crystal centres.

Figure 6.13: Visualisation of the powellite (CaMoO4 ) tetragonal unit cell in VESTA [195]
according to Hazen et al. [146] featuring dotted isosurfaces along three planes. Blue: Ca
atoms; Green: Mo atoms; Red: O atoms.
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In terms of the CS trend observed with dose for CNG1.75, CNG7, and CN10, the
growth and then reduction of CS could be due to several reasons. Either growth is
due to precipitation on existing CaMoO4 crystals, or there is a general reduction of
mosaicity following β-irradiation. If the latter, an increase in the coherency length
would be expected, which would be reflected in the CS estimates (Table 6.1). Using
this interpretation, a reduction in CS could be associated to an increase in structural
disorder within the crystalline phase, and an increase in ordering would have the opposite response. If CS growth was dependent on clustering, kinetically driven diffusion
from inputted electronic energy could be the prevailing process. Alternatively, defects
that create migration channels following β-irradiation could also be assisting in the
diffusion of ions. These occurrences could account for the CS growth seen at 0.77 GGy,
as well as the reduction in PS observed by SEM at this dose. It will not, however,
account for the reduction in CS observed at 1.34 GGy. For this, the defect structure
must be considered.
EPR spectra revealed a range of defects that increased with dose. At 0.77 GGy,
a destabilisation stage is expected when electronic defects are first introduced into
the system. These localised defects created in the matrix by β-irradiation may have
been aiding in any diffusion or relaxation-based processes, which would have enabled
CS growth. As dose increased to 1.34 GGy, it is predicted that internal microstrain
created by defect accumulation is the driving force in diffraction peak broadening. As
the data collected in this study was only suitable for a single parameter fit, changes
to CS must be attributed to both size and microstrain. Williamson-Hall plots were
constructed on the most crystalline sample CN10 to confirm this statement and to
identify a possible increase in microstrain with dose (see Appendix A1).
Speculation must be made on the defects that could be inducing this strain. One
theory is that vacancy clusters cause a compression of crystallites. In literature,
irradiation-induced reduction of glasses has been hypothesised to initiate the removal
of NBOs in a borosilicate network and subsequently create neutral Ca or Na atoms
[65, 183]. The atoms created by this process will be free to migrate around the glassy
network and will likely cluster in vacancies or become trapped near hole centres [82].
Indeed the clustering of alkali ions and subsequent hole trapping is a recorded effect of
β-irradiation, which is known to also induce cationic mobility [64, 85]. The vacancies
described above, which could act as neutral atom sinks, are themselves a result of increasing dose where their creation can be initiated from hole centres (E’, BOHC, HC1 ,
and HC2 ). Furthermore, an observed broadening of defects in the EPR spectra with
dose can be attributed to dipole-dipole interactions, which suggests that point defects
are structurally forming in proximity to each other. This would enable a precursor
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environment for vacancies to form. If vacancy clusters are in the vicinity of Mo-rich
regions, they can cause a compressive effect on the crystal clusters. This effect would
be further exacerbated by the presence of neutral atoms, as this would increase the
exerted vacancy pressure. An assumption is being made in that the defects detected by
EPR are indicative of those consumed by the structural transformations of powellite
determined using other analytical techniques. This assumption enabled a correlation
to be drawn between dilute defects observed by EPR and those describing longer-range
order. Alternatively, an accumulation of defects within the crystals themselves could
be occurring, which would cause a reduction in the coherence length, and therefore in
CS.

6.4.4

Proposed theory for CS alteration of CaMoO4

The model proposed to account for the changes in CS observed in this study is based on
empirical evidence. It is presumed to be dependent on the impact of two parameters,
which have different relationships with respect to time. They are: A) radiation-induced
relaxation and diffusion, which replicate thermal processes; and B) electronic defect
accumulation, which presents itself as increased internal microstrain. At lower doses,
relaxation from added energy and isolated point defects, as well as diffusion-based
growth, are the prevailing forces in determining CS growth. It is predicted that a
kinetic barrier to the diffusion of ions in the amorphous matrix exists, and that CS
growth reaches saturation quickly. This trend is similarly observed in Orlhac et al.’s
investigations [173], where CS growth showed a square root of time at temperature
dependence, indicative of a kinetic process limited by diffusion in the glass network.
In an analogous form, the accumulated dose at 0.77 GGy could represent a growth
plateau in most GCs, where any subsequent modifications are primarily due to defect
accumulation and compression, which is assumed to be prevalent at higher doses.
Parameter A in the proposed model is predicted to follow a logarithmic relationship with dose, displaying effects early until reaching an asymptote (see Figure 6.14).
This is based on the assumption that thermal-like effects follow Arrhenius laws and
that the added energy from β-irradiation exceeded EA at 0.77 GGy. In comparison,
parameter B follows a sigmoidal function displaying effects later for a maximum of
1.34 GGy as Figure 6.14 depicts. While defect creation may grow linearly with dose,
it is presumed that there exists a barrier to defect clustering and vacancy creation.
Although a sigmoidal function is assumed for this simplified model using data from
only two doses, defect accumulation may follow a damped oscillating pattern for doses
greater than 1.34 GGy. Defects cannot exist indefinitely in any structure due to the
strain that they exert. When they can no longer be supported, they could be allevi151
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ated through dislocations, thus releasing pressure on the crystal system as proposed by
Jagieleski et al. in their multi-step model for damage accumulation [196]. This effect
would present itself as an increase in CS. At a constant fluence, defects would again
begin to increase, causing an increase in strain, which would result in a reduction of CS
again. However, structural modifications induced by ionising radiation damage are not
fully reversible and an overall saturation effect is expected at very high doses, hence a
damped relationship is predicted.
The relationship between the two opposing parameters at a given dose governs CS.
Parameter A is predicted to cause growth, and parameter B size reduction by way of
increased strain. At 1.34 GGy, the effects of diffusion-based growth are assumed to
be limited by the structural changes induced by clustered point defects, hence why
the effects of parameter A are less significant. In comparison, thermal recovery from
Parameter A is the governing force at 0.77 GGy.
1.34 GGy

hypothetical regime

Parameter weighting

0.77 GGy

Parameter A
Parameter B

Dose (GGy) or time (t)

Figure 6.14: Predicted trends of parameters A (radiation-induced relaxation and diffusion
replicating thermal processes) and B (electronic defect accumulation), which influence CS
changes with dose. For doses greater than 1.34 GGy, the trends are speculative, based on
the considerations used to describe internal changes hypothesised to occur at lower doses.

CS changes in CN10, CNG7, and CNG1.75 are presumed to follow this model,
as all three samples exhibited a similar CS pattern with respect to dose. Any minor
variations in the patterns can be attributed to Gd inclusion in doped GCs. In contrast,
CNG2.5 displayed an opposing trend in CS. Despite this variation, a reduction of cell
parameters, with the alteration predominantly along the c-axis, was similarly observed.
This indicates that relaxation alone cannot account for changes in CS. These alterations
to CS occurred simultaneously to an increase in [Mo5+ ], which was observed for all GCs.
It implies that the nature of defects formed is not controlling defect accumulation.
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Therefore, changes to the glassy matrix and the initial phase separation resulting from
synthesis must be controlling the subsequent CS alteration following β-irradiation. An
initial rigidity in the distribution of ion channels and an increased solubility of Mo in
CNG2.5 from fabrication that correlates to a higher Tf for this system is theorised
to account for the delayed diffusion of ions towards crystal centres, and therefore CS
growth. It thus shifts the weighting of parameter A, so that parameter B, which sums
up defect-induced alterations within the crystal structure, becomes more significant at
low doses.

6.4.5

Summary

Overall, it can be concluded that the glassy network in the CN series behaved as
expected, and did not elicit precipitation of crystalline phases or glass-in-glass phase
separation following β-irradiation. It further deduced that CaMoO4 crystals in GCs
showed resistance to amorphisation for particles greater than 150 nm. β-irradiation
does not increase the propagation of crystalline precipitation, but it does aid in CS
growth by allowing a redistribution of elements to take place at some doses.
In the CN series, trace levels of gadolinium ions served as both a nucleating agent
and as an electronic defect dampener when diluted in the amorphous phase. Minor
incorporation of Gd3+ into CaMoO4 observed by EPR indicates that at higher concentrations there may be significant inclusion of minor actinides in more complex systems,
especially as this incorporation increased with dose.
In general, the resulting homogeneously dispersed spherical CaMoO4 crystallites
did not experience amorphisation or significant substitution following 0.77 to 1.34 GGy
of 2.5 MeV electron irradiation. The CaMoO4 crystals did however experience a nonlinear CS growth pattern with accumulated dose. Moreover, changes to CS were dependent on composition and the initial structure following synthesis. A two-stage process
with various weighting factors associated to radiation-induced relaxation and diffusion
replicating thermal processes and defect accumulation was proposed to account for the
CS pattern of ∆CS = ± 15 − 57 nm at 0.77 GGy, which returned to almost pristine
conditions at 1.34 GGy. Lattice relaxation and kinetic diffusion of cationic species
were used to explain CS growth, while defect accumulation that created free volume
and subsequently internal microstrain explained CS reduction. The prevalence of one
effect over the other is dependent on the initial fabrication quench rate (and therefore
Tf ), the composition, and the overall concentration of electronic defects in the structure following β-irradiation. Though a non-linear CS pattern with respect to dose was
observed, a reduction in cell parameters with predominant changes along the c-axis
occurred in all GCs approaching CaMoO4 monocrystal parameters.
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Chapter 7
Influence of SHI-irradiation on
calcium borosilicates
Internal radiation is predicted to cause structural modifications that can result in
swelling or densification. These modifications can also cause changes to mechanical
properties such as hardness, elasticity and fracture toughness. Based on previous experimental work and molecular dynamics (MD) simulations, the α-decay process, and
the α-recoil nuclei in particular, is observed to produce the greatest disruption to structural order, and is therefore responsible for the bulk of these changes [2, 10]. Mechanical
properties, internal energy, and density are all observed to change exponentially with
deposited energy for α-decay doses up to 2×1018 α/g, after which a stabilisation period
is expected for borosilicate glasses, as shown in Figure 1.11 [2–4].
In addition to creating structural damage, it is predicted that the α-particle causes
annealing of some defects [10, 197]. This self-recovery process reduces the rate of change
in the damage growth curve, thus resulting in a saturation of the defect population, and
by extension the level of damage. This chapter sought to understand if this mechanism
of alteration and eventual saturation was also applicable to heterogeneous compositions
by monitoring the structural evolutions within all phases.
Given current waste loading standards and waste streams, this saturation in structural modifications, and therefore alterations to material properties, is expected to
occur following ∼ 1000 years of storage. Replicating the predicted damage occurring
in this timeframe from the internal decay of radioisotopes can therefore provide insight
into the possible structures resulting once every atom has been displaced, and hence a
maximum damage level can be estimated.
In order to replicate the damage created by nuclear interactions of the α-recoil on
an accelerated scale, 7 MeV Au3+ ions with a fluence of 3 × 1014 ions/cm2 were used.
This resulted in an ion penetration depth of approximately ∼ 1.5 µm. Therefore,
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only surface analytical techniques were used to identify the effects of SHI-irradiation.
While Au-irradiation was used to replicate the nuclear interactions occurring through
α-decay, Xe-irradiation was used to replicate the high-energy electronic interactions
of the α-decay process. Using 92 MeV Xe 23+ ions, five different sample sets were
irradiated to a depth of ∼ 12 µm with 1.8 × 1014 , 8 × 1013 , 4 × 1013 , 1 × 1013 , and
5 × 1012 ions/cm2 . The kinetic data collected for Xe-irradiated sample sets was used to
provide information on the origins of structural transformations, as well as testing if a
plateau in modifications could be detected for these heterogeneous calcium borosilicate
compositions. In homogeneous sodium borosilicate glasses, a saturation in structural
modifications occurs at a fluence of 1 × 1013 ions/cm2 [2, 4].
As previously mentioned in Chapters 3 & 5, calcium borosilicates with a composition normalised to SON68 have a heterogeneous structure of embedded immiscibility.
The residual matrix is Si-rich and referred to as phase A, while several large CaMo-rich
droplets of varying size are referred to as phase B. Within these phase B regions there
are additional phase C droplets rich in Si that are compositionally a mix of phases A
and B. The morphology and distribution of phase B and C droplets is a function of
composition, as this affected TP S during synthesis, and therefore the relaxation time
and Tf of the final glass. In this chapter, it was determined how SHI-irradiation altered
the microstructure of these systems, and how the incorporation of Mo changed the radiation response. It primarily addressed whether irradiation can propagate or remediate
existing phase separation using BSE imaging, EDS compositional analysis, and Raman
spectroscopy. It also investigated whether any additional precipitates formed through
defect creation or thermal processes.
In compositions with [MoO3 ] ≥ 5mol%, powellite crystals were found to form within
calcium borosilicate glasses. These crystals were observed to cluster into larger aggregates that were heterogeneously distributed within the residual amorphous phase. In
this chapter, the effects of SHI-irradiation on the stability and distribution of powellite was also investigated using similar analytical techniques to those used for amorphous systems, in addition to XRD. It primarily assessed how crystals within GCs
are affected by SHI-irradiation, and specifically identified whether any diffusion-based
growth, amorphisation, or thermal annealing of created defects took place.

7.1
7.1.1

In compositions with increasing B2O3
Changes to morphology following SHI-irradiation

As was the case for β-irradiated samples, morphology comparisons of multi-amorphous
phased calcium borosilicates were difficult to make following irradiation with SHIs
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owing to the heterogeneous nature of the microstructures. As such, analysis focused on
the size and distribution of phase C deposits within similarly sized phase B regions, and
along the A – B interface. A description of terminology and possible transformations
resulting from irradiation are provided in sections 3.2.1 & 5.1.1.1 on pages 62 and 110,
respectively.
Following SHI-irradiation, calcium borosilicate glasses were still found to be composed of three phases in an embedded microstructure (see Figure 7.1). Medium to
large regions of phase B (> 75 µm in diameter) were observed to have interspersed
phase C deposits, while smaller phase B regions were free of phase C.

Figure 7.1: EDS maps of CB7 irradiated with 8 × 1013 Xe ions/cm2 . From left to right: Si
(green), Mo (aqua), Ca (blue), Gd (yellow). Micrograph dimensions: 560µm × 517µm.

Following Xe-irradiation changes to the size and distribution of phase C within
medium to large deposits of phase B could not be definitively correlated to changing
[B2 O3 ]. In CB7, phase C deposits appeared to coalesce in the centre of phase B, while
those closer to the A – B interface remained spattered. A similar coalescence of phase
C in the centre of phase B regions was observed in CB15 (see Figure 7.2). This change
in morphology was also seen following β-irradiation, but in this case large (30 − 35 µm)
spherical deposits were not observed near the A – B interface, as they were following
β-irradiation (see Figure 5.3 on page 113).

Figure 7.2: BSE micrographs of CB15 showing changes to the morphology of phase C deposits
near the A – B interface at pristine conditions (a), and following Xe-irradiation with fluences
of: (b) 5 × 1012 ions/cm2 , (c) 8 × 1013 ions/cm2 , and (d) 1.8 × 1014 ions/cm2 . Micrograph
dimensions: 200µm × 300µm.

The phase C deposits near the A – B interface in Xe-irradiated samples maintained a
spattered geometry with an equivalent diameter ranging between 13−17 µm. However,
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edge spattering in these deposits took place for doses greater than 1×1013 Xe ions/cm2 ,
which resulted in the eventual formation of smaller deposits (< 12 µm) when irradiated
with 1.8 × 1014 Xe ions/cm2 (see Figure 7.2 (d)). For both CB7 and CB15, the size
of phase C deposits also appeared to decrease in the centre of phase B regions with
increasing Xe fluence, while the number of deposits increased (see Figure 7.2 (c - d)).
This suggests an overall scattering of phase C within phase B.
On the other hand, the changes observed in CB23 were dependent on the initial
size of phase B. For medium-sized deposits, phase C droplets remained spherical until
a fluence of 1.8 × 1014 Xe ions/cm2 . At this point, larger phase C droplets (∼ 15 µm)
located near to the A – B interface began to spatter, and a belt of very small (2−3 µm)
phase C droplets formed next to the interface (see Figure 7.3 (d)). In larger regions
of phase B (> 250µm), a spattering of phase C droplets near the A – B interface
occurred for all doses. However, changes to inner phase C droplets were non-uniform
with respect to Xe fluence, as Figure 7.3 (e - h) indicates. Segregation between phases
B and C was more prevalent in the inner regions of large phase B deposits for fluences
of 1 × 1013 to 8 × 1013 Xe ions/cm2 , whereas mixing between the phases occurred for
fluences less than 1 × 1013 Xe ions/cm2 , and those greater than 8 × 1013 Xe ions/cm2 .

Figure 7.3: BSE micrographs showing changes to the morphology of phase C deposits in
CB23 following irradiation with 92 MeV Xe ions for fluences of: (a and e) 5 × 1012 ions/cm2 ;
(b and f) 1 × 1013 ions/cm2 ; (c and g) 8 × 1013 ions/cm2 ; and (d and h) 1.8 × 1014 ions/cm2 .
Micrograph dimensions: 200µm × 300µm.

These observations suggest that the de-mixing of phase C with the surrounding
phase B follows a parabolic trend with respect to Xe-fluence. Alternatively, the nonuniform trend could indicate that heterogeneities in the initial microstructure caused a
variance in the network connectivity of phase B for the various sample sets, and therefore the subsequent radiation response. Independent of the dose-dependent mechanism
of phase integration or separation, the degree of phase C alterations can be correlated
to the bond strength. It is predicted that weaker bonds are found at the interface
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between phases, thus resulting in a region of greater susceptibility to radiation-induced
damage and recovery processes. For this reason, the greatest morphological changes
within these samples are seen along the B – C and A – B interfaces, hence why the
geometry, and position of phase C deposits to the A – B interface are easy to identify
post-irradiation.
Different morphological features were detected for samples in the CB series following
Au-irradiation (see Raw Data, page 268 for additional BSE images). In CB7, there
seemed to be more evenly sized phase C deposits within phase B. Moreover, the initially
spherical phase C deposits near the A – B interface became more oblong with edge
spattering to form a spattered or distended geometry in some cases. In contrast,
phase C droplets in CB15 and CB23 appeared to be more uniformly distributed within
phase B following Au-irradiation with a smaller variance in the size distribution. In
these compositions, phase C experienced a coalescence of originally spattered deposits,
similar to that which was observed following β-irradiation.
These morphological changes are combined with modifications to the relative amount
of each elemental oxide within each phase. These changes are predicted to result from
Ca migration between the phases, Ca and Mo migration between the surface and the
bulk, and alterations in the connectivity of the borosilicate network. As Figure 7.4
illustrates, several non-linear trends for [Si], [Ca], [Mo], and [Gd] were observed to occur with increasing Xe fluence. Xe-irradiation is predicted to initially cause migration
of Ca, Mo, and Gd to phase C. This migration is likely instigated by mixing between
phases B and C, which is why an initial drop in [Si] is observed in phase C and a
decrease in [Ca] is observed in phase B, given that Ca2+ is the most mobile ion in this
system. At a dose of 4 × 1013 Xe ions/cm2 there is significant growth in [Mo], and to
a larger extent [Ca], across most phases relative to pristine conditions. This indicates
clustering of Mo and Ca ions from the bulk to the surface, in addition to migration
across phases.
A critical point is observed at 4 × 1013 Xe ions/cm2 , in which possible dissolution
of Ca and Mo back into the bulk may be occurring. This takes place concurrent to
a contraction of the silicate network through the formation of smaller ring structures.
For doses greater than 4 × 1013 Xe ions/cm2 , both ions returned to the surface with a
preference for phase B, and with increasing fluence, for phase C as well. This occurs
alongside a change in the silicate network, which makes Si atoms relatively less populous
at the sample surface. This result implies significant displacement of Si atoms, or the
relative migration of other atomic species to the surface, thus changing the normalised
concentration of each element.
Overall, it was observed that the composition of phase A varied little between the
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Figure 7.4: Changes to the concentration of Ca, Mo, Si, and Gd (in atomic %) within phases
A, B, and C of CB23 following Xe-irradiation. Error bars represent the estimated standard
deviation of multiple EDS acquisitions within each phase for each sample irradiated with the
CB23 composition.

doses of 8 × 1013 – 1.8 × 1014 Xe ions/cm2 . This result indicates some recovery or
inhibition of defect-assisted ion channel creation, which would limit ion migration,
as well as some preservation of the glass network and molybdate units being charge
compensated. In contrast to the relative stability within phase A, there was an increase
in [Ca] and [Mo], and a decrease of [Si] in phases B and C following a dose of 1.8 × 1014
Xe ions/cm2 . These observations could indicate an increase in [B] within these phases,
as boron could not be directly measured using this technique. It could also suggest a
radiation-induced reprecipitation of CaMo-rich groups at the surface.
The results in Figure 7.4 illustrate the complexities of cross phase elemental analysis
following irradiation. They also outline a significant mechanism of defect-assisted Ca
and Mo bulk-to-surface migration, which was similarly observed to occur in other
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compositions. This is likely a result of the high dose rate used and the associated
charge of large impinging ions that can create an electric field gradient at the surface,
as opposed to the final deposited energy. Therefore, in real internal decay processes,
this type of charge-assisted migration may be less significant with internal radiation
events proceeding in all directions, as opposed to ion bombardment perpendicular to
the sample surface. Additionally, the crossing of ions tracks in real internal decay
processes may enable some annealing of defects, which would subsequently further
dampen defect-assisted migration. Although the migration of atoms is predicted to
result primarily from the formation of structural defects, the kinetic energy deposited
by high-energy external radiation may also assist with atomic motion.

7.1.2

Structural disorder measured by Raman analysis

Some of the structural changes observed by Raman spectroscopy for samples in the CB
series following SHI-irradiation were similar to those observed following β-irradiation
(see Chapter 5, page 122). For example, there was a similar shift of the R band
(Si−O−Si) to higher wavenumbers, along with growth of the D1 and D2 defects following irradiation with both Au and Xe ions (see Figure 7.5). The growth of D2 , which
represents three-membered SiO4 rings, is however more prominent for SHI-irradiated
samples. This indicates that SHI bombardment, and therefore α-decay processes, are
more effective at producing smaller ring structures than β-irradiation, and can therefore
induce a greater degree of phase separation within the borosilicate network.
While similar results were observed for the silicate-like bands following irradiation
with either SHIs or β-particles, some differences were found for the borate-like bands.
While β-irradiation was observed to dampen the boroxyl ring band, SHI-irradiation
was observed to increase the intensity of this band in phase A. This occurred alongside
a growth in the intensity of the broad B−O – bond elongation band around ∼ 1550
cm−1 , which indicates the formation of a borate-like phase. These two modifications
suggest increased phase separation between B-rich and Si-rich regions within phase A.
In phase A of CB23, damping of the band at ∼ 878 cm−1 that is attributed to
symmetric stretching of powellite-like MoO42 – tetrahedra, along with growth of the
band at ∼ 910 cm−1 , which is assigned to symmetric stretching of MoO42 – anions
dissolved in the matrix, was also observed. This transition similarly occurred in phase
B of both CB7 and CB23, where a general broadening of internal MoO42 – vibrational
modes also took place (see Figure 7.5 (b)). These results indicate the induction of
greater structural disorder within the molybdenum environment of all phases following
SHI-irradiation. Although the internal MoO42 – vibrational modes are similar to those
observed for crystalline powellite, XRD and SEM imaging do not detect any crystalli161
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Figure 7.5: Raman spectra of two phases in CB7 and CB23 following SHI-irradiation. Irradiation fluences and radiation-induced shifts have been labelled on the plots.

sation. Therefore, as previous chapters indicate, it is predicted that MoO42 – groups are
found in a similar environment whether in the amorphous or crystalline phase. Moreover, it is hypothesised that MoO42 – units can cluster together in the amorphous phase
to more accurately replicate crystal vibrations. As a result, it is concluded that SHIirradiation prevented the crystallisation of powellite by increasing structural disorder
within the molybdenum environment and in the borosilicate network, which enabled
the increased dissolution of individual MoO42 – units.
While this was a general trend found for high Xe fluences, initial irradiation with
Au or Xe ions appeared to cause ordering and clustering of MoO42 – groups, especially
in small phase B deposits that did not contain phase C droplets, such as those found in
CB7. If the spectra in Figure 7.5 are compared to those for pristine samples in Figure
3.18 on page 74, it can be observed that there are much smaller silicate-based features
in the Raman spectra for phase B following initial Xe-irradiation. These results imply
an initial phase separation of BO4 – and SiO4 structural units within phase B, as was
previously discussed to occur in phase A. Compositionally, the [Si]/[Ca] ratio decreased
in all phases with Xe fluence. This observation could be explained by a charge-induced
clustering of Ca atoms at the surface. It could also imply an expansion of the silicate
network through defect formation or possible Si−O−B bond breakage.
Alternatively, possible migration of species within phase C droplets towards phase
A, or a mixing of phases B and C, could be occurring. This would break apart SiO4
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chains, and render the composition of phase B more homogeneous following SHIirradiation. According to EDS analysis, the significant drop in the [Si]/[Ca] ratio
in phase C deposits from 44.51 (pristine) to 20.33 following 1.8 × 1014 Xe ions/cm2 ,
combined with an increase in the [Ca]/[Mo] ratio from 0.94 to 5.71, does support a
predicted mixing of phase C with phase B following Xe-irradiation. Given the change
in elemental composition, this is theorised to occur primarily through Ca migration,
which will alter the charge balancing of structural and MoO42 – units, and therefore
general order within the phases.

Figure 7.6: Raman spectra illustrating multiple phases or regions of CB15 following irradiation with (a) 8 × 1013 Xe ions/cm2 and (b) 3 × 1014 Au ions/cm2 . The spectra at the bottom
are Mo-rich (phase B) with each additional spectra showing an increasing silicate contribution
to the top spectra (phase A). The middle spectra therefore represent mixed regions.

While some phase specific trends are shown in Figure 7.5, a large variation in structural features was actually observed by Raman spectroscopy following SHI-irradiation.
The spectra in Figure 7.6 illustrate this point. This variance in structural features
can be used to gain insight into possible mechanisms of phase separation or phase
reintegration. For irradiation using either Xe or Au ions, broadening of the MoO42 –
vibrational modes occurred within some regions, along with changes to the intensity
of the band at ∼ 910 cm−1 , which indicates increased disorder within MoO42 – chains
or zones. This effect is more pronounced following Xe-irradiation than Au-irradiation.
Moreover, the relative intensity of the band at ∼ 910 cm2 to the R band indicates
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migration of MoO42 entities to Si-poor phases, or away from the surface. Concurrently,
SHI-irradiation caused emergence of the D2 defect band indicative of 3-membered
SiO4 rings, and a boroxyl ring band that had a similar intensity in all spectra without spectrum-saturating internal MoO42 – modes. These results indicate that while
differences in the spectra imply changes to the state and order of MoO42 groups, the
degree of phase separation between BO4 – and SiO4 structural units is similar throughout. Therefore, the main mechanism of change following SHI-irradiation involves the
dispersion of MoO42 – ions with a preference away from Si-rich regions.
In some cases, SHI-irradiation also induced the clustering of MoO42 – ions in localised areas, as the bottom spectra in Figure 7.6 (b) for Au-irradiated CB15 exemplifies. This was also observed to occur in CB7 at low-Xe doses, as the phase B
spectra in Figure 7.5 illustrates. This may be a result of irradiation-induced alteration,
or it may represent features from the pristine underlayer, as the Raman penetration
depth exceeded the irradiated depth by ∼ 15.3× for Au-irradiation and ∼ 1.8× for
Xe-irradiation. If the former, atomic displacements induced by Au-irradiation or the
added energy from low fluence Xe-irradiation were able to cause the ordering and relaxation of MoO42 – groups in some areas, while it created significant disorder in others
through the migration of ionic species.
While clustering and increased order of MoO42 – units was observed in some areas
of calcium borosilicate glasses, radiation was generally observed to create additional
structural disorder through the increased distribution of structural features, hence why
several different spectral shapes were found following irradiation. Therefore, it can be
concluded that SHI-irradiation created more heterogeneities within amorphous phases
through the creation of several mixed regions that showed characteristic bands of phases
A and B, or of phases B and C.

7.2
7.2.1

In compositions with increasing MoO3
Amorphous compositions

At pristine conditions, the microstructure of multi-amorphous phased calcium borosilicates was found to be similar for compositions with and without molybdenum, as
the base glass fell within the immiscibility dome of the SiO2 −B2 O3 −CaO system. As
Chapter 3 indicates, phase B acted as a carrier for Mo, so the size of phase B deposits
were observed to grow and become more spherical as [MoO3 ] increased. This occurred
alongside a spattering of larger phase C deposits in the centre of phase B regions, and
the formation of smaller deposits closer to the A – B interface.
Following SHI-irradiation, changes to the morphology of phase C were dependent
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Figure 7.7: BSE images showing various features of CaBSi prior to (a) and following Xeirradiation with fluences of: (b) 4 × 1013 ions/cm2 , (c) 8 × 1013 ions/cm2 , and (d) 1.8 × 1014
ions/cm2 ; and following Au-irradiation (e). Micrograph dimensions: 200µm × 300µm.

on the initial size of phase B. In CaBSi, large phase B regions (> 150 µm) had larger
phase C deposits close to the A – B interface in comparison to those located in the
centre of phase B (see Figure 7.7). For fluences greater than 1 × 1013 Xe ions/cm2 ,
the phase C deposits near the A – B interface grew to 25 − 30 µm in diameter, while
those in the centre of phase B deposits were found in medium (∼ 15 µm) and small
(< 5 µm) sizes. This effect was also observed following Au-irradiation, but phase C
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deposits were 5 − 10 µm smaller along the A – B interface. These larger deposits were
also located closer to the A – B interface following irradiation with either Xe or Au
ions. This migration of phase C to the A – B interface indicates a possible mechanism
involving the migration of phase C to phase A, or it supports the theory of increased
mixing between phases B and C following SHI-irradiation.
An interesting dispersion of these large phase C spherical deposits was also observed
to occur following irradiation with either ion (see Figure 7.7, column y). This edge
spattering indicates an increased degree of mixing between the network formers within
phases B and C, especially along the B – C interface. The collective images in Figure
7.7 therefore suggest a mechanism of initial phase C coalescence of smaller phase C
deposits to form those > 15 µm, followed by edge dispersion of these large deposits
with increasing fluence.
In addition to edge spattering of large spherical phase C deposits following high
Xe fluences or Au-irradiation, extended edge spattering of existing spatters was also
observed in large phase B regions (> 150 µm). See Figures 5.1 & 5.2 for schematics
of these transformations. This was particularly evident in Au-irradiated CaBSi (see
Figure 7.7, row e), where the effect of edge spattering for both inner phase C deposits
and those larger deposits located closer to the A – B interface were more prominent
than samples irradiated with Xe ions at any dose.
In smaller phase B deposits (those < 150 µm), SHI-irradiation appeared to cause
the formation of smaller phase C deposits (< 5 µm) in closer proximity to the A – B
interface (see Figure 7.7, column x). This was similarly observed to occur in larger
deposits of phase B, where a belt of small phase C droplets were found close to the A
– B interface following irradiation (see Figure 7.7, column x). The origin of formation
for these very small phase C deposits were difficult to discern, but it is hypothesised to
result from the integration between phases B and C, though the phases still appeared
to be discrete, and the general structure reflected immiscibility.
Similar modifications were also observed for amorphous heterogeneous calcium
borosilicate samples with molybdenum (CM1 and CM2.5). Following SHI-irradiation,
the size of phase C deposits on average appeared to decrease, though the number of
deposits increased (see Figure 7.8). In addition to a shift in the size range of phase
C deposits towards smaller sizes, a new category of very small deposits was also observed. Prior to irradiation, phase C deposits were found to range from 5 – 50 µm in
equivalent diameter, but following SHI-irradiation several deposits < 2µm were also
observed. Additionally, these small deposits became less spattered and approached
spherical geometry. These modifications implied that phase C deposits appeared to
take on a more uniform size distribution following irradiation. This effect was most
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pronounced following Au-irradiation (see Figure 7.8 (e)). While the majority of phase
C deposits were found to be < 5 µm following doses ≥ 8 × 1013 Xe ions/cm2 , several
larger deposits 9 − 40 µm were also observed for Xe-irradiated samples. This implies
that nuclear collisions are more effective at scattering phase C deposits than ion tracks.

Figure 7.8: BSE micrographs of phase C deposits in phase B for CM2.5 prior to (a) and
following Xe-irradiation with fluences of: (b) 5 × 1012 ions/cm2 , (c) 8 × 1013 ions/cm2 , (d)
1.8×1014 ions/cm2 ; and following Au-irradiation (e). Micrograph dimensions: 40µm × 40µm.

In terms of location, phase C deposits also became more uniformly distributed
within phase B regions following SHI-irradiation. Combined with the shift in the
size of phase C deposits, results suggest a radiation-induced increase in the degree
of mixing between phases B and C. This is hypothesised to take place through the
creation of NBO channels in the borosilicate network that enabled the migration of
phase C constituents within phase B. EDS maps in Figure 7.9 support this idea with
less discrete boundaries visible for smaller (1 − 5 µm) phase C deposits. However, this
in not the case for larger phase C deposits, which suggests that the surface area to
volume ratio of phase C deposits affects migration. Independent of the mechanism of
alteration, the overall results suggest a beneficial integration of phases in Mo-bearing
calcium borosilicates that decreased the heterogeneity within phase B.

Figure 7.9: EDS mapping of CM2.5 irradiated with 8 × 1013 Xe ions/cm2 . From left to right:
Si (green), Mo (aqua), and Ca (blue). Increased mixing between phase B and C is predicted
for smaller (1 − 5 µm) phase C deposits. Micrograph dimensions: 150µm × 100µm.

Quantitatively, the [Si]/[Ca] ratio of phase B increased from 2.03 to 2.54, and it
decreased in phase C from 9.30 to 6.00 in CaBSi following 1.8 × 1014 Xe ions/cm2 . This
observation supports a predicted mixing between the phases. Mixing is thought to be
assisted by Ca migration from phase B to phases A and C, as EDS analysis implies. In
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CM2.5, a similar increase of [Si]/[Ca] in phase B from 1.25 to 2.02, and a decrease in
phase C from 9.04 to 4.39 (with a maximum estimated standard deviation of ±0.02 for
all ratios) took place, which also indicates an eventual mixing of phases B and C in Mobearing calcium borosilicates following a fluence of 1.8 × 1014 Xe ions/cm2 . A general
increase in the [Ca]/[Mo] ratio was also observed across all phases in CM2.5, which
implies bulk-to-surface Ca migration, along with possible changes to the dissolution of
Mo-groups.
From analysis across the A – B interface in CM1 (see Figure 7.10), it is evident that
Xe-irradiation caused some migration of Ca atoms from phase B to phase A. This is
based on the relative ratios in the bulk of phase A (points at 0 µm in Figure 7.10), and
a notable decrease in the gradient of both [Si]/[Ca] and [Ca]/[Mo] across the interface
following irradiation. Given the magnitude of change, it is likely that the alteration
in [Ca] across the phases was also assisted by an increase in Ca atoms at the surface
(from the bulk), and that some Mo entities may have dissolved into the bulk. The
collective results suggest increased disorder and mixing amongst the phases along the
A – B interface, with a prominent bulk-to-surface Ca migration. This was similarly
found for samples in the CB series, and therefore it suggests a general radiation-induced
mechanism of Ca and Mo diffusion within calcium borosilicate compositions following
SHI-irradiation.
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These microstructural and compositional changes can be correlated to alterations
in bonding within the various amorphous phases. From the Raman spectra in Figure
7.11, several of these changes can be observed within phases A and B. In phase A
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of CaBSi (bottom half of Figure 7.11), there was a shift of the R band to higher
wavenumbers, as well as growth of the D1 and D2 defects with SHI-irradiation, which
were similarly observed for samples in the CB series. Damping of the R band in
relation to Qn species was also observed in this composition. Within the Qn range,
there was evident growth of Q3 relative to Q2 following irradiation with both Au and
Xe ions, with displacements simulated by Au-irradiation creating the bigger shift. This
indicates increased polymerisation following replicated α-decay processes, which was
not evident following β-irradiation.
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Figure 7.11: Raman spectra of two phases in CaBSi following SHI-irradiation. The bottom
six spectra are of phase A, while the top five are of phase B. Fluences and the relevant ion
used for irradiation are listed in the legend, and bands of interest are labelled on the spectra.

At the highest Xe fluence of 1.8 × 1014 ions/cm2 , intensity of the D2 defect and area
of the R band appeared to decrease. This observation implies the initial formation
(at low fluences), and subsequent cleavage of small SiO4 rings with increasing Xe fluence, which is likely correlated to accumulating defects. Along with changes to Si−O
bonding, there was also growth of the boroxyl ring and B−O – bond elongation bands,
which reached saturation around 4 × 1013 Xe ions/cm2 . In the Au-irradiated sample
damping of the boroxyl ring was observed, concurrent to an increase in the area of the
B−O – band. Therefore, ion tracks rather than ballistic collisions promoted boroxyl
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ring formation. In contrast, β-irradiation produced a larger D2 defect, while significantly damping both the boroxyl ring and B−O – bond elongation bands. These results
suggest that SHI-irradiation promoted increased silica polymerisation and boroxyl ring
formation, while β-irradiation caused the cleavage of large 6-membered silica and 3membered boroxyl rings.
In phase B of CaBSi, far fewer changes were observed. There was a minor reduction
of the band at ∼ 780 cm−1 , which can be assigned to vibrations of rings containing
one or two tetrahedrally coordinated boron atoms [61, 62] following Xe-irradiation. In
this phase, there were several other bands between ∼ 600 – 750 cm−1 , that can be
assigned to the D2 defect, danburite-like Si−O−B vibrations in B2 O7 −Si2 O groups (∼
633 cm−1 ), and characteristic vibrations for metaborates (∼ 703 cm−1 ) [61, 62], though
there is little variance in the band distribution for this range. The spectra for the Auirradiated sample is somewhat different, displaying a larger D2 defect band, danburitelike vibrations (∼ 630 cm−1 ), and Q3 contributions. This observation indicated that
Xe-irradiation encouraged a greater degree of initial Si−O−B phase separation, but
that these changes saturated quickly and that little to no change occurred for doses
exceeding 1 × 1013 Xe ions/cm2 . In comparison, Au-irradiation increased the silica
polymerisation and caused relatively less phase separation.
In calcium borosilicates with molybdenum, a similar shift of the R band to higher
wavenumbers, as well as growth of the D1 and D2 defects could be observed for Si-rich
phases (see Figure 7.12). Following Xe-irradiation, a minor reduction in the boroxyl
ring band was also found. This is in contrast to CaBSi (without molybdenum), in which
the opposite trend was observed. These collective results suggest that Mo somewhat
inhibits the additional formation of boroxyl rings when the sample is exposed to SHIirradiation.
Irradiation was also observed to cause significant damping of the internal MoO42 –
modes within powellite, and of the O−Si−O symmetric stretching band (∼ 800 cm−1 )
[61, 145, 151]. These changes occurred at the lowest fluence of 5 × 1012 Xe ions/cm2 .
With increasing Xe fluence, there was however growth of bands between ∼ 910 – 930
cm−1 , which can be attributed to multiple vibrations. The peak at ∼ 910 cm−1 is
associated with MoO42 – tetrahedra dissolved in an amorphous network [30], while an
overlapping broader peak at ∼ 923 cm−1 is assigned to symmetric Si−O stretching of
silica chains with NBOs [62, 145]. The combination of internal MoO42 – mode damping,
and growth of the overlapping bands at ∼ 910 – 930 cm−1 indicates increased disorder
or breaking of MoO42 – chains, which inhibited the crystallisation of CaMoO4 . It also
indicates defects in the silicate network, which could have enabled ionic migration, and
increased dissolution of isolated MoO42 – units.
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Figure 7.12: Raman spectra of two phases in CM2.5 following Xe-irradiation. The bottom
five spectra are of phase A, while the top six are of phase B. Fluences used for irradiation
are listed in the legend, and bands of interest are labelled.

In the boron-rich phase B (top half of Figure 7.12), a similar damping of internal
MoO42 – modes within powellite were also seen. This occurred alongside growth in the
intensity of the overlapping bands between ∼ 910 – 930 cm−1 , which also broadened
with increasing fluence. This result also indicates Xe-irradiation induced disorder that
increased MoO42 – solubility and subsequently prevented the precipitation of molybdates. This statement is supported by SEM and XRD results for CM2.5, which indicate no detectable crystallisation. The Raman spectra of phase B in CM2.5 irradiated
with 5 × 1012 – 1 × 1013 Xe ions/cm2 also showed a much larger R band contribution
than samples with a dose greater than 1 × 1013 Xe ions/cm2 (see Figure 7.12). This
result can be correlated to the proximity of the measured spot to phase C deposits
with a spattered geometry. Using this theory, it can be predicted that phase C deposits are larger or have more significant edge spattering in samples irradiated with
doses between 5 × 1012 – 1 × 1013 Xe ions/cm2 . The micrographs in Figure 7.8 (b) and
(c) indicate that both size and distribution are likely contributors, as is an increased
degree of mixing between phases B and C.
For fluences greater than 1 × 1013 Xe ions/cm2 , progressive damping of the R band
along with broadening of the bands between ∼ 770 – 970 cm−1 took place. A small
growth of Q3 could also be observed. While no crystallisation is expected in this sample,
the broadening of the bands between ∼ 770 – 970 cm−1 , as well as those between
∼ 300 – 400 cm−1 , do indicate the presence of broad internal MoO42 – vibrations.
Though the system may become increasingly disordered, this observation indicates
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that molybdenum remains tetrahedrally coordinated to oxygen. More to the point,
while some units may become isolated in the amorphous network, which is indicated
by growth of the bands at ∼ 910 – 930 cm−1 , there were still significant volumes of
clustered units that gave rise to the internal MoO42 – modes, albeit much broader in
shape. These observations suggest that the formation of defects prevented the ordering
of MoO42 – chains, and thus the formation of a scheelite-like crystal structure. However,
it is predicted that crystallisation is possible if enough defects are annealed from these
Mo-rich zones. Similar observations were also found for CM1, the Raman spectra for
which can be found in Appendix A6. Interestingly, XRD of CM1 irradiated with
5 × 1012 Xe ions/cm2 showed the formation of a single crystal in the (0 2 8) direction.
This could either indicate isolated radiation-induced crystallisation, or it could be a
result of initial sampling variations (see Appendix A1 for diffractogram).

7.2.2

Alterations to GCs

Following SHI-irradiation, calcium borosilicate GCs remained two-phased, with a single CaMoO4 crystalline phase according to XRD. Furthermore, crystals were still found
in clustered aggregates, but several modifications were noted with regards to the crystallinity and the morphology of particles. Additionally, refinement of XRD patterns
showed several modifications to powellite CS and cell parameters (see Table 7.1). Both
CM5 and CM7 exhibited growth in CS following initial Xe and Au-irradiation. With
increasing Xe fluence, CS reached a minimum at 1 × 1013 Xe ions/cm2 , before growing
marginally towards a stabilisation period for 4 × 1013 – 1.8 × 1014 Xe ions/cm2 . The a
and c cell parameters followed a similar pattern when the estimated standard deviation
was considered, as the results in Table 7.1 indicate.
Table 7.1: Scherrer CS in diameter and cell parameters of SHI-irradiated calcium borosilicate
GCs from refinement of XRD spectra using Topas v4.1 [118].
fluence
12

CS (nm)
2

a (Å)

c (Å)

CM5

5 × 10 Xe ions/cm
1 × 1013 Xe ions/cm2
4 × 1013 Xe ions/cm2
8 × 1013 Xe ions/cm2
1.8 × 1014 Xe ions/cm2
3 × 1014 Au ions/cm2

135.91
80.03
89.55
94.30
98.30
165.45

(±
(±
(±
(±
(±
(±

15.41)
5.82)
5.70)
3.80)
7.03)
13.21)

5.2319
5.2310
5.2341
5.2343
5.2335
5.2344

(±
(±
(±
(±
(±
(±

0.0008)
0.0010)
0.0007)
0.0002)
0.0007)
0.0005)

11.4710
11.4666
11.4720
11.4703
11.4718
11.4734

(±
(±
(±
(±
(±
(±

0.0024)
0.0031)
0.0024)
0.0012)
0.0023)
0.0014)

CM7

5 × 1012 Xe ions/cm2
1 × 1013 Xe ions/cm2
4 × 1013 Xe ions/cm2
8 × 1013 Xe ions/cm2
1.8 × 1014 Xe ions/cm2
3 × 1014 Au ions/cm2

37.78
29.32
40.91
47.39
42.27
44.07

(±
(±
(±
(±
(±
(±

3.54)
2.68)
3.71)
6.10)
5.06)
2.82)

5.2361
5.2312
5.2324
5.2302
5.2331
5.2325

(±
(±
(±
(±
(±
(±

0.0025)
0.0019)
0.0040)
0.0038)
0.0022)
0.0020)

11.4661
11.4657
11.4821
11.4672
11.4587
11.4579

(±
(±
(±
(±
(±
(±

0.0104)
0.0068)
0.0124)
0.0114)
0.0091)
0.0054)
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In addition to CS changes for individual crystallites, there was a corresponding
shift in the morphology of crystal clusters following SHI-irradiation, which appeared
to change from spherical shapes to ones with distorted boundaries (see Figure 7.13).
This occurred following both Au and Xe-irradiation, but the extent of the effect is
less prominent in the sample set irradiated with 7 MeV Au ions. This change in
morphology implies a scattering of crystallites, which could be induced by possible
changes within the surrounding amorphous network that encouraged crystals away
from larger cluster centres and into the matrix. Or it could indicate some preferential
amorphisation of crystallites along the crystal cluster to amorphous network interface.
A third option is that rapid migration of crystallites from the matrix towards crystal
centres occurs when the system is rapidly quenched following single ion bombardment.
Regardless of the cause, the interface between phases was found to be particularly
susceptible to modification, as was similarly observed in heterogeneous amorphous
calcium borosilicates.

Figure 7.13: BSE images of (a) pristine CM5, and following irradiation with 92 MeV Xe ions
for fluences of: (b) 5×1012 ions/cm2 , (c) 1×1013 ions/cm2 , (d) 4×1013 ions/cm2 , (e) 8×1013
ions/cm2 , and (f) 1.8 × 1014 ions/cm2 . Images reveal distortions in the morphology of crystal
clusters following Xe-irradiation. Micrograph dimensions: 200µm × 300µm.

From high-resolution imaging of CM5 in Figure 7.14, distortions in the morphology of crystal clusters appeared not to disrupt the discrete boundary between the
amorphous and crystalline regions. This implies that transformations within the glass
network connectivity (of both the external matrix and the crystal cluster matrix in
which crystallites are embedded) were likely driving changes to the geometry of crystal clusters. Alternatively, it could be a result of rapid crystallite diffusion processes
occurring at a fast enough rate to create a new discrete boundary. Within the crystal
clusters themselves, particles appeared to form higher density clusters in some areas,
173

Influence of SHI-irradiation on calcium borosilicates
while they became more sparse in number and smaller in other areas (see Figure 7.14
(b – d)).

Figure 7.14: High resolution BSE images of (a) pristine CM5 and following Xe-irradiation
with fluences of: (b) 1 × 1013 ions/cm2 , (c) 4 × 1013 ions/cm2 , and (d) 1.8 × 1014 ions/cm2 .
Crystal clusters are continuously formed of smaller crystallites with a lamella width of 200 −
300 nm, but the cluster geometry becomes distorted with irradiation. Micrograph dimensions:
23µm × 15µm.

These morphological changes can be correlated to the Raman spectra in Figure
7.15, which indicates that within the amorphous phase, the contribution from crystalline powellite became smaller with increasing Xe fluence. This was evident from the
increased area of the R band relative to MoO42 – internal modes, along with growth of
the band around ∼ 910 cm−1 , which implied increased integration of isolated MoO42 –
units into the matrix. These changes suggest either crystallite migration from the amorphous phase towards crystal centres, or the amorphisation of small crystal clusters or
particles (< 500 nm).
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Figure 7.15: Raman spectra of two phases in CM5 following SHI-irradiation. The bottom set
of spectra represent the amorphous phase, while the top represents crystal clusters. Fluences
and bands of interest are labelled, with arrows indicating intensity changes or peak shifts.
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Along with these changes, SHI-irradiation induced shifts of the R band to higher
wavenumbers and caused growth of the D2 defect, which was similarly observed to occur
in heterogeneous multi-amorphous phased samples. A minor growth in the boroxyl
ring mode was also seen for fluences ≥ 8 × 1013 Xe ions/cm2 , which may indicate
some minor phase separation between B-rich and Si-rich regions for high doses, but
this was nominal. These changes are less evident following Au-irradiation, because
Au-irradiated samples have a larger contribution form the pristine underlayer, given
the smaller irradiation volume relative to the measured volume (∼ 1 : 15.3).
Within the crystal cluster bands, broadening of the MoO42 – internal modes was
observed with increasing Xe fluence. This occurred alongside a peak shift of 0.2 −
−0.8 cm−1 to lower wavenumbers for all internal MoO42 – vibrations indicating longer
bonds, as well as growth of the external νdef modes. These effects are once again more
pronounced following Xe-irradiation versus Au-irradiation. The broadening of internal
modes could indicate a wider distribution in CS, as well as increasing structural disorder
within Mo tetrahedra from the production of defects within crystallites. Similarly,
growth of the νdef deformation modes indicates defects within crystal chains or in
the CaMoO4 stacking. Growth of the external modes complements SEM observations
made on the distortions of large crystal clusters and the changes to the distribution of
crystallites within clusters following SHI-irradiation.
For fluences between 8×1013 – 1.8×1014 Xe ions/cm2 , Figure 7.15 shows larger contributions from the R band, and the band representing dissolved MoO42 – in the residual
amorphous network. Raman spectra of crystal clusters also showed the greatest broadening of powellite modes in this dose range, which indicates significant disorder from
defects within crystallites and/or in crystal clusters. The reduction of CS following
high Xe fluences supports this notion of defects near or within crystals. In this dose
range, smaller crystal clusters were also generally observed (see Raw data for additional images). This result implies some migration or dissolution of crystallites, which
could be contributing to an increase in the structural disorder of Mo tetrahedra.
A similar change to morphology was also observed in CM7 (see Figure 7.16). Smaller
crystal clusters appeared distorted in a similar fashion to those observed in CM5.
Furthermore, an edge smearing around larger crystal clusters with sizes > 18 µm
was also observed following Xe-irradiation (see Figure 7.16 (b), (d), and (e)). It is
worth noting that this change did not occur following β-irradiation, so it is the result
of ballistic interactions or thermal events from overlapping ion tracks, rather than
clustered electronic defects.
The observed smearing following SHI-irradiation could indicate migration of crystallites from crystal clusters into the matrix, which was predicted for CM5. As crys175
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Figure 7.16: BSE images of (a) pristine CM7; and following Xe-irradiation with fluences
of: (b) 1 × 1013 ions/cm2 , (c) 4 × 1013 ions/cm2 , (d) 8 × 1013 ions/cm2 , and (e) 1.8 × 1014
ions/cm2 ; and following Au-irradiation (f). Visible distortions in the morphology of crystal
clusters can be seen following irradiation. Micrograph dimension: 200µm × 300µm.

tallites are embedded in an amorphous matrix within the crystal clusters themselves,
this change could be owing to alterations in the borosilicate connectivity. The Raman
results in Figure 7.17 support this theory.
Within the amorphous phase, there was growth and a shift to higher wavenumbers
of the R band, along with growth of the D1 and D2 defects, which were similarly
observed to occur in all borosilicates following irradiation. There was also damping
of the boroxyl ring band, and growth of the band around ∼ 910 cm−1 , though this
growth is less prominent than it was in CM5 (see Figure 7.15). The perceived growth
of the R band can be attributed to the dissolution or migration of small particles or
individual crystallites beyond SEM detection into the matrix, which was supported by
growth of the band attributed to dissolved MoO42 – in the matrix. This growth of the
R band is considered as perceived because Raman spectroscopy is much more sensitive
to crystalline MoO42 – vibrations than to amorphous vibrations.
In the crystal clusters, there was a similar damping of the boroxyl ring mode,
along with broadening of the internal MoO42 – powellite vibrations. This indicates
an initial increase in the degree of mixing between Si−O−B network formers in the
matrix surrounding crystallites within crystal clusters. There was also damping of the
R band in parallel to an increase in the intensity of powellite vibrations. Together, these
results indicate increased clustering or packing of crystallites within crystal clusters.
This became apparent at the lowest fluence of 5×1012 Xe ions/cm2 . At this dose, there
was also growth of the external νdef deformation bands, which indicates the presence
of defects between adjacent crystals. As Xe fluence increased, the intensity of these
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Figure 7.17: Raman spectra of three identified phases or zones in CM7 following SHIirradiation. The bottom set of spectra represent the amorphous phase, the top crystal clusters, and the middle a new region that appeared to be a mix of the other two. Bands of
interest are labelled, and arrows represent intensity changes or peak shifts.

bands decreased relative to the internal MoO42 – modes, which implies some recovery of
defects within crystal chains. There was also a concurrent shift of the internal MoO42 –
modes to lower wavenumbers by ∼ 0.7 cm−1 for fluences between 1 × 1013 – 1.8 × 1014
Xe ions/cm2 , which can be correlated to CS growth [154].
In addition to the two phases that were identified at pristine conditions and which
were attributed to the residual amorphous matrix and to crystal clusters, there was an
additional phase or region identified following SHI-irradiation that appeared to be a
mix of the two (see Figure 7.17). Within this phase, there was growth of amorphous
contributions (R band) with Xe-irradiation. Similar to the amorphous matrix, there
was also an emergence of the D2 defect, and damping of the boroxyl ring band. These
changes appeared to level off for a fluence of 4 × 1013 ions/cm2 , though a small growth
of the boroxyl ring band was observed for the highest Xe fluence, which was similarly
seen in CM5.
The formation of, and changes within this region, indicate a likely mechanism of
transformation following Xe-irradiation in which the migration of crystallites plays
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a central role. The identification of this region indicates a gradient in the average
crystal content, which implies radiation-induced dispersion. Moreover, growth of the
amorphous content in this intermediary phase with Xe fluence indicates that very small
particles (< 250 nm) are continuously migrating to either crystal clusters or to the
bulk. The formation of this ‘mixed’ region could be attributed to the smeared interface
observed in Figure 7.16. This gradient in the amorphous matrix is also predicted to
occur in CM5, though an intermediary phase could not be detected. This could be
due to the larger CS in this composition, or the influence a lower [SiO2 ]/[B2 O3 ] ratio,
which could impact the average ring structures and [NBO], and subsequently the speed
of crystallite diffusion, had following irradiation.
Within the amorphous phase of CM7, changes to the silicate-based bands reached
saturation around 1 × 1013 Xe ions/cm2 . Within this phase, Xe-irradiation was beneficially observed to increase mixing within the borosilicate network through cleavage
of boroxyl rings and reformation of smaller Si−O−B mixed rings. However, as dose
exceeded 8 × 1013 Xe ions/cm2 , some reformation of boroxyl rings was observed, as
more Mo groups dissolved into the matrix.
Despite these modifications, both calcium borosilicate GCs still exhibited clustered
crystallisation with a wide distribution in the crystal cluster size. In CM5, the mode
crystal cluster size appeared to decrease following a fluence greater than or equal to
1 × 1013 Xe ions/cm2 . This observation could be a result of sampling within a heterogeneously distributed GC composition, or it could be indicative of crystallite diffusion
and reorganisation of the borosilicate network. In CM7, significant changes to the
distribution of large PS were not observed, but as radiation proceeded, the number of
smaller particles (∼ 1 µm) increased (see Raw data, page 281 for additional images).
This indicates either a migration of crystallites from larger crystal clusters to elsewhere
in the matrix, or from the bulk to the surface. Alternatively, it could be indicative
of radiation-induced precipitation of CaMoO4 , while amorphisation occurs elsewhere,
thus keeping the powellite population stable.

7.3
7.3.1

Discussion
Modifications to multi-amorphous phased calcium
borosilicates following SHI-irradiation

In heterogeneous amorphous phased compositions with molybdenum, the amorphous
phase A was observed to have increased integration of MoO42 – anions based on damping of internal MoO42 – Raman modes, and growth of the Raman band at ∼ 910 cm−1 ,
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which is attributed to isolated MoO42 – in the amorphous network. This was true for
samples in both the CM and CB series, and was similarly found to occur following
β-irradiation. It indicates that in amorphous systems with MoO3 and without prior
crystallisation, the effects of any type of external irradiation produce similar results in
preventing crystallisation by creating additional structural disorder within the molybdenum environment. This statement was supported by XRD results, which did not
show crystallisation in the majority of multi-amorphous phased samples. Although
these compositions remained fully amorphous, there were several structural modifications within the glassy phases.
The formation of smaller ring structures was a prominent feature of all silica-rich
phases in this study. The shift of the Raman R band to high wavenumbers, and
growth of the D1 and D2 defects were all typical features of SHI-irradiated borosilicates
[2, 4, 68, 157]. These modifications imply defect-assisted breaking of large 6-membered
rings and reformation of smaller 4- or 3-membered ones [188, 198]. The initial process
of ring cleavage is predicted to increase the dissolution of MoO42 – entities by enabling
easier migration of ions. EDS analysis supported this notion, as significant migration of
Ca and Mo atoms occurred for doses less than 8 × 1013 Xe ions/cm2 . The formation of
smaller rings may also have created larger depolymerised areas within the general glass
structure. As this is the preferential location for MoO42 – groups in a glass [16, 42, 46],
it too could have led to the increased integration of molybdenum within the borosilicate
network from previously clustered tetrahedra.
Some phase separation within these amorphous calcium borosilicates is also expected as there were intensity changes to the Raman bands assigned to Qn units, rings
containing one or two tetrahedrally coordinated boron units (∼ 700 − 800 cm−1 ), and
B−O – bond elongation. These alterations were more evident in the calcium borosilicate without molybdenum. However, all of the amorphous samples in the CB and CM
series containing molybdenum did show bands attributed to boroxyl rings and threemembered SiO4 rings. In the CB series, increasing [B2 O3 ] was observed to increase the
intensity of the boroxyl ring mode, but decrease the intensity of the D2 defect. This
suggests that ion tracks will preferentially target B−O · .. linkages, thus enabling the
reformation of boroxyl rings, rather than Si−O · .. bonds when the [SiO2 ]/[B2 O3 ] ratio
approaches ∼ 2.8. In the CM series, additions of MoO3 primarily affected the boroxyl
ring band, although this occurred non-linearly with respect to [MoO3 ], while growth of
the D2 appeared independent of [MoO3 ]. In either case modifications to these bands
was smaller in the CM series than in the CB series. Regardless, changes to both bands
occurred at low doses and saturated quickly. These observations indicate that inclusion
of MoO3 in the amorphous phase for a fixed [B2 O3 ] may be assisting in creating an
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increased level of disorder that thus limits the extent of single element ring formation
following SHI-irradiation. It also implies that MoO42 – groups are in boron-rich regions
of the glass, and can therefore have a greater impact on BO4 – structural units than
SiO4 units.
The persistence, and often growth, of these bands with dose does indicate lingering
phase separation between boron and silica-rich regions, whereas increased mixing was
often observed in these samples following β-irradiation. In the residual phase A, most
of these modifications saturated around 4 × 1013 Xe ions/cm2 . This observation further
supports the theory that radiation damage creates several structural changes, but that
these alterations saturate based on some radiation-induced recovery processes from the
heat generated along ion tracks. This saturation can also be correlated to the system
quench rate, or the Tf found following SHI-irradiation [13, 77].
The effects of α-decay have been previously linked to an increase in the stored
energy of a system, and therefore Tf . This increase in stored energy depends on
both nuclear and electronic interactions, with the α-recoil having the greatest impact.
Similar to mechanical properties, changes to the stored energy were also observed to
plateau around ∼ 1018 α-decays/g, and around ∼ 4 × 1018 α-decays/g for Tf [77]. The
structural alterations resulting from an increase in stored energy are similar to those
occurring following fast quenching, and are akin to those represented by Raman results
in this study, such as Si/B-O-Si/B bond breakage and reformation. Therefore, it can be
hypothesised that high-energy SHI-irradiation induced changes within the borosilicate
glass network are similar to those resulting from rapid quenching, hence why greater
disorder and increased Mo solubility were often observed post irradiation. An increase
in Tf has also been correlated to an increase in the relative number of BO3 groups
[199], so this could account for the continual presence of the boroxyl ring band.
While most of the heterogeneous calcium borosilicates (CM1, CM2.5, CB7, CB15,
and CB23) remained multiphased and amorphous following SHI-irradiation, one sample
did not. CM1 irradiated with 5 × 1012 Xe ions/cm2 showed the formation of a single
crystal in the (0 2 8) direction. This finding could either indicate radiation-induced
precipitation, or it could be a result of initial sampling variations. As bulk powder
measurements did not show any crystal peaks, the former explanation is more likely.
Radiation-induced precipitation of molybdate phases has not been previously observed,
but CaMoO4 formation has been seen following heat treatments greater than or equal
to ∼ 630 °C [53, 173, 180]. Although the deposited energy of SHIs will be far less
than the energy associated with ∼ 630 °C, localised areas along ion tracks could have
theoretically created the necessary environment needed for nucleation according to the
thermal spike model [72]. Furthermore, it is predicted that MoO42 – anions and Ca2+
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cations in the amorphous phase are attracted by weak Van der Waals forces, or are
at least in close proximity to each other. Therefore, the deposited energy consistent
with 5 × 1012 Xe ions/cm2 was able to initiate the precipitation of small and isolated
crystallites along ion tracks without steric hindrance, while more energy consistent with
fluences ≥ 1 × 1013 Xe ions/cm2 was able to reamorphise any formed precipitates by
increasing the general disorder of the system. In all other irradiated samples of CM1,
no crystallisation was detected by XRD. Therefore, Xe-irradiation mostly appeared
to prevent CaMoO4 crystallisation in calcium borosilicates, and where it caused some
precipitation, this was remediated with increasing fluence.
Though CM1 had less molybdenum than CM2.5, it was the composition that showed
formation of a crystallite following 5 × 1012 Xe ions/cm2 . This is predicted to result
from the initial distribution of Mo anions following synthesis. In this composition, the
viscosity of phases A and B were predicted to be more similar, as discussed in Chapter 3.
As a result, mixing between and within each phase was limited during cooling before Tg
was reached. This could have resulted in increased clustering of MoO42 – anions, which
enabled crystal formation with the addition of irradiation energy. This is in contrast
to CM2.5, where the lower viscosity phase B had a longer period of time to mix and
coalesce, thus diluting MoO42 – anions within the amorphous phase. Consequently,
increasing [MoO3 ] in the initial composition appeared to prevent radiation-induced
precipitation of CaMoO4 .

7.3.2

Structural modifications to calcium borosilicates GCs

Similar to multi-amorphous phased calcium borosilicates, GCs in this chapter appeared
to have increased integration of MoO42 – anions within the residual amorphous phase
following SHI-irradiation, but this was not observed to occur following β-irradiation.
There was also either a lack of, or damping of the boroxyl ring band with fluence, which
suggests increased Si−O−B mixing within the borosilicate network of GCs. This was
true except at the highest Xe fluence of 1.8 × 1014 ions/cm2 , where minor reformation
of boroxyl rings was observed, along with a marginal damping of the D2 defect. These
observations indicate an initial increase in Si−O−B mixing, until the highest Xe fluence
was reached, at which point some phase separation of B-rich and Si-rich rings occurred.
As phase separation was a characteristic of the calcium borosilicate system without
molybdenum following irradiation (see Figure 7.11), the results suggest migration of
crystallites from the amorphous matrix in GCs (either to crystal centres or dissolved
into the bulk), thus resulting in an amorphous phase more similar to CaBSi. Moreover,
it can be predicted that the presence of crystalline molybdates in the matrix limited
initial phase separation within the borosilicate network following SHI-irradiation.
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The mechanism of alteration within the crystalline phase is predicted to proceed
through two avenues. Some crystals are predicted to amorphise, while others move to
larger crystal clusters via defect-assisted or thermal diffusion. The combination of these
effects caused a non-uniform distortion of crystal clusters in CM5 and CM7, along with
growth of the Raman band at ∼ 910 cm−1 attributed to dissolved MoO42 – in CM5.
In the GC CM7, Raman spectroscopy was used to identify the formation of an
additional phase, or characteristically different region following SHI-irradiation (see
Figure 7.17). This region appeared to be a mix of the amorphous matrix and crystal
clusters, which themselves had a larger or smaller amorphous contribution, respectively,
following SHI-irradiation. This indicates that while some crystal clusters became more
condensed, and therefore exhibited no Raman R band, other regions became more
disparate with dispersed crystals, hence the formation of this ‘mixed’ region. This
could account for the smearing observed around larger crystal clusters in Figure 7.16.
It could also be correlated to crystallite scattering, which resulted in additional smaller
crystal clusters (∼ 600 nm − 5.5 µm in diameter) being seen at higher Xe fluences.
The presence of this ‘mixed’ region supports a mechanism of diffusion between crystal
centres and the residual amorphous matrix. The actual mechanism of diffusion can
involve melting and rapid quenching, or vacancy-assisted motion enabled by defects in
the surrounding amorphous matrix [200].
The observed distortions in Figures 7.13 & 7.16 may indicate that ion tracks enabled
crystallite migration, which subsequently caused morphological changes to crystal clusters. There was also evidence that the packing of crystals increased in some areas, and
became more sparse in others within these crystal clusters. This is predicted to be
a thermal response to the deposited energy from SHI-irradiation, in which crystals
are allowed to relax and can aggregate to form more ordered systems. Similarly, the
surrounding amorphous matrix also exhibited migration and/or amorphisation of individual CaMoO4 crystallites or small crystal clusters (< 500nm). The increase in the
intensity of the Raman band at ∼ 910 cm−1 does indicate some amorphisation, but as
the particle density of the crystalline phase (based on an area basis from imaging) did
not change significantly, migration of crystallites to larger clusters may be a parallel
response.
Although crystal cluster distortions on this scale have not been previously seen
to the author’s knowledge, SHI-irradiation has been observed to elongate previously
spherical Au nanocrystals embedded in a SiO2 matrix [201]. In that study, Leino et al.
hypothesised that a dynamic crystal-liquid-crystal phase transition was occurring in the
direction of liquid flow towards an underdense ion track area within the silicate network.
In this thesis, the crystal clusters did not show any specifically orientated distortion,
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which can be attributed to the initial random orientation of crystals, and the fact that
clustered crystals behave differently to single crystals due to steric effects. Nevertheless,
the dense overlapping Xe ion tracks in this set of irradiation experiments could have
produced a similar mechanism of amorphisation and reprecipitation, especially along
the crystalline - amorphous interface.
In CM5, growth of the Raman band around ∼ 910 cm−1 with Xe fluence indicates
amorphisation of some crystallites, which was more prominent in CM5 at high Xe fluences than in CM7. This can be correlated to the lower [SiO2 ]/[B2 O3 ] ratio in CM5.
More B2 O3 in the matrix may have enabled easier dissolution of MoO42 – through an
increased production of NBOs following SHI-irradiation. Although 11 B MAS NMR
measurements were not conducted on irradiated samples due to the irradiation volume
being very small (1 : 42 of the total sample volume), and the necessity to destroy the
sample surface, it can be assumed that SHI-irradiation caused a reduction in the boron
coordination (BO4 −−→ BO3 + NBO), as has been previously observed in many irradiated borosilicate glasses [76, 110, 202]. The formation of boron associated electronic
defects could also have enabled the greater magnitude of change observed with respect
to CS in CM5. In this investigation, it appeared that increased amounts of SiO2 in the
composition prevented some amorphisation of small CaMoO4 crystals, but it enabled
an easier dispersion of crystallites.
The radiation-induced amorphisation process has been theoretically predicted to
occur in highly ordered systems following α-decay of radioactive elements, in which
transmutation of 239Pu can result in thousands of displacements per decay event [22,
203]. In candidate ceramic wasteforms, the radiation-induced crystalline to amorphous
transition is predicted to result from overlapping ion tracks, and amorphisation occurs
when a critical defect population is reached [204]. Although the defect structure was not
directly measured in this irradiation experiment, we can conclude that point defects are
created by external irradiation in proportion to dose, and that they result in longerrange structural transformations from the β-irradiated sample sets in Chapters 5 &
6. Several of these structural modifications, known to be the repercussions of defect
accumulation, were similarly observed in the results of this chapter.
Amorphisation of powellite single crystals has not been experimentally observed
following Ar-irradiation, which induced 5 dpa of damage [154], but it may have occurred in this study. In these synthetic GCs, crystals are predicted to be quenched
to a state above full relaxation [146], which implies some pre-existing defects in the
crystal structure. This pre-existing condition may have lowered the transition barrier
for amorphisation, thus making the process easier. Therefore, as defects are accumulated with fluence, it is assumed that the critical defect population was reached for the
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achieved SHI fluences, which initiated the amorphisation or migration of some crystallites with a higher concentration of pre-existing defects. In single crystals, a much
greater fluence would be required to achieve the same results, hence why amorphisation
has not previously been detected.
Independent of possible amorphisation processes, non-linear powellite CS patterns
with respect to dose were observed in this chapter. Crystals were found to first expand,
then contract, before expanding again to reach a plateau in modification. From the CS
patterns with dose in Figure 7.18, it can be seen that calcium borosilicate GCs exhibited
a growth in CS following initial Xe-irradiation, as was similarly observed following Auirradiation. With increasing Xe fluence, CS reached a minimum at 1×1013 Xe ions/cm2
before growing marginally towards an equilibrium in crystallinity for fluences between
4 × 1013 – 1.8 × 1014 Xe ions/cm2 . This indicates a stabilisation in transformations,
where the defect population is presumed to have saturated, based on some thermal
recovery processes from overlapping ion tracks.

Figure 7.18: Plots of powellite CS and cell parameters of calcium borosilicate GCs following
Xe-irradiation. The figure on the left is for CM5, and the one on the right is for CM7.

It is interesting to note that CS was always larger in CM7 following SHI-irradiation,
whereas CS was smaller than its pristine counterpart in CM5 for fluences between
1 × 1013 – 1.8 × 1014 Xe ions/cm2 . Therefore, size of the original crystallite is a factor
to the radiation-induced response. For larger crystallites (> 80 nm), high fluences
caused a reduction in CS as compared to pristine conditions, while smaller crystallites
(< 50 nm) showed growth. This can also be correlated to the crystal quality of pristine
crystals. CM7 had powellite crystals with cell parameters closer to single crystal values
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[146] (see Chapter 3, page 67). Therefore, crystals in CM7 were closer to ground state,
whereas crystals in CM5 presumably had additional defects resulting from fabrication, a
phenomenon that has been previously observed to occur in synthetic GCs [28, 157, 198].
These additional defects are assumed to cause a drastic reduction in CS through bond
cleavage when a certain critical defect population was reached that was lower in CM5
than in CM7.
In contrast, Au-irradiation always induced CS and cell parameter growth. This
was similarly observed for Ar-irradiated powellite single crystals [154]. Therefore, it
can be assumed that any type of SHI-irradiation replicating nuclear interactions will
produce similar results to thermal expansion. The a and c cell parameters for powellite
in both GCs are consistent with those in the range of powellite heat treated with
100 − 200 °C [172]. While creating results similar to thermal processes, the general
unit cell expansion following SHI-irradiation can also be attributed to void formation
and vacancies created by atomic displacements that eventually lead to dislocations
within the lattice of crystallites. Nevertheless, this knowledge could be used to develop
initial temperature-based assessments for nuclear waste candidate materials instead of
external irradiation experiments, as these are both costly and have limited access.
It can therefore be concluded that while many structural changes were observed
following SHI-irradiation, these modifications saturated around 4 × 1013 Xe ions/cm2
in the amorphous phase, while bulk crystallinity appeared to reach an equilibrium state
around 1×1013 Xe ions/cm2 . This is not to say that no modifications are occurring past
these fluences, rather that there are competing processes, and therefore any subsequent
changes will have a small effect on the average structure. For example, some small
CaMoO4 crystal clusters may be amorphising in CM5 at 1.8 × 1013 Xe ions/cm2 , but
migration of Ca and Mo from the bulk may be aiding in the precipitation of additional
powellite crystals. Moreover, the heat generated from ion tracks could be remediating
some point defects, thereby limiting longer-order transformations.

7.3.3

Comparing different types of radiation sources on the
structure of amorphous calcium borosilicates

The effects of β-irradiation on the morphology of phase C deposits were sometimes
different to those observed following SHI-irradiation. In the CB series, β-irradiation
caused a coalescence of phase C deposits for [B2 O3 ] ≤ 15 mol%, while a scattering
was observed for [B2 O3 ] ∼ 23 mol%. In contrast, SHI-irradiation appeared to cause a
general scattering of phase C deposits that shifted the average particle size distribution
to smaller values (from ∼ 3 − 18 µm to ∼ 2 − 15 µm). The distribution of phase
C deposits within phase B also appeared to become more uniform with dose. This
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was also true of the amorphous compositions in the CM series, and was similarly
observed to occur following β-irradiation, but to a lesser extent in that case. These
morphological differences suggest that boron coordination shows sensitivity to various
types of external radiation sources, and therefore controls the type of changes seen
within phase B, as boron coordination is tied to the role of cations in the glass structure
(network former vs. network modifier). This is supported by EDS analysis, which
indicates a migration of Ca ions between the phases, and specifically the B – C interface,
which further indicates that Ca migration is correlated to geometry changes of phase
C deposits.
EDS analysis also indicated that the migration of atoms from the bulk to the surface
was a significant occurrence following both β and Xe-irradiation. It may indicate the
effects of charge-based diffusion instigated by the created electric field from incoming
charged particles. The induced charge and defects from high dose rates on small
volumes may have caused free Ca atoms to migrate to voids at the surface, or it
may have enabled the creation of hole centres that dislodged cations, thus promoting
Ca migration. A thermal process replicated by the added energy resulting from ion
interactions could also be driving Ca motion. It is likely a combination of the two, but
defect-assisted diffusion is predicted to be the main mechanism, as a saturation level
in atomic concentrations was observed in this chapter around 8 × 1013 Xe ions/cm2 .
The observed changes to morphology and composition suggest that the bonds closer
to the A – B interface are intrinsically weaker, hence why greater alteration to phase C
morphology and distribution was always observed in this region following either β or
SHI-irradiation. While amorphous systems primarily contain covalent bonds between
network formers and ionic bonds between cations and network formers, the bonds
between phases are inherently weaker due to changes in atomic ordering [205]. This
occurs in binary crystalline-amorphous systems, as well as in some doped polymeric
structures where the bonds at the interface show greater sensitivity to changes within
the electronic structure or to induced displacements [205, 206]. Therefore, weaker bonds
are predicted to form between compositionally and structurally different amorphous
phases, which subsequently resulted in more evident modifications along the phase-tophase interfaces following external radiation. The presence of multiple phases may also
direct ion tracks, and therefore recovery processes towards a specific phase, based on the
respective properties of each phase. This too would result in the greater modification
to the area near interfaces.
In terms of changes detected by Raman spectroscopy, similar shifts in the R band
were observed following all three types of irradiation. It was less pronounced in the Auirradiated samples, but this is predicted to be a result of both the smaller irradiation
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volume, and the varying effects of nuclear and electronic interactions. The intensity
of the D2 defect and damping of the boroxyl ring band were less significant following
SHI-irradiation than those observed in Chapter 5 for β-irradiated samples. This indicates that while β-irradiation may have caused cleavage of boroxyl rings and increased
the Si−O−B mixing, SHI-irradiation did not have this effect. The persistence of the
boroxyl ring in amorphous calcium borosilicates could indicate an increased fraction of
BO3 units, which enabled the continued reformation of boroxyl rings as some others are
destroyed. Therefore, the degree of phase separation was maintained in some systems,
while it grew in others when subjected to SHI-irradiation.
With regards to the crystallinity of powellite, very different trends were observed following SHI-irradiation than to β-irradiation. Following 1.34 GGy of β-bombardment,
CS was observed to grow and the powellite cell parameters decreased. Although initial Xe and Au-irradiation also showed CS growth, the cell parameters likewise grew,
which suggests a significant creation and clustering of voids within crystal lattices, as
opposed to only thermal-like relaxation processes. For increasing Xe fluence, a significant reduction and saturation in CS, and the cell parameters was observed for doses
greater than 1 × 1013 Xe ions/cm2 , where the CS saturation value was dependent on
composition and the initial size of crystallites. The contrary trends between β, Au, and
Xe-irradiation suggest that the different elements of internal radiation will act against
each other on the powellite phase. The patterns suggest that CS will be preserved
close to pristine conditions within certain tolerance levels when embedded in a calcium
borosilicate matrix if the processes are assumed to be additive. This is an important
conclusion in assessing the radiation resistance of CaMoO4 .

187

Influence of SHI-irradiation on calcium borosilicates

188

Chapter 8
Impact of SHI-irradiation on soda
lime borosilicate glasses and GCs
Several macroscopic property changes observed following internal or external radiation
are a direct result of atom displacements produced from elastic collisions, and electronic
excitation from ionisation events. While the latter produces a range of paramagnetic
defects and has the capacity to induce local annealing that can lead to the amorphisation of crystallites such as CaMoO4 , the former can cause structural reorganisation
of network formers that can induce amorphous - amorphous phase separation, cationic
migration, or change the balance of units being charge compensated, thus promoting
or remediating molybdate formation [2, 10, 12]. These changes can affect the physicochemical properties of the wasteform, and must therefore be investigated.
As mentioned in Chapter 7, these modifications appear to saturate for α-decay doses
up to 2 × 1018 α/g, which is on the scale of ∼ 1000 years of storage (see Figure 1.11)
[2–4]. Therefore, by replicating the expected nuclear and electronic interactions in this
dose range, we can gain insight into the maximum damage a nuclear wasteform will
undergo given current waste loading standards. In this chapter, we sought to investigate how soda lime borosilicates with interspersed CaMoO4 crystallites would respond
to a similar dose regime. It further sought to identify if a saturation in structural
modifications could also be determined for GCs, which could be useful for long-term
modelling of nuclear wasteform durability and potential environmental contamination
risks.
In order to replicate the maximum damage occurring within a material following
α-decay, two heavy ion irradiation experiments were performed. One induced displacements, thus simulating nuclear collisions, and the other replicated electronic interactions resulting from internal decay processes on an accelerated scale. To induce ∼ 1
dpa of ballistic damage, 7 MeV Au3+ ions with a fluence of 3 × 1014 ions/cm2 were
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used. As mentioned in Chapter 2, Au-irradiation can be used to replicate the damage
resulting from nuclear stopping of the α-recoil. In contrast, Xe-irradiation was used
to create overlapping ion tracks, which can replicate defect creation and annealing. 92
MeV Xe 23+ ions with a flux of 2.3 × 109 ions/cm2 ·s were used on five different sample sets to achieve fluences of 5 × 1012 , 1 × 1013 , 4 × 1013 , 8 × 1013 , and 1.8 × 1014
ions/cm2 . In homogeneous systems, the maximum damage structure is found around
1 × 1013 ions/cm2 for high-energy SHIs [2, 3, 157], therefore the fluences in this range
should be able to detect a plateau in modifications if one exists for these compositions. The penetration depth of these Xe ions is ∼ 12 µm, compared to ∼ 1.5 µm
for Au-irradiation. Therefore, only surface analytical techniques were used to identify
the effects of SHI-irradiation, but measurements still often had a contribution from the
pristine underlayer.
In this thesis, several GCs were synthesised with the desire to elicit the precipitation of a powellite (CaMoO4 ) phase to trap molybdenum in a water-durable form. In
this chapter, the durability of CaMoO4 against amorphisation or cationic substitution
following α-decay events consistent with long-term storage was primarily being testing.
It also assessed whether the added energy from SHI-irradiation or the induced structural modifications could cause either precipitation of additional crystalline phases, or
the amorphisation of pre-exiting separated phases. The behaviour of the residual glass
matrix was also of interest, to see if it responded to radiation in the same manner with
and without interspersed molybdate crystallites.
The mechanisms of alteration were investigated using XRD, SEM imaging and
quantitative analysis, as well as Raman spectroscopy. Together these techniques were
able to describe changes to the crystallinity, particle morphology, and compositional
gradients by element across phases. They were also used to detect any possible cationic
substitution in powellite or the precipitation of additional crystalline phases.

8.1

Microstructure and compositional changes

As Chapters 4 & 6 describe, a series of GCs were successfully synthesised to promote the
crystallisation of CaMoO4 and prevent the formation of Na2 MoO4 for up to 10 mol%
MoO3 in a soda lime borosilicate glass matrix. These powellite crystallites formed
evenly distributed particles throughout the glassy matrix, where the size of particles
was proportional to [MoO3 ]. Using SEM and XRD, two groups of PS and CS were
identified. One PS was in the range of 200 – 400 nm with CS ∼ 50 nm for MoO3 ≤ 2.5
mol%. The other PS was in the range of 0.5 – 1.0 µm with CS ∼ 140 nm for MoO3 ≥ 7
mol%. Following β-irradiation, CaMoO4 crystallites did not experience amorphisation
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or cationic substitution, but a non-linear trend in CS with respect to dose was observed,
along with a reduction in the average crystal quality based on increased structural disorder. This change was hypothesised to result from the competition between relaxation
processes initiated by the added energy from β-bombardment, and the formation and
accumulation of electronic defects.
Irradiation with Au and Xe ions produced several changes, some of which were
different to those seen following β-irradiation. All amorphous samples (NaBSi, CNO,
and CNG1) remained single-phased and fully amorphous, while GCs remained twophased with crystalline CaMoO4 as the only precipitate following SHI-irradiation (see
Figure 8.1), as they similarly did following β-irradiation.

Figure 8.1: EDS maps of CN10 following Xe-irradiation with a fluence of 1.8 × 1014 ions/cm2 ,
which indicate that particles are still CaMo-rich and that Na remains in the glassy matrix.
From left to right: Si (green), Na (pink), Mo (aqua), and Ca (blue). Micrograph dimensions:
11µm × 11µm.

For compositions with [MoO3 ] ≤ 2.5 mol%, the size of particles remained fairly
consistent with the range of PS becoming smaller by ∼ 50 nm (see Figure 8.2). The
distribution of particles within the amorphous phase also appeared to become more
evenly spaced with increasing Xe-irradiation. It is hypothesised that changes within the
amorphous network enabled migration of particles or their constituents, thus resulting
in the observed changes to particle size and distribution.
In CNG1.75, the number of particles also appeared to increase somewhat for a
fluence of 8 × 1013 Xe ions/cm2 (see Figure 8.2 (d)). This occurred alongside a minor
reduction in the average PS by ∼ 50 nm. This non-uniform trend with respect to dose
could either be due to radiation-induced alterations, or pre-existing differences in the
sample microstructure prior to irradiation. If due to irradiation, this result would also
indicate some migration of crystallites.
Parallel changes of increased uniformity in the PS and particle distribution could
also be observed for Au-irradiated CNG1.75, although as Figure 8.2 (f) indicates,
particles did appear to become less populous at the surface. This result could suggest
partial amorphisation of crystallites, or greater diffusion of crystals to larger particles
or to the bulk, in comparison to Xe-irradiation.
Slightly different trends were observed for CNG2.5 (additional micrographs are
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Figure 8.2: BSE images of CNG1.75 following irradiation with Xe and Au ions. Images illustrate only minor modifications in the size and distribution of particles for samples irradiated
with: (a) 5 × 1012 Xe ions/cm2 ; (b) 1 × 1013 Xe ions/cm2 ; (c) 4 × 1013 Xe ions/cm2 ; (d)
8 × 1013 Xe ions/cm2 ; (e) 1.8 × 1014 Xe ions/cm2 ; and (f) 3 × 1014 Au ions/cm2 . Micrograph
dimensions: 10µm × 7µm.

provided in the Raw data, page 279). While the range of particle sizes became more
homogeneous in this composition with fewer particles < 150 nm in diameter following
SHI-irradiation, the range of PS shifted with dose. After initial irradiation with 5×1012
Xe ions/cm2 , smaller particles with PS ranging between ∼ 50 – 175 nm were observed
for this composition. As the fluence increased to 1.8 × 1014 Xe ions/cm2 , PS ranged
from ∼ 100 – 250 nm, indicating an initial decrease and then growth of PS with dose.
This could be a result of amorphisation and reprecipitation of crystallites to and from
the bulk, or the migration of very smaller particles < 150 nm that were difficult to
resolve on the SEM to larger particles.
Similar to CNG1.75, particles in CNG2.5 also appeared to become somewhat smaller
and more populous for a fluence of 8 × 1013 Xe ions/cm2 (see Figure 8.2 (d)). This
result implies that a radiation-induced alteration is likely causing this change in microstructure, as opposed to sampling. Following Au-irradiation, particles in CNG2.5
also appeared to become fewer in number, as was similarly observed for CNG1.75 (see
Figure 8.2 (f)). This trend implies a similar mechanism of alteration in these low-Mo
bearing compositions following Au-irradiation. As the scale at which these changes
occurred are reaching the SEM detection limits, the key consideration to note is that
any modifications to PS following SHI-irradiation are minor following the maximum
fluence for compositions with [MoO3 ] ≤ 2.5 mol%.
For compositions with high [MoO3 ] (≥ 7 mol%), the distribution of particles also
appeared to become more homogeneous (see Figure 8.3). As Xe fluence exceeded
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8×1013 Xe ions/cm2 , distortions of the originally spherical particle shapes could also be
observed. These distortions could be attributed to surface roughness in these samples,
or to defect-associated changes within crystal clusters. Modifications to particle or
crystal cluster geometry were also noted to occur in calcium borosilicate GCs following
Xe-irradiation, as Chapter 7 discusses. Therefore, radiation-induced distortions are a
likely cause to the changes observed in Figure 8.3.
Several of these high Mo-bearing samples also displayed black spots on BSE images
(see Figure 8.3 (a) - (c)). They could be impingement ‘holes’ from Xe-irradiation, or
the charring of any remaining resin spots on the surface. The crystal bond used during
sample preparation was very difficult to remove despite multiple baths in various known
solvents, physical buffing, and additional polishing. As the black spots are quite large
(∼ 0.5 µm), the latter explanation is more probable.

Figure 8.3: BSE images of CN10 following irradiation with Xe and Au ions showing partial
distortions in particle morphology for fluences of: (a) 5 × 1012 Xe ions/cm2 ; (b) 1 × 1013 Xe
ions/cm2 ; (c) 4 × 1013 Xe ions/cm2 ; (d) 8 × 1013 Xe ions/cm2 ; (e) 1.8 × 1014 Xe ions/cm2 ;
and (f) 3 × 1014 Au ions/cm2 . Micrograph dimensions: 10µm × 7µm.

Compositionally, there are several changes induced by SHI-irradiation. The amorphous sample CNG1 remained single-phased according to electron imaging and XRD,
with a small variance of ± 0.1 in the [Mo]/[Ca] ratio following initial irradiation with
Xe ions. For doses exceeding 5 × 1012 Xe ions/cm2 , an increase in the amount of Mo
and Ca was observed at the surface. This increase could indicate ionisation-induced
migration and clustering at the surface that required a minimum fluence to exceed the
activation barrier for motion. The rate of migration for each ion was different, however,
resulting in a maximum [Mo]/[Ca] ratio at a fluence of 4 × 1013 Xe ions/cm2 , as Figure
8.4 indicates. This inflection point indicates a critical dose at which Ca atoms move
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away from the surface before returning again at higher doses. Mo migration follows
a similar pattern, but the rate of change is slower, and the magnitude of change is
smaller. This difference is owing to the size and charge of each respective element.

Figure 8.4: The [Mo]/[Ca] and [Ca]/[Si] ratios of Mo-bearing samples in the CN series following SHI-irradiation with Xe ions (fluences: 5×1012 −1.8×1014 ions/cm2 ), and Au ions (3×1014
ions/cm2 ). For Xe-irradiated samples, a saturation appears around 8 × 1013 ions/cm2 . For
all plots, statistical uncertainty is smaller than the data points.

In GCs, the trends for the [Mo]/[Ca] ratio with respect to Xe-irradiation were
observed to vary with composition. The [Mo]/[Ca] ratio in crystalline precipitates was
generally found to increase following initial irradiation with 5 × 1012 Xe ions/cm2 . This
growth in [Mo]/[Ca] reached a maximum between 1 − 4 × 1013 Xe ions/cm2 , before
decreasing for larger fluences. An exception to this decrease occurred in CNG1.75
irradiated with 1.8 × 1014 Xe ions/cm2 .
In high Mo-bearing compositions, the [Mo]/[Ca] ratio of the amorphous phase became greater than one. This could indicate a scattering a crystals, or that measurements included subsurface particles, which were partially identifiable by BSE imaging.
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Alternatively, this could allude to defects within crystals that release Ca atoms, which
subsequently rapidly migrate away from the surface of the residual matrix. For doses
greater than 4 × 1013 Xe ions/cm2 , the results are consistent with some dissolution
of Mo groups into the bulk. A general surface-to-bulk migration is assumed as the
[Mo]/[Ca] trends are similar for measurements in both the crystalline and amorphous
phase. The initial migration of Ca atoms at low Xe fluences (≤ 4 × 1013 Xe ions/cm2 )
is particularly pronounced in the amorphous phase of high Mo-bearing GCs (CNG7
and CN10).
In CN10, there was a return of [Ca] and [Mo] to both the crystalline and amorphous
phases to levels closer to pristine conditions following fluences greater than or equal
to 8 × 1013 Xe ions/cm2 . This could indicate some initial surface-to-bulk migration of
Ca and then Mo, followed by reprecipitation of CaMo-species at the surface for higher
doses. Regardless of the specific mechanisms, the reversion to pristine ratios at higher
Xe fluences indicates some stabilisation of powellite crystallites following Xe-irradiation
when embedded in a sodium borosilicate network. The conversion to ratios closer to
pristine values at fluences ≥ 8 × 1013 Xe ions/cm2 is also observed in low Mo-bearing
compositions. However, in these cases there appeared to be a secondary migration of
Ca atoms towards the bulk at 1.8 × 1014 Xe ions/cm2 , or some dissolution of small
crystallites (< 150 nm) around a fluence of 8 × 1013 Xe ions/cm2 .
While the mechanism of alteration is not clear from these results alone, the general
ratio patterns with respect to dose suggest a saturation in compositional changes within
both crystalline precipitates and the amorphous phase for doses ≥ 8×1013 Xe ions/cm2
(see Figure 8.4). In general, an initial decrease in the number of Ca atoms at the surface
is observed, which can be tied to a charge driven migration of ions into the bulk. This
response has previously been seen for Na+ ions following irradiation, and is predicted
to result from electric field-assisted diffusion and a kinetic energy transfer from the
incoming ions [162, 207]. It is curious that Ca was observed to migrate from the bulk
to the surface in calcium borosilicate glasses following irradiation, whereas the opposite
was initially observed here. This observation suggests that the presence of Na in the
matrix may aid in enabling field-assisted diffusion of cations.
It was also interesting to observe that the effects of Ca and Mo migration within
crystal particles were more pronounced following Au-irradiation. This was also true
within the amorphous phase of Gd-doped samples. These collective observations indicate that defect-assisted or thermally-driven diffusion of atoms is a slower process than
those assisted by ballistic displacements.
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8.2

Changes to crystallinity according to XRD

XRD was used to identify the existence of any crystalline phases, and it confirmed
the presence of only powellite following SHI-irradiation (see Raw data, page 263 for
spectra). Although no cationic substitution or precipitation of NaMoO4 took place,
there were still some changes to the CaMoO4 structure and size domain following
SHI-irradiation. Whole pattern Rietveld refinements of diffractograms using Topas
v4.1 [118] enabled changes to peak broadening and peak position to be identified.
Broadening was fit using a single parameter Scherrer CS that represents the average
crystal quality, while changes to the cell parameters were determined using peak shifts.
Through this technique changes to the crystallinity of powellite, or the relative concentration of defects within crystal lattices, could be assessed following SHI-irradiation.

8.2.1

Effects of Au-irradiation

In these experiments, different trends were observed for irradiation with Au and Xe
ions. The calculated CS values and cell parameters for Au-irradiated samples can be
seen in Table 8.1. From the visualisations in Figure 8.5, it is evident that Au-irradiation
caused growth of both CS and the cell parameters of powellite. The expansion of the
unit cell cannot alone account for the changes in CS, therefore an additional process
must be taking place to enable CS growth.
Table 8.1: Scherrer CS in diameter and cell parameters of powellite for samples in the CN
series before and after Au-irradiation.
Sample
ID

CS (nm)

a (Å)
pristine

c (Å)

CS (nm)

a (Å)
Au-irradiated

c (Å)

CNG1.75

51.27
(± 2.26)
55.09
(± 2.08)
143.38
(± 2.54)
125.24
(± 1.94)

5.2289
(± 0.0011)
5.2280
(± 0.0080)
5.2265
(± 0.0001)
5.2264
(± 0.0001)

11.4606
(± 0.0034)
11.4593
(± 0.0025)
11.4558
(± 0.0003)
11.4554
(± 0.0030)

80.96
(± 3.16)
71.62
(± 4.99)
236.24
(± 9.68)
174.62
(± 6.70)

5.2294
(± 0.0006)
5.2326
(± 0.0012)
5.2312
(± 0.0002)
5.2310
(± 0.0002)

11.4621
(± 0.0019)
11.4669
(± 0.0039)
11.4630
(± 0.0005)
11.4648
(± 0.0006)

CNG2.5
CNG7
CN10

The magnitude of change in CS was larger for high Mo-bearing samples (with
[MoO3 ] ≥ 7 mol%), which implies that either there was some diffusion-assisted growth
of crystallites, or that some powellite precipitation took place in these compositions.
Alternatively, it could indicate a greater sensitivity of these compositions towards accumulated defects and a propensity for void formation. This latter effect can be a
direct result of displaced atoms within crystallites following nuclear collisions.
196

Impact of SHI-irradiation on soda lime borosilicate glasses and GCs

Figure 8.5: Changes to CS and the a and c powellite cell parameters following Au-irradiation
with a fluence of 3 × 1014 ions/cm2 .

The magnitude of change in the cell parameters was also larger in this high [MoO3 ]
range. In comparison, changes to the cell parameters often fell within the estimated
standard deviation for low-Mo bearing samples. Nevertheless, expansion occurred in
both unit cell directions and growth of CS was always observed following Au-irradiation
for all compositions. It is interesting that the CS growth induced by Au-irradiation
is smallest for CNG2.5. This result again outlines the anomalies observed for this
composition.

8.2.2

Effects of Xe-irradiation

In comparison to Au-irradiation, a non-linear trend with respect to fluence was observed
following Xe-irradiation, as the data in Table 8.2 indicates. In general, exponential
decay of CS was observed for most compositions, while an initial increase and then
decrease in the cell parameters was observed before a plateau in crystallinity could be
identified.
In the case of CNG7 and CNG2.5, CS initially increased following a dose of 5 × 1012
Xe ions/cm2 by ∼ 30 nm and ∼ 5 nm, respectively, before decreasing significantly and
saturating at CS below pristine conditions (see Table 4.1 for analysis of unirradiated
samples) for doses between 1 × 1013 – 1.8 × 1014 Xe ions/cm2 . Within this regime there
was a small CS growth between 5 − 10 nm. These findings indicate that this dose
regime represents an equilibrium state of crystallinity, but that small defects and/or
thermal recovery are still taking place within or around crystallites with increasing
fluence. In contrast, CNG1.75 and CN10 showed an immediate decrease in CS by ∼
5 nm and ∼ 60 nm, respectively, following Xe-irradiation with a minimum similarly
197

Impact of SHI-irradiation on soda lime borosilicate glasses and GCs
Table 8.2: CS in diameter and cell parameters of Xe-irradiated soda lime borosilicate GCs.
fluence (Xe ions/cm2 )

CS (nm)

a (Å)

c (Å)

CNG1.75

5 × 1012
1 × 1013
4 × 1013
8 × 1013
1.8 × 1014

47.24
38.49
50.48
50.15
45.89

(±
(±
(±
(±
(±

1.61)
1.31)
1.66)
1.99)
1.30)

5.2332
5.2328
5.2341
5.2313
5.2310

(±
(±
(±
(±
(±

0.0005)
0.0011)
0.0008)
0.0009)
0.0007)

11.4603
11.4678
11.4625
11.4606
11.4610

(±
(±
(±
(±
(±

0.0023)
0.0036)
0.0025)
0.0028)
0.0023)

CNG2.5

5 × 1012
1 × 1013
4 × 1013
8 × 1013
1.8 × 1014

59.85
39.77
47.46
42.38
50.90

(±
(±
(±
(±
(±

2.52)
2.51)
2.44)
5.38)
5.23)

5.2311
5.2327
5.2336
5.2275
5.2292

(±
(±
(±
(±
(±

0.0080)
0.0019)
0.0013)
0.0020)
0.0017)

11.4695
11.4576
11.4658
11.4548
11.4614

(±
(±
(±
(±
(±

0.0027)
0.0066)
0.0038)
0.0081)
0.0059)

CNG7

5 × 1012
1 × 1013
4 × 1013
8 × 1013
1.8 × 1014

175.14 (± 7.42)
53.05 (± 0.91)
49.11 (± 0.74)
52.24 (± 0.91)
56.27 (± 0.91)

5.2332
5.2330
5.2302
5.2323
5.2320

(±
(±
(±
(±
(±

0.0002)
0.0004)
0.0004)
0.0004)
0.0003)

11.4688
11.4611
11.4553
11.4585
11.4586

(±
(±
(±
(±
(±

0.0008)
0.0012)
0.0012)
0.0012)
0.0009)

CN10

5 × 1012
1 × 1013
4 × 1013
8 × 1013
1.8 × 1014

61.93
45.23
48.29
50.12
51.20

5.2316
5.2336
5.2325
5.2332
5.2334

(±
(±
(±
(±
(±

0.0003)
0.0004)
0.0004)
0.0005)
0.0004)

11.4582
11.4613
11.4577
11.4604
11.4613

(±
(±
(±
(±
(±

0.0014)
0.0015)
0.0013)
0.0016)
0.0011)

(±
(±
(±
(±
(±

1.90)
0.76)
0.83)
0.83)
0.87)

observed around 1 × 1013 Xe ions/cm2 . For increasing Xe fluences, CS correspondingly
increased and levelled off. For CN10 this increase was very small (∼ 5 nm) over a
large dose range relative to a pristine CS around ∼ 75 nm larger, but in the case of
CNG1.75, CS returned to almost pristine conditions.
For low Mo-bearing samples, the cell parameters were observed to first increase
with initial Xe-irradiation, before decreasing and saturating for higher fluences. In
CNG1.75, the a cell parameter showed greater initial alteration, while the same was
observed for the c cell parameter in CNG2.5. However, it is worth noting that most
changes to the cell parameters, especially with regards to c, fall within error for these
compositions. It is also important to identify that the cell parameters approached
those observed at pristine conditions following a fluence of 1.8 × 1014 Xe ions/cm2 .
Therefore, it can be assumed that any changes to the unit cell in these compositions
were recovered with increasing irradiation.
For high Mo-bearing samples, a much clearer trend can be observed from the data
in Table 8.2. Both cell parameters experienced a rapid growth following an initial
fluence of 5 × 1012 Xe ions/cm2 , before reducing at 4 × 1013 Xe ions/cm2 . With
increased fluence, the cell parameters both grew again and saturated for doses between
8 × 1013 – 1.8 × 1014 Xe ions/cm2 . The trends between the a and c cell parameters were
similar with respect to dose, indicating uniform processes of expansion and contraction.
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However, the magnitude of initial change was always larger in the c-direction.

8.3

Structural modifications determined using
Raman analysis

Raman spectroscopy was used to determine bonding changes in both the amorphous
and crystalline phases. Within the crystalline phase there are six relevant internal
MoO42 – modes for powellite. The vibrations relate to symmetric elongation of the
molybdenum tetrahedra ν1 (Ag ) 878 cm−1 ; asymmetrical translation ν3 (Bg ) 848 cm−1
and bridging of molybdate chains ν3 (Eg ) 795 cm−1 ; asymmetric O−Mo−O bending
modes ν4 (Eg ) 405 cm−1 and ν4 (Bg ) 393 cm−1 ; and symmetric bending ν2 (Ag +Bg ) 330
cm−1 [165–168]). Within the amorphous phase there are also several characteristic
bands assigned to silicate and borate-like groups that were discussed in Chapter 4 on
page 96.

8.3.1

Within the molybdate phase

Following irradiation with either 92 MeV Xe or 7 MeV Au ions, the six visible internal
MoO42 – modes in crystalline powellite were all still visible, as Figure 8.6 indicates. So
too were the three external νdef (Ag ) modes at ∼ 206 cm−1 , 188 cm−1 , and 141 cm−1 .
All of these internal and external MoO42 – modes do however experience broadening
following SHI-irradiation, which is indicative of increased structural disorder. Similar
to calcium borosilicate GCs, minor peak shifts in the internal MoO42 – modes were also
observed.
As previously mentioned, changes to peak area, position, and line width are indicative of changes to the level of disorder within a crystalline system. In the CN series, a
shift of the symmetric elongation mode ν1 (Ag ) to lower wavenumbers, accompanied by
peak broadening of around 2 – 3 cm−1 was detected for all GCs following Xe-irradiation
(see Figure 8.7). These changes can be used as an indicator for the alterations observed
for other internal MoO42 – vibrations, as a similar pattern was seen for all modes.
An initial shift of 1.2 – 2.0 cm−1 to higher wavenumbers was found to occur for
ν1 (Ag ) following a fluence of 5 × 1012 Xe ions/cm2 from pristine conditions. This
corresponds to ν1 (Ag ) approaching that found in the mineral form of powellite (879
cm−1 [155]), indicative of relaxation within the crystalline framework. As Xe fluence
increased, the peak approached its pristine position through an exponential decay.
Correspondingly, the greatest change to broadening (fwhm) was observed at the lowest
Xe fluence, but broadening continued to increase with Xe-irradiation. This increase
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Figure 8.6: Raman spectra of GCs in the CN series prior to and following SHI-irradiation
with Xe and Au ions. Spectra primarily illustrate powellite vibrations with an increase in
broadening observed for all MoO42 – modes with increasing irradiation fluence.

in peak broadening is indicative of irradiation-induced modifications that resulted in
poorer long-range ordering.
For most of the samples, the rate of change in both the peak position and fwhm
decreased significantly around a fluence of 8 × 1013 Xe ions/cm2 . A plateau in modification was recognisable around this fluence for CNG7 and CNG1.75, with a similar
pattern evident for CN10. While the same general trend can be seen for CNG2.5,
there was a greater scatter in the data, introducing some uncertainty with regards to
the radiation response of this composition.
While peak broadening for the internal MoO42 – modes changed more rapidly at low
Xe fluences, this was not the case for external MoO42 – modes. The rate of change in
broadening for these external modes increased for Xe fluences ≥ 4 × 1013 ions/cm2 . In
many cases, the fwhm or the rate of change in broadening of the band at ∼ 188 cm−1
reached a maximum at 4 × 1013 ions/cm2 , after which the band had a smaller rate
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Figure 8.7: Changes to the position and area of the internal MoO42 – symmetric vibrational
mode ν1 (Ag ) for GCs in the CN series following SHI-irradiation. Note that the pristine data
points are not represented in these plots, as they made low dose changes difficult to see.
(Pristine peak position between 877.5 − 877.1 cm−1 , and fwhm 8.6 − 7.7 cm−1 for high – low
Mo-bearing samples.)

of change and a similar peak shape to those seen at Xe fluences between ≤ 1 × 1013
ions/cm2 . These collective results indicate that Xe-irradiation first impacts the bonding
within MoO42 – tetrahedra, before altering crystal chains. However, some recovery
of the defects between MoO42 – tetrahedra is expected for high doses, hence why a
reduction in the fwhm of νdef (Ag ) was observed for ≥ 8 × 1013 ions/cm2 . This theory
is complemented by the observed changes to CS and cell parameters with increasing
Xe fluence. In general, a plateau for both external and internal modifications can be
seen for fluences greater than or equal to 8 × 1013 Xe ions/cm2 as a result of competing
processes that cause and anneal damage within and between molybdate groups.
Similar changes to the peak position and fwhm with respect to pristine conditions
can also be seen following Au-irradiation, but the effects are less pronounced. From the
plots in Figure 8.7, it is clear that changes to the peak broadening of ν1 (Ag ) following
Au-irradiation are less significant than those following any Xe-fluence, meaning that
the peak is narrower and closer to pristine conditions. This is likely due to a larger
contribution from the underlying pristine material, given that the irradiation depth is
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much smaller for this ion and energy, as previously mentioned. It could also indicate
that while Xe-irradiation may create electronic defects affecting the MoO42 – tetrahedron, nuclear displacements created by Au-irradiation target the stacking of powellite
unit cells more than the internal Mo−O bonds. An anomaly arose in CNG2.5, where
a decrease of ∼ 0.4 cm−1 in the fwhm was observed. This decrease in peak broadening
indicates that Au-irradiation either successfully remediated some of the defects created
during synthesis, or that additional CaMoO4 precipitated in this solid solution.
Whereas the magnitude of change for broadening was less significant following Auirradiation than following Xe-irradiation, there was an interesting shift in the peak
position of ν1 (Ag ) to locations similar to those observed following Xe fluences between
4 − 8 × 1013 ions/cm2 . This result could indicate some preferred orientation in Auirradiated samples, but as this trend was constant over the various compositions it
is likely that irradiation rather than the initial condition of the samples elicited this
response. It suggests that Au-irradiation has a greater impact on the unit cell of
powellite, as XRD results imply, without severally affecting the crystal quality of the
crystalline phase as overlapping ion tracks created by Xe-irradiation tend to do.

8.3.2

Within the amorphous phase

In GCs with [MoO3 ] ≤ 2.5 mol%, Raman spectra also showed growth of the band at
∼ 910 cm−1 , which is associated with the symmetric stretching vibrations of Mo−O
bonds in MoO42 – tetrahedral units located in an amorphous network [30] with Xeirradiation (see Figure 8.6). The trends in Figure 8.8 indicate that the area of this
peak grows until reaching saturation for Xe fluences around 4 × 1013 ions/cm2 . This
coincides with a ∼ 43% increase in the peak area. A similar increase in the peak area
was also observed following Au-irradiation, but the magnitude of change was similar
to that which was observed following a fluence of 1 × 1013 Xe ions/cm2 . Given that
the penetration depth of Au-irradiation is one eighth that of Xe-irradiation, it can be
predicted that irradiation with 3 × 1014 Au ions/cm2 actually causes more significant
damage than Xe-irradiation within the irradiated volume. In summary, both types
of SHI-irradiation are predicted to increase the dissolution of some small crystallites
(< 140 nm) in the amorphous phase.
For fluences ≥ 8 × 1013 Xe ions/cm2 , the amorphous contributions in the Raman
spectra of CNG2.5 and CNG1.75 (see Figure 8.6) also became marginally larger. This
further supports the theory that some smaller crystallites are dissolving or migrating
from the amorphous phase.
While the Raman spectral shape of fully amorphous samples remained similar following SHI-irradiation (see Figure 8.9), there were some notable changes. Growth in
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Figure 8.8: Evolution of the Raman peak area at ∼ 910 cm−1 , which is indicative of MoO42 –
anions dissolved in the matrix for CNG1, CN1.75, and CNG2.5 following SHI-irradiation.

the area of the band at ∼ 910 cm−1 with Xe-irradiation was also observed in the amorphous sample CNG1 containing 1 mol% MoO3 (see Figure 8.8). Nevertheless, a plateau
in modifications was similarly observed for fluences > 4 × 1013 Xe ions/cm2 , as was
the case for GCs CNG1.75 and CNG2.5. This result implies that any small crystallites
beyond SEM or XRD detection may have dissolved into the borosilicate network of
CNG1. Or it could be representative of minor phase separation within the amorphous
network that enabled clustered MoO42 – regions to form. This occurrence would make
the area of the band at ∼ 910 cm−1 larger in relation to silicate-type bands.
In addition to growth in the area of the band at ∼ 910 cm−1 , there was also marginal
growth in the B−O – bond elongation band and damping of the danburite-like band
at ∼ 633 cm−1 (Si−O−B vibrations in B2 O7 −Si2 O groups [4, 155]) in CNG1. These
changes could indicate increased de-mixing within the borosilicate network. Similar
changes were also observed in the glasses without molybdenum (CNO and NaBSi). In
these spectra, there was also damping of the characteristic band assigned to metaborates at ∼ 703 cm−1 . Additionally, the region between ∼ 700 – 800 cm−1 contained
bands attributed to the vibrations of rings containing one or two tetrahedrally coordinated boron atoms [4, 61, 62], however, this area remained difficult to deconvolute,
especially as very small changes were observed to occur following irradiation (see spectra similarity in Figure 8.9 for this wavelength range). In both NaBSi and CNO, there
was also an emergence of the D2 defect band following both Au and Xe-irradiation,
although the effects are more pronounced for a fluence of 1.8 × 1014 Xe ions/cm2 than
for 3 × 1014 Au ions/cm2 . There was also a shift in the R band (Si−O−Si) to higher
wavenumbers, indicating smaller inter-tetrahedral angles, as Figure 8.9 illustrates.
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Figure 8.9: Raman spectra of amorphous samples in the CN series prior to and following
SHI-irradiation. Arrows indicate peak shifts and peak intensity damping or growth following
irradiation. Relevant peaks of interest are labelled and fluences are provided in the legend.

In the sodium borosilicate glass NaBSi, a low intensity peak at ∼ 1550 cm−1 was
also observed (see Appendix A6 for additional spectra). This band can be assigned
to molecular oxygen [85, 96], and has been previously observed to occur in Xe and
Kr-irradiated sodium borosilicates [76]. As the defect structure in NaBSi was not
analysed using EPR following SHI-irradiation, the Oxy defect cannot be confirmed,
but it is predicted to form following Xe-irradiation in this experiment.
Along with these modifications, some changes to the distribution of the Qn bands
located between 845 – 1256 cm−1 were identified, where Qn represents SiO4 units with n
bridging oxygen. Based on peak fitting, changes to Q4 and Q3 were quantified according
to Figure 8.10, with two different discernible trends for increasing Xe-irradiation. In
the first, the area of Q3 was observed to increase, while the area of Q4 decreased
for NaBSi, CNG1, and CNG2.5. In the second, the opposite trend was observed for
CNO and CNG1.75. Nevertheless, a plateau in modifications was detected for CNO,
CNG1, and CNG1.75 for fluences around 1 − 4 × 1013 Xe ions/cm2 . While the rate of
change appeared to be modified in this fluence range for NaBSi and CNG2.5, additional
changes may be observed for fluences > 1.8 × 1014 Xe ions/cm2 , as a saturation level
could not be strictly identified for the experimental dose regime.
The changes in Qn induced by Au-irradiation were similar to those observed for Xe
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fluences of 5 × 1012 – 1 × 1013 Xe ions/cm2 for most of the samples in the CN series
where amorphous contributions could be identified. Only CNO exhibited a different
trend, showing a similar fractional area for Q4 and Q3 to those found following Xeirradiation with 1.8 × 1014 Xe ions/cm2 . As the Au penetration depth is one eighth
that of Xe-irradiation, it is predicted that changes to polymerisation will be more
significant following Au-irradiation than following Xe-irradiation, if only the irradiated
volume was probed.

Figure 8.10: Changes to the area of the Si−O Raman mode Q4 (dashed lines) relative to
Q3 (solid lines) by percentage for NaBSi, CNO, CNG1, CNG1.75, and CNG2.5 following
SHI-irradiation. The plot on the left represents amorphous samples, while the plot of the
right is for low MoO3 bearing GCs with identifiable amorphous bands.

The variance in Qn trends with Xe fluence could indicate discrepancies in baseline
fitting that may have altered peak area calculations. A more likely explanation is that
changes to Qn were dependent on the initial composition, and the relative state of both
the crystalline and amorphous network to a fully relaxed system following synthesis.
From the results it can be predicted that the presence of mobile Na+ cations or diffuse
MoO42 – anions in the borosilicate network induced depolymerisation of the silicate
network. In contrast, the addition of CaO into a sodium borosilicate system appeared
to cause polymerisation following SHI-irradiation. While molybdenum remained in
the matrix (for CNG1), depolymerisation can be observed following SHI-irradiation,
but when CaMoO4 crystallites form in GCs, the surrounding matrix reverts back to
something similar in structure to CNO. Therefore, a similar polymerisation index is
found following irradiation, as is the case for CNG1.75. An analogous finding was also
discussed in Chapter 7 for calcium borosilicates with molybdenum.
This reversal of the matrix response would also be expected in CNG2.5, but as
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previous chapters have discussed, this composition showed several oddities that indicated an increased solubility of MoO42 – anions in the residual glass following synthesis.
Therefore, different responses to irradiation are expected (see Chapters 4 & 6). The
Raman spectra of CNG2.5 in Figure 8.6 once again showed the largest amorphous contribution of all GCs, with this contribution increasing following SHI-irradiation. This
anomaly caused the amorphous network to behave more like CNG1, in which more
MoO42 – anions are dissolved in the matrix, rather than CNO.
The increase and saturation in the intensity of the band at ∼ 910 cm−1 can be
correlated to silica depolymerisation (relative growth of Q3 over Q4 ) illustrated in
Figures 8.8 & 8.10 for CNG1 and CNG2.5. As MoO42 – anions are predicted to be
located in depolymerised regions of the glass, the increased dissolution of MoO42 –
may be promoting, or a result of, depolymerisation of the silicate network. While
this is hypothetical, both of these individual transformations have been seen before.
Depolymerisation in Cm-doped, and non-doped aluminoborosilicates following Au and
Kr-irradiation were observed to occur in other studies [2], while growth of the band at
∼ 910 cm−1 has been seen in glass composite materials irradiated with Ar ions [157].
Therefore, it is difficult to isolate the cause and repercussion of each evolution in these
GCs.
CNG1.75 similarly showed an increase in the area of the Raman band at ∼ 910
cm−1 , but increased polymerisation was observed following Xe-irradiation. In this
case, changes to Qn were very small, and Q3 /Q4 approached that observed for pristine
conditions at a fluence of 1.8 × 1014 Xe ions/cm2 . Moreover, the change in the area of
the band at ∼ 910 cm−1 was also smaller in this composition relative to CNG2.5. For
this reason, the behaviour of the glass, and specifically SiO4 coordination, following
SHI-irradiation is similar to that of CNO in which no molybdenum is present. These
variations further indicate that the degree of phase separation was higher in CNG1.75
than in CNG2.5 following synthesis, hence why different changes occurred within the
residual matrix following irradiation. Furthermore, it can be predicted that changes to
the silica polymerisation have only a small (if any) impact on increasing Mo solubility.

8.4

Discussion

Transformations were seen in both the crystalline and residual amorphous phase of
molybdenum-bearing soda lime borosilicate GCs following SHI-irradiation. In the case
of Xe-irradiation, a saturation in modifications was observed by XRD, EDS, and Raman
spectroscopy for fluences greater than or equal to 8 × 1013 Xe ions/cm2 . This indicates
that while the mechanism of alteration may involve various continual changes, an
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average damage structure can be predicted for long-term assessment.

8.4.1

Changes within the amorphous phase

It can be concluded that Au or Xe-irradiation did not induce the precipitation of
CaMoO4 crystallites in CNG1. In fact, SHI-irradiation was observed to increase the
disorder of MoO42 – units. This is indicated by a broadening of internal MoO42 – Raman modes, along with growth of the band attributed to MoO42 – units dispersed
into the amorphous matrix. This increase in disorder is combined with changes to
the ring structures found within the borosilicate network. In general, growth of the
band associated with three-membered SiO4 rings, along with a shift in the R band to
higher wavenumbers, indicates the formation of smaller rings following SHI-irradiation.
These changes have all been previously observed to occur in homogeneous glasses without molybdenum [2, 4, 68, 110], which suggests that the residual amorphous network
behaves in a similar fashion with and without embedded CaMoO4 crystallites.
These transformations occurred alongside a change in silica polymerisation with a
dependency on composition. Regardless of the direction of change observed following Xe-irradiation, a saturation in the relative area of Qn species was observed for
CNO, CNG1, and CNG1.75 around 1 − 4 × 1013 Xe ions/cm2 . This indicates that any
modifications of the borosilicate network are limited and saturate quickly.
Only NaBSi and CNG2.5 appeared not to reach a saturation point for these doses
and dose rates. In the first composition, this can be attributed to predicted defect
centres and the mobility of Na+ ions within a composition along a phase tie line,
where minor changes to bonding or ion exchange can cause phase separation [178].
While formation of Si-rich and B-rich phases was not observed in this study, radiationinduced depolymerisation may be aiding in this eventual transition. Previous multienergy Au-irradiations on soda lime aluminoborosilicates have also observed a continual
change in the ratio of Qn species for doses up to 4 × 1014 Au ions/cm2 , with the
area of Q3 increasing relative to Q4 [4]. Therefore, this is not an unusual evolution
and it may suggest the benefits of having molybdenum in the matrix to hinder some
transformations within the silica network.
In the second composition, CNG2.5 displayed a higher solubility of MoO3 following
synthesis, as discussed in Chapter 4. Radiation-induced alterations of the matrix in this
composition may have had a delayed response owing to the original Tf of the system
being higher. This means that a larger deposited energy was required to observe
the same results as either CNG1 or CNG1.75. This predicted delay in radiationinduced structural alterations was also discussed in Chapter 6 for β-irradiated samples.
Overall, minimal changes were observed in the borosilicate network, and those that were
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identifiable followed similar trends to homogeneous glasses.

8.4.2

Radiation-induced amorphisation

In GCs, marginal XRD whole pattern peak damping indicated a possible amorphisation
of CaMoO4 crystallites following SHI-irradiation, or at least a reduction in the average
crystallinity. This statement is supported by EDS analysis, which suggested that Ca
atoms moved from crystal particles towards the amorphous matrix and to the bulk
for doses exceeding 5 × 1012 Xe ions/cm2 . This pattern was also true for Mo atoms.
Alkali containing glasses have been previously observed to result in electric field induced
diffusion, which caused the concentration of alkalis and alkali earths at the surface to
change following ion interaction [40, 208]. Therefore, migration of cations in this study
is possible. The deposited nuclear and electronic energy from SHI-irradiation could also
be contributing to an increased void population, which would thus accelerate diffusion
processes. Congruently, an increase in the area of the Raman band at ∼ 910 cm−1 as
Xe fluence increased further suggests possible amorphisation, although growth of this
band saturated for fluences greater than or equal to 4 × 1013 Xe ions/cm2 .
While radiation-induced amorphisation of powellite crystals has not been previously
observed [99, 154, 156], amorphisation of crystalline phases has been noted to occur
in irradiated ceramics that are analogous to minerals [67, 204]. In these systems,
partial amorphisation was predicted to transpire following atomic displacements and
the formation of isolated defects. This process of amorphisation is theoretically different
from temperature-induced amorphisation where the atoms are completely random in
configuration. In radiation-induced processes, amorphisation occurs heterogeneously
when a critical defect population has been reached [67]. Therefore, these defects can
often be thermally annealed at temperatures lower than TC .
Alternatively, amorphisation could be proceeding through thermal-like events. It
was predicted by Naguib and Kelly [209] that amorphisation of non-metallic structures
could occur following SHI-irradiation for doses between ∼ 1013 − 1017 ions/cm2 . This
hypothesis was based on a physical model involving thermal spikes with a criticality
C
C
> 0.3 [209]. Given that TTm
≈ 0.8 for synthetic
condition to amorphisation of TTm
powellite, and that some of the fluences fall within the predicted amorphisation range,
it is possible that amorphisation does take place through these thermal spikes. This
occurrence would align with the decrease in average crystallinity observed by XRD.
If amorphisation is occurring in these GCs, there are several possible mechanisms.
Past studies have indicated that amorphisation from ion irradiation can occur through
direct-impact within a collision cascade, from overlapping collision cascades that create
a high defect population, or through a nucleation and growth process in which a small
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amorphous nuclei initiates the transformation [203, 210, 211]. A combination of any
of these could also be occurring, as the type of mechanism is generally dependent on
the crystal structure under irradiation. In general, direct-impact processes would have
a logarithmic impact on amorphisation with dose, while overlapping cascades (or ion
tracks) would behave in a sigmoidal relationship. In contrast, nucleation and growth
would require a significant incubation period that necessitates the accumulation of
defects in a given area, and thus has a more exponential relationship with respect
to dose within 1 dpa of damage. For this reason, any amorphisation of CaMoO4 in
this study is predicted to be a result of direct-impact collisions or from overlapping
cascades, given that a saturation in [Mo] and the Raman band associated with dissolved
MoO42 – occurred within the experimental Xe fluence range. As Xe ions primarily
replicate electronic interactions, it can be further predicted that ion tracks, as opposed
to collision cascades, are the driving force of amorphisation in this series; whereas
cascades may be responsible for the changes occurring following Au-irradiation.
It is assumed that where amorphisation occurred, it was for small crystallites (<
150 nm) dispersed in the amorphous network, as opposed to those forming larger
particles (500 nm – 0.5 µm). Furthermore, it is predicted that a saturation in this
process occurs due to parallel diffusion and reprecipitation of CaMo-rich particles at
the surface, as EDS analysis implies. This process of diffusion is hypothesised to be
related to defect enabled pathways, and to an increase in the kinetic energy within
the system from temperature-like effects of overlapping ion tracks. Therefore, it is
predicted that modifications to CaMoO4 crystals involve minor defect-assisted and
temperature-based amorphisation, in addition to diffusion driven reprecipitation and
particle growth assisted by thermal processes at high doses.

8.4.3

Alterations to CaMoO4 crystallinity

As discussed in the previous section, heterogeneous amorphisation of some crystallites
may be taking place in low-Mo bearing GCs. However, this is only a minor process, as
the particle density of samples did not vary significantly following SHI-irradiation. Furthermore, the intensity of diffraction peaks only experienced a minor damping within
GCs, indicative of a lasting population of powellite. Yet the structure of crystallites is
predicted to experience changes following SHI-irradiation.
XRD results suggest a mechanism in which isolated defects rapidly accumulate
within the lattice structure of powellite following Xe or Au-irradiation. This accumulation causes an expansion of the unit cell, and an initial expansion in CS followed
by a reduction, owing to the disrupted coherence length when crystals become significantly disordered. A similar unit cell expansion has been previously observed to occur
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following Ar-irradiation of powellite single crystals [154], with thermal expansion also
occurring when the system is subjected to high temperature [172, 180]. Therefore, this
trend is feasible, but little to no data exists for CS alteration following irradiation.
The rate and magnitude of change to CaMoO4 following irradiation is dependent
on composition and the relative structure of the residual matrix. Larger particles
(≥ 500 nm) in compositions with [MoO3 ] > 2.5 mol% show the clearest shifts in
cell parameters with dose, while those with a higher concentration of MoO42 – units
dissolved in the matrix showed relatively smaller changes, especially as CS and PS were
very small to begin with (see Table 4.1). The type of interacting ion will also create
different alterations. In the case of Au-irradiation, it is predicted that accumulated
displacements or associated interstitials are the driving force for expansion. On the
other hand, Xe-irradiation is predicted to cause the formation of electronic defects, as
well as thermal-like heating and rapid quenching effects.

Figure 8.11: Changes to powellite CS and cell parameters following Xe-irradiation between
5 × 1012 − 1.8 × 1014 Xe ions/cm2 in high Mo-bearing samples (with [MoO3 ] > 2.5 mol%).

As Xe fluence increases for doses greater than 1 × 1013 Xe ions/cm2 , the unit cell
generally contracts again, as accumulated defects cannot be indefinitely supported and
must be relieved through transformations such as dislocations [196]. This would enable
relaxation of the unit cell, but would maintain CS as any type of defects will alter the
coherence length. Alternatively, a contraction of the unit cell is also typical of pressureinduced stress [146]. In this scenario, the accumulation of defect-created vacancies from
the external amorphous phase and within crystal chains could be exerting a small force
on adjacent crystalline unit cells. This would thus result in unit cell contraction, as
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has been previously predicted to occur in apatites following α-decay [22]. Thermal
annealing of existing defects through overlapping ion tracks could also be contributing
to the observed unit cell contraction of high-Mo bearing samples (see Figure 8.11).
In this case, thermal-like processes would be enabling relaxation of the unit cell by
removing associated defects versus causing expansion. The cycle then repeats, but
it is predicted that the defect population is being constantly controlled by ‘thermal’
annealing processes, as the density of overlapping ion tracks increases. This is why a
saturation for both CS and the cell parameters is detected for Xe fluences ≥ 8 × 1013
ions/cm2 . This mechanism of alteration is predicted to occur in high Mo-bearing
compositions with an original CS > 100 nm.
A similar interplay of processes causing unit cell expansion and contraction with
increasing fluence is also assumed to occur in low Mo-bearing samples (see Figure 8.12),
but here the formation of dislocations is predicted to occur less frequently and when it
does, a much higher fluence is required to cause the same structural transformations.
Therefore, the only mechanism of recovery to the unit cell against accumulated point
defects in these compositions comes from thermal spikes.
The magnitude of change in CS for these low Mo-bearing samples is very small from
pristine conditions to the maximum Xe fluence. This implies that any modifications to
the crystal structure within these compositions are minor, and hence can be assumed
fairly stable against Xe-irradiation. Furthermore, EDS and Raman results indicate
that any amorphisation of crystallites similarly reaches a saturation plateau around
4−8×1013 Xe ions/cm2 . Therefore, this process is also limited and will not indefinitely
continue to grow with increasing dose.
While several changes to the crystallinity of CaMoO4 were observed to occur following SHI-irradiation, no Na+ substitution took place. Moreover, a saturation in
modifications could be identified, which implies that competing processes limit alterations. This equilibrium in crystallinity can therefore be used as a representation of
long-term modifications expected during storage of nuclear waste in similar GCs.

8.4.4

Comparing types of irradiation sources

The dose, particle energy, and the type of particles used for irradiation have all previously been predicted to influence the resulting structural modifications occurring within
a glass, from the type of defects created to the Tf [86, 208]. While nuclear interactions
have been previously noted to cause modifications resulting in changes to mechanical
properties such as plasticity and hardness [2, 110], as well as the stored energy [77],
electronic energy deposition has a significant impact on changes within the silicate
network and on the migration of alkalis [87, 207, 212]. Therefore, when assessing the
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Figure 8.12: Changes to the powellite CS and cell parameters following Xe-irradiation between
5 × 1012 − 1.8 × 1014 Xe ions/cm2 in low Mo-bearing samples (with [MoO3 ] ≤ 2.5 mol%).

radiation response of new baseline multiphased materials for nuclear waste storage, it
is important to identify the modifications occurring from both nuclear and electronic
interactions to accurately model long-term changes.
In this study, some similar structural observations were observed following electron
and SHI-irradiation. For example, the creation of disorder that prevented the precipitation of molybdates, and a decrease in the average ring size within the borosilicate
network were observed for all amorphous systems. The first observation indicates a
reduction in the propensity for phase separation, and the second indicates a process of
ring cleavage and reformation that can further be correlated to mechanical properties.
In order to predict how the components of α and β-decay, along with their side
effects on structural modifications, will interact, an assumption must be made that
these processes will be additive. Alternatively, the defects produced by low electronic
stopping of β-particles could be annealed by ion tracks from higher-energy electronic
interactions replicated by SHI-irradiation. In studies comparing Cm-doped glasses that
are damaged by internal 244Cm α-decay with those that were externally irradiated, it
was concluded that the α-particle would anneal some of the damage created by the
recoil nuclei [197]. The mechanism by which this annealing occurs is based on the
thermal spike model in which the energy from a moving ion creates heat along a
pathway, known as an ion track, as electronic interactions take place. From previous
studies using external irradiation, an electronic stopping power of at least 1.5 keV/nm
is predicted to be required to cause recovery of pre-existing defects created by SHI212
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irradiation [68, 162, 197]. This is an order of magnitude lower than that achieved in
this study using 92 MeV Xe ions.
In dual Xe ion (fluence: 4 × 1013 Xe ions/cm2 ) and β-irradiation (dose: 4.57 GGy)
experiments on a simplified sodium borosilicate, Mir et al. found that the nature of
structural evolutions created by α-decay did not change from sequential irradiation
versus single irradiation [68]. It was further observed that some features like swelling
were additive at low doses, but that a plateau in structural evolutions similar to that
seen in MD simulations [3] were also observed, indicating that heavy ions were primarily responsible for the observed damage. There were however further observations that
SHI-irradiation of pre-electron irradiated surfaces caused the remediation of the molecular oxygen defect, reverted Na-depletion from the irradiated zone, and encouraged
Si−O−B de-mixing [68]. As some of these effects were seen following SHI-irradiation
in this study, it can be assumed that Si−O−B de-mixing and cation replenishment
at the surface would occur regardless of whether or not β-irradiation was remediating
some of these processes. It can therefore be predicted that the structural modifications
observed for SHI-irradiated samples are indicative of long-term changes, but that the
modifications observed following β-irradiation may aid in or retard saturation kinetics.
In this thesis, electron irradiation at lower doses (0.77 GGy) was hypothesised to
enable relaxation of both the crystalline and amorphous phase in a quenched GC, but
at higher doses the population of defects increased, leading to the migration of cations
and causing a disruption in the stacking of powellite unit cells. Au-irradiation caused a
similar ring cleavage within the borosilicate network, but it also caused expansion of the
powellite unit cell together with growth of CS, which suggests significant void creation
and the presence of interstitials within the crystalline phase. Similarly, Xe-irradiation
caused minor modifications within the amorphous network through the creation of
smaller ring structures. However, it also increased the solubility of Mo groups through
isolated amorphisation and increased disorder within the molybdenum environment,
which also occurred following irradiation with either Au ions or β-particles. The rest
of the crystalline phase underwent a process of accumulated defect creation and remediation through overlapping ion tracks, which subsequently resulted in an overall
unit cell expansion and a reduction in CS. A saturation in modifications within both
the crystalline and amorphous phases appeared around 8 × 1013 Xe ions/cm2 , thus
indicating an equilibrium state of damage when every atom has been altered.
Combined, these results indicate that the components of internal radiation will produce opposing forces on structural modifications. While β-irradiation remediates glassin-glass phase separation, SHI-irradiation was found to encourage some de-mixing.
Similarly, while Au and β-irradiation caused CS growth for the maximum doses achiev213
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able, Xe-irradiation primarily caused a reduction. Therefore, it can be predicted that
internal decay of radioisotopes will beneficially maintain the structure of GCs by supplying opposing modifications. Furthermore, the identification of a saturation level
around 8 × 1013 Xe ions/cm2 could provide an average structure that would be found
during long-term storage, given that the effects of β-irradiation are generally on a
smaller scale compared to those of α-decay.
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Chapter 9
Conclusions
The focus of this thesis was to understand the effects of simulated internal radiation
damage on a GC containing molybdenum trapped in a powellite (CaMoO4 ) phase.
This composite material is of industrial interest for future wasteforms containing increased waste loading, as a means to reduce the final volume of waste for storage in a
geological repository. This is of environmental and economical importance as the number of nuclear reactors around the world continues to rise. In current French nuclear
waste glasses, waste loading is limited to ∼ 18.5 wt% in order to prevent the precipitation of water-soluble phases containing radioisotopes [15], which can increase corrosion
tendencies during long-term storage. Yellow phase, formed of alkali molybdates and
chromates, is one such group of precipitates to be avoided [16–19]. However, CaMoO4
is ∼ 13, 500× less soluble than the alkali molybdates that form yellow phase [29], and
can therefore be used as a crystalline matrix to durably store molybdenum within a
borosilicate glass.
In order to assess the formation and durability of CaMoO4 in a borosilicate matrix,
the system was simplified to components known to influence either molybdate formation or speciation. A compositional study was carried out to understand how the role
of cations influenced phase separation, and how competition for charge compensators
controlled the type of molybdates formed. More important to determine was the radiation response of these composite frameworks, as nuclear waste will be radioactive for
several millennia, producing several structural changes within these wasteforms. The
processes of internal α and β-decay were also simplified into components that replicated the nuclear and electronic interactions resulting from both types of decay during
long periods of storage (100 – 1000 years).
These experiments were used to test the hypotheses of whether radiation damage
would: (i) induce phase separation in homogeneous glasses; (ii) increase the extent of
phase separated regions or induce additional precipitation of crystalline molybdates;
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(iii) induce local annealing along ion tracks that could cause amorphisation of crystalline phases, or increase mixing between amorphous phases; or (iv) some combination
of the above. It also sought to identify the modifications resulting from ballistic events
relative to ionisation, in order to determine specific mechanisms of transformation.
Therefore, this thesis is a fundamental study on how the components of radiation can
alter the structure of simplified GCs. This was assessed using electron microscopy,
XRD, Raman, and EPR spectroscopy prior to and post irradiation, which was conducted on several beamlines in France.
The results of this research indicate that these GCs are resilient to all types of
radiation damage. Minor modifications were observed in both the crystalline and
amorphous phases, but the different types of ions used for irradiation often caused
opposing trends on Si−O−B mixing in the glass, bulk-to-surface ion migration, and
the CS of powellite. The main mechanisms of alteration involved: (i) thermal and
defect-assisted diffusion; (ii) relaxation from the added ion’s energy; (iii) localised
damage recovery from ion tracks; and (iv) the accumulation of either point defects or
void formation that created significant strain, and led to longer-range modifications.
The continuous damage and recovery processes led to a saturation in modifications to
be identified following 4 − 8 × 1013 Xe ions/cm2 in both amorphous and crystalline
phases. At this steady state, no significant amorphisation of powellite was observed,
nor was any glass-in-glass phase separation or precipitation of other molybdate species.
These results indicate the successful incorporation of excess molybdenum into a GC
that is resistant to the components of internal radiation, which bodes well for the
future perspective on increased waste loading, or containment of post operation clean
out Mo-rich waste streams. A more thorough list of conclusions is provided below for
the various types of experiments completed.

9.1

Synthesised samples and the effects of
composition

In calcium borosilicates, factors affecting CaMoO4 combination and glass-in-glass phase
separation as a function of changing [MoO3 ] and [B2 O3 ] were examined in order to understand how competition for charge balancers affected phase separation. The resulting
heterogeneous microstructure revealed the formation of an unusual embedded immiscibility for multiphase amorphous systems, or clustered crystallisation for GCs according
to BSE imaging. The morphology of these separated amorphous phases was a function
of TP S , and the viscosity of the melt before it transitioned into a glass. In these systems, the solubility limit of MoO3 was around ∼ 2.5 mol%, albeit in a heterogeneous
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multi-amorphous phased microstructure. Increasing [B2 O3 ] was observed to increase
the areas of immiscibility and order of MoO42 – units, while increasing [MoO3 ] increased
both TP S and TC , resulting in phases closer to metastable equilibrium. In these systems
clustered crystallisation was initiated for [MoO3 ] > 2.5 mol%.
In soda lime borosilicates normalised to SON68, the selective formation of waterdurable CaMoO4 over Na2 MoO4 was achieved by introducing up to 10 mol% MoO3
in a 1 : 1 ratio to CaO for a fixed melting process. The morphology and distribution
of crystallites indicated a nucleation and growth process, where particle size was in
proportion to [MoO3 ]. Two groups of PS and CS were identified for a solubility limit
of MoO3 < 1.75 mol%. One PS was in the range of 200 – 400 nm with CS ∼ 50 nm
for MoO3 ≤ 2.5 mol%, while the other PS was in the range of 0.5 – 1.0 µm with CS ∼
140 nm for MoO3 ≥ 7 mol%. An anomaly was observed in the composition CNG2.5
with 2.5 mol% MoO3 , which showed an increased incorporation of molybdenum, and
therefore a higher Tf .

9.2

The effects of β-irradiation

When calcium borosilicates were subjected to β-irradiation on the order of ∼ 100
years of β-decay, radiation was found to produce favourable properties in amorphous
phases by creating increased structural disorder within CaMo-rich regions, as well as
defect-assisted ion migration that together prevented crystallisation. This was similarly observed to occur following SHI-irradiation. In addition to increased disorder,
β-irradiation was also found to increase the degree of Si−O−B intermixing within the
borosilicate network through electron cleavage of 6-membered boroxyl and SiO4 rings
that enabled the reformation of smaller rings, in addition to isolated network formers
with NBOs according to Raman spectroscopy. This occurred alongside an increased
reduction of Mo6+ to Mo5+ with dose that could be correlated to an increase in Mo solubility within the glass. As a result, β-irradiation reduced the tendency for glass-in-glass
phase separation, and increased Mo group incorporation. In compositions with existing CaMoO4 crystallites, β-irradiation caused a scattering effect, though the crystal
content remained unchanged. Therefore, β-irradiation was observed to preferentially
prevent crystallisation in calcium borosilicates with [MoO3 ] ≤ 2.5 mol%, but it had a
smaller impact on systems with existing CaMoO4 crystallites.
In soda lime borosilicates (CN series), the resulting homogeneously dispersed spherical CaMoO4 crystallites did not experience amorphisation, or significant substitution
following 0.77 – 1.34 GGy of 2.5 MeV β-irradiation. Moreover, the residual matrix
behaved as expected and did not result in any additional precipitation or glass-in-glass
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phase separation following irradiation, thus proving that excess molybdenum can be
successfully incorporated into a structure that it is resistant to β-irradiation without the creation of water-soluble byproducts. While larger CaMoO4 particles (> 150
nm) showed resistance to amorphisation following 1.34 GGy of radiation, there were
some minor changes to CS and PS following β-irradiation. Minor incorporation of
the dopant Gd3+ into CaMoO4 was also observed by EPR, but not by XRD. This
indicates that at higher concentrations significant inclusion of MAs in more complex
systems may be possible, especially as this incorporation increased with dose. Moreover, a non-linear Scherrer CS pattern with dose was observed, along with a reduction
to the crystal quality. Radiation-induced modifications to the CaMoO4 tetragonal
unit cell occurred primarily along the c-axis, indicating relaxation of stacked calcium
polyhedra. Concurrently, a reduction of Mo6+ to Mo5+ was believed to enhance Ca
mobility. These combined results were used to hypothesise a two-stage CS alteration
model based on factors associated with thermal-like relaxation and diffusion-based processes initiated by the added energy associated with β-impingement, and second-order
structural modifications induced by defect accumulation (see Figure 6.14). Lattice relaxation and kinetic diffusion of cationic species were used to explain CS growth, while
defect accumulation that created free volume, and subsequently internal microstrain,
explained CS reduction. The prevalence of one effect over the other was predicted to be
dependent on the initial fabrication parameters (quench rate and melt temperature),
the composition, and the overall concentration and location of electronic defects in
the structure. Though a non-linear CS pattern with respect to dose was observed, CS
returned to almost pristine conditions for the highest dose of 1.34 GGy, thus indicating
some stability in the CaMoO4 structure.

9.3

The effects of SHI-irradiation

While electron irradiation was used to replicate the effects of β-decay, SHI-irradiation
was used to replicate the nuclear and electronic components of α-decay. 7 MeV Au3+
ions with a fluence of 3 × 1014 Au ions/cm2 , and a penetration depth of approximately
∼ 1.5 µm were used to introduce at least 1 dpa of damage, and thus replicate ballistic
interactions. In contrast, 92 MeV Xe 23+ ions with fluences of 5×1012 , 1×1013 , 4×1013 ,
8 × 1013 , and 1.8 × 1014 Xe ions/cm2 with an average penetration depth of ∼ 12 µm
were used to replicate the damage created by overlapping ion tracks, and high-energy
electronic stopping. This set of irradiation experiments therefore provided information
on the origins of structural transformations, as well as tested if a saturation in modifications could be detected for both heterogeneous calcium borosilicates, and soda lime
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borosilicate GCs in these dose ranges, which could be used for future investigations on
long-term modelling of structural systems and potential contamination risks. Together
these radiation experiments could also be used to investigate which components of internal radiation would cause the most damage in GCs, and how different components
would interact to stabilise or accelerate damage.
As previously mentioned, SHI-irradiation was observed to increase the integration
of MoO42 – by increasing the structural disorder within, and between phases of heterogeneous amorphous phased samples. This occurrence prevented the precipitation
of crystalline phases for the most part in samples that were amorphous to begin with.
Within the borosilicate network of these systems, formation of smaller ring structures
and de-mixing of Si−O−B regions at high Xe fluences was observed, which was predicted to assist in the increased dissolution of MoO42 – groups through the creation of
increased areas of depolymerisation. However, the initiation and extent of de-mixing
was mitigated by the presence of MoO3 in glass compositions, which illustrates a beneficial defect dampening effect of MoO3 inclusion.
The incoming charge and created defects from high-energy ion interactions were also
found to induce Ca and Mo migration between the phases, and between the surface and
the bulk. This observation indicated a radiation-induced diffusion process, similar to
that seen following β-irradiation. It is hypothesised that alterations in the glass network
created ion migration channels for cations that had increased mobility following highenergy interactions with the incoming external irradiation that either increased the
kinetic energy of cations along ion tracks, or released cations through bond cleavage.
However, all structural modifications, and compositional changes appeared to saturate
for fluences between 4 – 8×1013 Xe ions/cm2 , which indicates some concurrent damage
recovery processes.
In calcium borosilicate GCs, several interesting modifications were observed following SHI-irradiation. The first was the distortion of crystal clusters, which indicates some radiation-induced crystallite diffusion. This was predicted to occur through
defect-assisted and/or thermally driven processes created by overlapping ion tracks.
This theory is corroborated by Raman results, which detected a transitional phase,
and EDS analysis that found changes to [Ca] and [Mo] along the crystal to amorphous
interface. The second interesting modification was the possible amorphisation of some
small crystallites for fluences greater than or equal to 8 × 1013 Xe ions/cm2 . It was
further observed that this process could be assisted by increasing [B2 O3 ]. The third
interesting observation was a detected smearing of crystal clusters, which suggested
either migration of crystallites to or from larger crystal clusters, or a dynamic crystalliquid-crystal transition. This transition would occur if the borosilicate network near
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the crystal cluster to amorphous interface enabled melt flow following a thermal spike.
Crystal cluster smearing of this sort has yet to be recorded following irradiation, and
could provide useful information regarding the mechanisms of modification in heterogenous GCs. The forth modification was the initial increase in Si−O−B mixing until the
highest Xe fluence was reached, at which point some phase separation of B-rich and
Si-rich rings occurred through the reformation of boroxyl rings.
In soda lime borosilicate GCs, amorphisation of some small crystallites was also
hypothesised to occur owing to pre-existing defects within crystal lattices created during synthesis. In addition to minor modification to the morphology and distribution
of particles, the individual crystallites also experienced structural changes. Different
trends were observed for different irradiation sources, though a general increase in
structural disorder occurred for all GCs with both base glasses. Au-irradiation caused
thermal expansion of the powellite unit cell and CS growth, while Xe-irradiation caused
a non-linear change to both CS and cell parameters. However, these non-linear changes
resulted in an equilibrium with regards to crystallinity around ∼ 4 × 1013 Xe ions/cm2 ,
at which point it can be assumed that every part of the system has been damaged. At
low fluences, Xe-irradiation caused a compositionally dependent decrease in CS, which
was accompanied by unit cell expansion. A minimum in CS was observed in most compositions at ∼ 1×1013 Xe ions/cm2 , after which regrowth and saturation were achieved.
The collective results indicated competing processes between accumulating defects, and
annealing of said defects from overlapping ion tracks that replicated thermal-like processes. This conclusion indicates that while the mechanism of alteration may involve
various structural changes, an average damage structure can be predicted for these
compositions during long-term storage of radioactive waste.

9.4

Final remarks on radiation response

Overall, several minor modifications were noted to occur within the amorphous and
crystalline phases of synthesised samples following the various types of irradiation.
In Xe-irradiated samples, modifications to the connectivity of network formers, the
crystallinity of powellite, and migration of ions appeared to reach saturation around 4
– 8×1013 Xe ions/cm2 . These observations confirm that recovery processes in GCs limit
modifications, as they do in homogeneous waste glasses. Furthermore, it implies that
this dose regime can be used in future investigations as an estimate for the maximum
achievable damage in these compositions.
Regardless of the type of irradiation, a reduction in the average Si−O−B ring size
in the residual matrix was observed, as well as increased incorporation of Mo groups in
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both GCs and multiphased amorphous samples. However, there were some differences.
While β-irradiation was found to remediate some glass-in-glass phase separation in the
Si-rich residual phase through cleavage of boroxyl rings, SHI-irradiation was found to
encourage some de-mixing. Similarly, while Au and β-irradiation caused CS growth,
Xe-irradiation primarily caused a reduction. Therefore, it can be predicted that these
components of internal radiation will produce opposing forces on long-term structural
modifications that will consequently maintain the average structure of GCs, in addition
to remediating some phase separation in heterogeneous amorphous samples. As a
result, it can be concluded that increased MoO3 (up to 10 mol%) can be incorporated
as CaMoO4 in simplified nuclear waste GCs with limited alteration to both the powellite
phase and the residual matrix. Moreover, the amorphous matrix had a similar radiation
response with and without molybdenum, which suggests compatibility between the
phases.
To address the initial hypotheses on the effects of radiation, it can be concluded
that no phase separation was observed by any radiation experiment in single-phased
glasses. In systems without prior crystallisation, radiation prevented precipitation
by increasing the structural disorder. In isolated cases, radiation was observed to
induce precipitation of CaMoO4 . Dendritic crystals were seen in CB7 irradiated with
0.77 GGy, and a single crystal orientated in the (0 2 8) direction was found in CM1
irradiated with 5 × 1012 Xe ions/cm2 . For both samples, higher doses resulted in a
lack of detectable crystals by all analytical techniques used in this investigation. These
results imply that there could have been some pre-existing and isolated crystals in
the bulk compositions given the heterogeneous nature of calcium borosilicates, and
that sampling caused these anomalies. Alternatively, the high melt viscosity of the
specific compositions may have caused MoO42 – anions to be clustered together, and the
initiation of irradiation provided the thermal energy required for nucleation and growth
of crystallites. As defects accumulated with increasing dose, it is predicted that any
crystallisation caused by the added energy from irradiation resulted in reamorphisation.
As per the second hypothesis, while some evidence of minor powellite amorphisation of small particles (< 150 nm), and those along the crystal cluster to amorphous
interface were seen at high Xe and Au fluences, this process was not dominant. Moreover, it was concurrent to a reprecipitation of Mo and Ca species at the surface. Lastly,
heterogeneous amorphous phased samples often showed some remediation of immiscibility through interphase mixing or a change in the distribution of phases, as opposed
to increased phase separation. This was more evident following β-irradiation than
SHI-irradiation.
As a result, it can be concluded that CaMoO4 crystallites are stable in borosilicate
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glass matrices, with minor modifications occurring to the powellite crystal structure.
Where changes do occur, the individual components of α and β-decay appeared to
have opposing trends, which indicates multiple mechanisms of defect creation and remediation. In many ways, radiation also produced favourable effects such as increasing
the disorder of MoO42 – groups, which prevented crystallisation in amorphous systems
bearing MoO3 . These results collectively imply that the cumulative changes occurring
within glasses and GCs would be limited following internal radiation damage for the
achieved dose ranges.

9.5

Future work

The findings from this thesis provide several conclusions and follow up questions if
CaMoO4 bearing GCs are to be considered as alternate wasteform candidates. The
following are points of interest for future work:
• Run sequential irradiation experiments on a single sample to confirm the theory
that different types of radiation will cause opposing trends, thus stabilising the
CS of powellite crystallites.
• Repeat SDT experiments to confirm the presence of two glass transitions. If
found to be true, an additional analytical technique is required to determine if
the residual matrix of soda lime borosilicates has micro phase separation.
• Repeat synthesis and irradiation of the CNG2.5 composition to determine if
anomalies regarding the higher Tf reflecting increased incorporation of molybdenum following synthesis, and the delayed irradiation response were true, or
artefacts of this experiment.
• Introduce a higher concentration of actinide surrogates to test whether substitution into the CaMoO4 framework will occur following a similar set of irradiation
experiments.
• Increase the complexity of the base composition to see if changes to [MoO3 ] and
[B2 O3 ] will alter phase separation properties following synthesis and irradiation.
• While using external radiation has many benefits, the effects of high doses and
dose rates may produce different modifications. Therefore, doping some samples with active α-emitters such as 244Cm may be beneficial to understanding if
transformations occur through similar processes at slower dose rates.
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• It would also be interesting to correlate the structural modifications observed in
this thesis to temperature-based effects, as this would be a more cost-effective
way to initially test the durability of candidate wasteforms.

223

Conclusions

224

References
[1] S. Gin, P. Jollivet, M. Tribet, S. Peuget and S. Schuller, “Radionuclides containment in nuclear glasses: an overview”, Radiochimica Acta, 105(11), 2017, doi:
10.1515/ract-2016-2658.
[2] S. Peuget, J. M. Delaye and C. Jégou, “Specific outcomes of the research
on the radiation stability of the French nuclear glass towards alpha decay accumulation”, Journal of Nuclear Materials, 444(1-3); 76–91, 2014, doi:
10.1016/j.jnucmat.2013.09.039.
[3] J.-M. Delaye, S. Peuget, G. Bureau and G. Calas, “Molecular dynamics simulation of radiation damage in glasses”, Journal of Non-Crystalline Solids, 357(14);
2763–2768, 2011, doi: 10.1016/j.jnoncrysol.2011.02.026.
[4] J. Bonfils, S. Peuget, G. Panczer, D. de Ligny, S. Henry, P.-Y. Noël, A. Chenet
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A1: XRD fitting approach and additional spectra
A.11 XRD crystal size determination
As the crystal size of some of the analysed samples were well below 100 nm, the sample
contribution to peak broadening in Rietveld refinements were assumed to be related
to size only. CS estimates were made using the Scherrer equation (AA.1), which is a
function of peak shape and width according to equation A.1.
crystal size (CS) =

kλ
[nm]
10 · ∆θ · cosθ

(A.1)

where k is the crystal shape factor (assumed to be 0.9), λ is the radiation wavelength
and θ is the diffraction angle. In this context, CS broadening refers to a decrease in
the domain size, which can be different from the actual crystal size [119].The Scherrer
equation was applied to the peak shape function in a given crystallographic direction
(hkl) according to the relationship in equation (AA.2):
fwhm(2θ, hkl) =

(180/π)λ
cos θ · CS

(A.2)

where fwhm(2θ) is the full width at half maximum of a peak at a given diffraction
angle and crystallographic direction [120].
Furthermore a Lorentzian peak shape was found to fit better than a Gaussian
one. This was true for both Rietveld and Pawley refinements. For the most crystalline
samples, the refinements were repeated taking into account a Lorentzian sample contribution related to size, and a Lorentzian contribution related to microstrain, according
to the following equation (AA.3):
fwhm(2θ) = 4 · microstrain · tan(θ)

(A.3)

In order to minimise the correlations between the two parameters and the estimated
standard deviated (e.s.d.), the crystal size contribution (as well as the microstrain
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contribution when used) to peak broadening was modelled as isotropic, i.e. using
one single parameter for all crystallographic directions. The e.s.d. from the Rietveld
calculation has no bearing on the precision or accuracy, as it is merely related to the
mathematical fit of the model. Concerning the accuracy of the size determination, it
is known that for a typical laboratory XRD instrument the Scherrer analysis provides
sensitivity to crystallite size in the 1 − 100 nm range, the upper limit being set by the
instrumental broadening. This also means that the smaller the crystal size, the less the
Scherrer size value is affected by how the instrumental broadening is defined [120]. In
our experience related to the present case, a Scherrer crystal size of 100 nm can vary by
up to 30% relative of its value depending on the way the fundamental parameters are
used to fit the LaB6 660b NIST standard [117]. For example, depending on whether
the size and microstrain contribution for the NIST standard are assumed to be zero,
or are allowed to give a contribution to the LaB6 peak shape. However, if the crystal
size is 60 nm, this variation is no more than 10% relative. In other words, the smaller
the crystal size, the more reliable the number.
A distribution of crystal sizes could not be quantified using this method as all peak
broadening of occupancy sites associated with powellite is assigned to a single phase
from which the crystallite size is evaluated. In order to validate the methodology used
in this study and ensure that the surface was representative of the bulk, XRD was also
collected on unirradiated powder specimens from the synthesised glasses and GCs (see
Figure A.1 and A.2). Little variation in peak broadening and peak patterns were observed between the pristine powder samples and monoliths, thus supporting our initial
assumption that the surface microstructure is representative of the bulk. It further
indicates that the effects of preferred orientation are small and do not significantly
change the value of crystal sizes given in the main text.
A single parameter fit was chosen to fit the peak broadening in XRD data, as the
crystal volume in these GCs was generally too small to extract accurate information
for both size and strain. In order to determine if the CS values reported in the main
text reflected size only or size and strain contributions, size and strain were fit in
Topas v4.1 [118] for the most crystalline sample CN10 as a test (see Table A.1 for
values from Rietveld refinement). Notice that the e.s.d. is significantly larger when
two parameters are fit to the data. Moreover, none of the other samples could be
fit in this manner as the correlation between size and strain was too great, therefore
presenting this data alone could not provide necessary information of the evolution of
crystallinity with respect to concentration. Williamson-Hall plots were also made for
this dual parameter fit, which can be found as Raw Data at the end of this thesis.
First observe that there is a different trend when only size is fit (see Figure A.3),
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Figure A.1: Raw XRD spectra of pristine samples with increasing concentration of MoO3
in ascending order: 1.0 mol%, 1.75 mol%, 2.5 mol%, 7.0 mol% and 10 mol% MoO3 that
compared non-irradiated monoliths (black spectra) to powder samples (red spectra) from the
bulk. Similar peak position and amplitude indicate that surface is representative of the bulk
in terms of crystallinity.

Figure A.2: Raw XRD spectra of monoliths (black spectra) and powdered (red spectra)
specimens of pristine samples. In ascending order: CM7 with 7 mol% MoO3 ; CM5 with
5 mol% MoO3 , but with a higher B2 O3 /SiO2 ratio; and CN10 with 10 mol% MoO3 and
the inclusion of NaO. Similar peak position, amplitude, and width indicate that surface is
representative of the bulk in terms of crystallinity.

as opposed to when size and strain are fit (see Figure A.4). For a single parameter we
see CS increase and then decrease with dose, but when two parameters are fit, the size
has a tendency to increase with dose, though this may not be the case given the large
margin of statistical error reported. Concurrent to this increase in CS is an increase
in strain. We can therefore conclude that: 1) the effects of microstrain become more
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Table A.1: Refined crystallite size, microstrain and tetragonal unit cell parameters in CN10
Dose

CS (nm)

CS e.s.d.

microstrain (eo )

eo e.s.d.

a (Å)

e.s.d. in a

c (Å)

e.s.d in c

0
0.77
1.34

178.8190
238.8263
310.8851

11.0459
39.2538
59.7980

0.0165
0.02312
0.0342

0.0021
0.0045
0.0041

5.2265
5.2257
5.2256

0.0001
0.0003
0.0002

11.4557
11.4480
11.4400

0.0004
0.0008
0.0007

significant at higher doses and that this can reflect itself in a reduction of CS when
only a single parameter is fit; and 2) The trend for a single parameter (CS only) fit is
appropriate given that the non-linear trend with dose falls within the error bars when
both size and strain are fit, which therefore indicates that there are size contributions at
any dose. Furthermore, we observe that the reduction in the cell parameters following
irradiation are true no matter the fit is applied. For these reasons, a single parameter
Rietveld refinement was chosen to describe the changes in CaMoO4 peak broadening,
which exhibited a non-linearity with respect to dose.

Figure A.3: Visualisations of changes in Scherrer CS and cell parameters as estimated by
Rietveld refinement of XRD patterns in CN10 (using a CS only model) with dose. Error bars
are indicative of the estimated standard deviation from fitting and are not actual precision.
Plots are based on data given in main text.

From the Williamson-Hall plots we can observe a positive slope that increases at 1.34
GGy indicating a greater strain contribution (see Raw data). However, an appropriate
linear fit depended greatly on the peaks that were chosen for the plots. The greatest
accuracy was given for 2θ = 0 − 60 °, but this negates the peaks at higher 2θ which
provide the most information on strain. This is because the resolution at high 2θ is
very poor and many of the peaks were broadly overlapping. Despite an increase in
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Figure A.4: Visualisations of changes in Scherrer CS, microstrain, and cell parameters as
estimated by Rietveld refinement of XRD patterns in CN10 using a size and strain model.

the slope, the general scatter of the peak points supports a single parameter fit. A
CS only model and microstrain only model were both tested and had opposing trends,
and therefore appropriately accounted for the peak broadening. We therefore deduce
that any single parameter refinement will encompass the effects of both size and strain,
though both cannot be accurately fit together. We further conclude that the non-linear
trend in CS is not an anomaly or artefact of the method.

Intensity (a.u.)

A.12 Additional XRD patterns

(0 2 8)

20

30

40

50

60

70

80

Two theta (º)

Figure A.5: Raw XRD spectral pattern for CM1 irradiated with 5 × 1012 Xe ions/cm2 . The
single identified peak corresponding to (0 2 8) orientation has been circled.
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In the main text of Chapter 7, a single crystal was detected by diffraction for CM1
irradiated with 5 × 1012 Xe ions/cm2 . The pattern in Figure A.5 indicates a single
crystal orientated along the (0 2 8) direction. The relative crystal content could not be
accurately determined without powdering the sample and using an internal standard.

A2: Microstructure
Micrographs showing homogeneous glasses prior to irradiation (10 µm × 15 µm) are
illustrated in Figure A.6 . Following irradiation similar states were observed. Note the
scratches and pockets found non-uniformly across all samples owing to rigorous hand
polishing and the troublesome resin used for sample preparation.

Figure A.6: Pristine micrographs of NaBSi, CNO, and CNG1 illustrating that these specimens
were homogenous glasses prior to irradiation.

Cooling during GC synthesis has a known effect on crystallisation. To ensure that
the effects within a poured sample were minimal, SEM BSE images were taken along
one of the cross sections described in Figure 2.3 of the main body, the results of which
are in Figure A.7. We can see that the distribution of particles is similar on both
the micro and nanoscale. The size of particles marginally decreases as we approach
the edge, but this change is smaller than the changes in particle size that we observe
following irradiation. Moreover, both the irradiated and pristine samples from poured
GCs were taken from the central region of the cross section (far left column), and
therefore would not exhibit this minor variance caused by the heat flux within the
sample during cooling.
While the primary features of heterogeneous samples are given in the main text,
several other features can be seen in BSE micrographs. Additional images for irradiated
samples can be seen in the Raw Data at the end of this thesis.
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Figure A.7: SEM BSE micrographs of CNG7 that were taken along cross section of the
poured GC. Graphic inserts are using to indicate which part of the cross section was imaged,
and images on two scales were provided for each location.

A3: EDS Quantitative Analysis
While the boron content could not be measured using EDS, the remaining components
(Si, Ca, Mo, and Gd) were quantified at the surface using this method. Owing to
the heterogeneous nature of the samples, the relative differences measured by EDS
between a single composition before and after radiation were seen as a better method
of discussion, versus a focus on the values themselves. These results are presented
in the paper as elemental ratios, which provide a metric to compare results between
samples and between phases (A, B, and C). Nonetheless, quantitative analysis was
performed for each of the phases within a single sample to verify the resulting relative
elemental ratios relative to the theoretical composition, an example of which can be
seen below.
EDS quantitative analysis was performed by either mapping an area or selecting
points in each of the phase A, B, and C designated regions. A number of points or
areas were chosen for each phase. As the interface was also a region of interest, a
zoned analysis was also completed, where the notation z1 indicates points within 20
µm from the A – B interface. As n increases for zn, areas were chosen further away
from the interface. The tables in Figure A.8 provides the summary of results for two
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heterogeneous amorphous samples (one from the CB series and the other from the CM
series), along with one glass ceramic. The theoretical oxide and elemental compositions
are also provided for comparison. Note that the theoretical elemental composition is
based on oxide stoichiometry and the [O] does not include a contribution from B2 O3 .
From the tables in Figure A.8 we can observe that phase A is rich in silica and close
to the intended sample composition, while phase B is rich in calcium and molybdenum.
In the heterogeneous amorphous samples CB15 and CM2.5, the [Ca] in each phase
fluctuates around the theoretical composition. This observation outlines the difficulty
in confirming the composition for heterogeneous samples. While EDS does support
that the [Si], [Ca], and [Mo] are within reason to the theoretical values, it is important
to remember that this is also a surface technique and may not be representative the
bulk.
It is also easy to identify that the [O] is a lot higher than the theoretical value in
all samples. While the other elements are fitted as oxides according to the PB-ZAF
method [113], the oxygen peak can also be fitted. While it is difficult to determine
the actual contribution from the [B], we can observe that the disparity is likely owing
to this additional oxide in the mix from boron oxide groups. Moreover, by comparing
the relative composition between phases and the surface area of each phase, we can
deduce that phase B has another constituent or that the density between the phases is
significantly different. We can also confirm using other analytical techniques described
in the paper that there are indeed contributions from boron oxide units in phase B.
Ratios of [Si]/[Ca] and [Ca]/[Mo] were used in the text to indicate how the phases
A, B, and C differed compositionally prior to and following irradiation. A complete
list of ratios for all calcium borosilicates samples before and after β-irradiation is given
in Table A.2, and a qualitative interpretation follows.
In CB7, both Mo and Ca migrate away from the surface, in comparison to the
amount of Si in all phases. In CB15, it appears that there is more Ca and Mo in phase
A, more Si in phase B and C, and less Ca than Mo in all phases. This last inference is
indicated by the general reduction in the [Ca]/[Mo] ratios for all phase in CB15, which
implies a charge-assisted migration of Ca from the surface. As the main text describes,
there was more Ca in phase B presumably from phases A or C following β-irradiation
in CB23. There was concurrently less Mo in phase B than Ca.
CaBSi is without Mo and generally indicates an increased [Ca] in phases A and
C following β-irradiation. With the addition of MoO3 in CM1 and CM2.5, there was
more Ca detected in phases A and B, than there was in phase C when compared to
the Si content. Congruently there was less Mo in phase A and more in phases B and
C than Ca.
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Figure A.8: Summary tables of select pristine samples analysed by EDS
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Table A.2: [Si]/[Ca] and [Ca]/[Mo] ratios from EDS analysis of phases A, B and C following
β-irradiation ( 10% statistical error)
pristine

irradiated (1.34 GGy)

Phase A

Phase B

Phase C

Phase A

Phase B

Phase C

CB7

[Si]/[Ca]
[Ca]/[Mo]

64.42
1.15

8.16
1.58

44.51
0.94

43.30
3.87

2.63
5.00

26.10
6.80

CB15

[Si]/[Ca]
[Ca]/[Mo]

41.33
4.97

1.98
5.19

13.79
9.75

21.36
4.56

2.60
4.73

14.06
5.05

CB23

[Si]/[Ca]
[Ca]/[Mo]

31.92
4.20

2.68
4.01

16.69
4.93

53.86
2.58

1.52
4.38

34.23
2.87

CaBSi

[Si]/[Ca]
[Ca]/[Mo]

57.81
N/A

2.03
N/A

9.30
N/A

26.40
N/A

2.14
N/A

5.87
N/A

CM1

[Si]/[Ca]
[Ca]/[Mo]

40.29
3.99

2.63
20.33

9.23
13.62

27.23
4.92

1.69
4.55

10.16
5.03

CM2.5

[Si]/[Ca]
[Ca]/[Mo]

53.89
2.23

1.25
4.13

9.04
3.93

25.10
4.37

1.06
4.03

11.05
3.64

Samples below are GCs with only two phases. Here phase B is crystalline
CM7

[Si]/[Ca]
[Ca]/[Mo]

54.51
1.38

2.61
1.34

84.87
1.05

1.62
0.94

CM5

[Si]/[Ca]
[Ca]/[Mo]

42.25
1.53

1.47
1.69

82.81
1.74

0.79
1.07

In the calcium borosilicate GCs, there are only two phases where one is amorphous
and the other is mostly crystalline. In this second phase small crystallites are clustered
in an amorphous matrix, so there was still a small contribution from the glassy phase
when EDS measurements were made. In CM7, EDS indicates that there was more Si
in phase A and less Mo following β-irradiation. While in the crystal clusters (referred
to as phase B in Table A.2, there was more Ca along with a relatively higher amount
of Mo. In CM5, there likewise appeared to be more Si in phase A, but also perhaps
more Mo than Ca. In the crystalline clusters of this sample, more Ca was also observed
with a greater fraction of Mo noted.
The varying trends indicate the complexities in analysing heterogeneous systems.
When examining EDS data, several conditions must be taken into account before ascertaining the validity of the results. For example, the time post irradiation of measurements or the fact that boron is not measured will undoubtedly skew oxide quantification. More to the point, EDS is a surface analysis technique, and therefore yields
little information on the bulk composition. This makes compositional based results
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speculative and not definitive on any mechanism of alteration following irradiation.
It many cases, quantification indicates that certain elements, like Ca ions are not as
populated at the surface. β-irradiation has been previously observed to enable alkali
migration, which leads to the creation of an alkali depleted volume at the surface. The
same may be true for alkaline earth ions to the extent that the highly viscous matrix
allowed ions with a larger size and charge to migrate.

A4: EBSD results
As mentioned in the main text, a small volume of crystals was observed by microscopy
in CB7 following a dose of 0.77 GGy of β-irradiation. This sample however did not
diffract using XRD and appeared fully amorphous using that bulk technique. In order
to ascertain if these were indeed crystals and the nature of the crystals, EBSD was
performed with a Bruker e-FlashHD detector at low vacuum and with a 20 keV beam
and current of ∼ 10 nA. A 70° tilt and an alumina reference were employed for optimal
detection and phase recognition. The results of that analysis can be seen in Figures A.9
& A.10, which confirm the existence of < 1 vol% powellite crystals. The percentage is
based on detection limits for the XRD diffractometer.

Figure A.9: EBDS analysis for select region of CB7 irradiated with 0.77 GGy. From left to
right: BSE image, phase map, and Euler analysis with the legend on far left.
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Figure A.10: Diffraction patterns from EBDS analysis in ESPRIT software for select region
of CB7 β-irradiated with 0.77 GGy indicating that all crystals are powellite.

A5: Additional EPR spectra
The electronic defect structure of β-irradiated samples was analysed using EPR spectroscopy. While the majority of spectra are given in the main text, some comments
were made with respect to dose related effects in samples NaBSi, for which spectra were
not given. Primarily a relatively higher proportion of the E’ defect (g ∼ 2) associated
with a hole centre on an network forming silica tetrahedral was observed as compared
to all other defects following a dose of 1.34 GGy, as seen in Figure A.11.

Figure A.11: EPR spectra of NaBSi (sodium borosilicate without calcium or molybdenum)
following β-irradiation of 0.77 GGy and 1.34 GGy.
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A6: Raman sampling and peak fitting
Ensuring homogeneity of amorphous samples
As mentioned in the text, Raman spectroscopy was used to confirm the homogeneity
of amorphous samples NaBSi, CNO, and CNG1. In each of the samples, three to five
randomly selected points across the surface were chosen for analysis. As the spectral
shape remained constant for each of the three samples at pristine conditions, it can be
concluded that these compositions are homogeneous. If there was some phase separation in the amorphous network as SDT results may imply, we would expect to see a
variance in silica and borate-like features among the various spectra for one sample.
An example of overlayed spectra from multiple measurements in CNO can be see in
Figure A.12.
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Figure A.12: Raman spectra from multiple measurements across the sample surface of pristine
CNO. The spectral shape similarity between randomly selected spots indicates homogeneity
in this amorphous composition.

Additional spectra
The general features of the spectra in this section are mentioned in the main text. They
are provided here as supporting evidence to the claims made in this thesis. Figure A.13
describes the amorphous phase A of CM1 following irradiation with SHIs, as described
in Chapter 7.
In Chapter 8, references were made to the identification of a band associated with
molecular oxygen. The spectra in Figure A.14 illustrate this identification, along with
other radiation-induced alterations to the amorphous structure of this sample.
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Figure A.13: Raman spectra of phase A in CM1 following SHI-irradiation. An anomaly in
the boroxyl ring band intensity has been circled, as it dose not follow the general trends with
respect to fluence mentioned in the main text.
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Figure A.14: Raman spectra of NaBSi following SHI-irradiation. Relevant bands of interest
have been labelled, with arrows indicating peak shifts and intensity changes. The circles are
indicative of molecular oxygen.
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Williamson-Hall plots and analysis

Summary of Williamson-Hall analysis on CN10 for samples prior to and following βirradiation, plots of which can be seen on the following three pages.

FOR PEAKS NOT IN YELLOW OR RED
Dose
CS (model) CS (plot)
% change
0 178.81898 252.098182 -40.979544
0.77 238.82633 142.942268 40.148028
1.34 310.88513 -112.72683 136.259962
FOR ALL PEAKS
Dose
CS (model) CS (plot)
% change
0 178.81898 374.740541 -109.56419
0.77 238.82633 54.588189 77.1431446
1.34 310.88513 -5.9001702 101.897862
WITHOUT OUTLIER HIGHLIGHTED IN GREEN
Dose
CS (model) CS (plot)
% change
0 178.81898 227.301639 -27.112703
0.77 238.82633 175.511392 26.5108699
1.34 310.88513 495.192857 -59.284832
SINGLE PEAKS BETWEEN 0-60 DEGREES
Dose
CS (model) CS (plot)
% change
0
178.82 256.766667 -109.56419
0.77
238.83 171.177778 77.1431446
1.34
310.89 630.245455 101.897862

e (model)
e (plots)
0.01647
0.00093
0.02318
0.00071
0.03423
0.00253

% change
94.3533698
96.9370147
92.6088227

e (model)
e (plots)
0.01647
0.0122
0.02318
0.00331
0.03423
0.0198

% change
25.9259259
85.7204487
42.1560035

e (model)
e (plots)
% change
0.01647
0.00089 94.5962356
0.02318
0.00083 96.419327
0.03423
0.00129 96.231376
e (model)
e (plots)
0.01647
0.00083
0.02318
0.00081
0.03423
0.00125

% change
25.9259259
85.7204487
42.1560035

259

4sin(theta) est theta
fwhm
0.65413723
0.00134
0.03557
1.0811503
0.00256
0.06695
1.18431932
0.00199
0.0571
1.35041246
0.00307
0.05689
1.36625993
0.00508
0.03577
1.60095502
0.00135
0.07955
1.67219893
0.00225
0.06887
1.82107081
0.0023
0.07757
1.88771076
0.00467
0.04602
1.94487576
0.0016
0.07462
1.98882358
0.0033
0.09713
2.22585189
0.01262
0.09273
2.36213732
0.00676
0.0732
2.59561127
0.00856
0.13709
2.64011366
0.00648
0.10105
2.72546198
0.01399
0.15088
1.55066311
0.0073
0.08402
2.14962677
0.01993
0.45096
2.27789862
0.00729
0.06567
2.30246529
0.01297
0.12481
2.44994898
0.01438
0.06471
2.45756193
0.00672
0.10464
2.46962052
0.00366
0.09922
2.56248633
0.00723
0.14723
0.99787954
0.0006
0.1045

fwhm (rad)
0.00062081
0.0011685
0.00099658
0.00099292
0.0006243
0.00138841
0.00120201
0.00135385
0.0008032
0.00130237
0.00169524
0.00161844
0.00127758
0.00239267
0.00176366
0.00263335
0.00146643
0.00787074
0.00114616
0.00217835
0.0011294
0.00182631
0.00173172
0.00256965
0.00182387

beta
est fwhm
0.00097517
0.00471
0.00183547
0.0085
0.00156543
0.00625
0.00155967
0.00999
0.00098066
0.01723
0.00218091
0.00374
0.00188811
0.0068
0.00212663
0.00662
0.00126166
0.01425
0.00204575
0.00443
0.00266288
0.00991
0.00254225
0.03881
0.00200682
0.02063
0.0037584
0.02664
0.00277034
0.01992
0.00413646
0.04308
0.00230346
0.02413
0.01236333
0.06603
0.00180038
0.0224
0.00342174
0.04187
0.00177406
0.0495
0.00286877
0.02281
0.00272017
0.01092
0.0040364
0.02219
0.00286493
0.00173

βhkl cos(θ)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.5

(001)

1

(004)

Miiller index
(001)
(004)
(020)
(211)
(114)
(024)
(220)
(116)
(125)
(132) or (033)
(224)
(035)
(040)
(413)
(240) or (420)
(228)
(123)
(008)
(323) or (233)
(127) or (217)
(141) or (411)
(028)
(136) or (316)
(332) or (413)
(112) or (013)

2 theta
theta
18.8242
31.36276
34.4446
39.46182
39.9445
47.18621
49.42304
54.16432
56.319
58.18473
59.63063
67.62308
72.38987
80.91786
82.60408
85.90088
45.61867
65.01455
69.4272
70.28561
75.53913
75.81529
76.25378
79.67637
28.89229

0.16
0.27
0.30
0.34
0.35
0.41
0.43
0.47
0.49
0.51
0.52
0.59
0.63
0.71
0.72
0.75
0.40
0.57
0.61
0.61
0.66
0.66
0.67
0.70
0.25

4sin(theta) est theta
fwhm
0.65
0.00134
0.03557
1.08
0.00256
0.06695
1.18
0.00199
0.0571
1.35
0.00307
0.05689
1.37
0.00508
0.03577
1.60
0.00135
0.07955
1.67
0.00225
0.06887
1.82
0.0023
0.07757
1.89
0.00467
0.04602
1.94
0.0016
0.07462
1.99
0.0033
0.09713
2.23
0.01262
0.09273
2.36
0.00676
0.0732
2.60
0.00856
0.13709
2.64
0.00648
0.10105
2.73
0.01399
0.15088
1.55
0.0073
0.08402
2.15
0.01993
0.45096
2.28
0.00729
0.06567
2.30
0.01297
0.12481
2.45
0.01438
0.06471
2.46
0.00672
0.10464
2.47
0.00366
0.09922
2.56
0.00723
0.14723
1.00
0.0006
0.1045

fwhm (rad)
0.00062081
0.0011685
0.00099658
0.00099292
0.0006243
0.00138841
0.00120201
0.00135385
0.0008032
0.00130237
0.00169524
0.00161844
0.00127758
0.00239267
0.00176366
0.00263335
0.00146643
0.00787074
0.00114616
0.00217835
0.0011294
0.00182631
0.00173172
0.00256965
0.00182387

beta
est fwhm
0.00097517
0.00471
0.00183547
0.0085
0.00156543
0.00625
0.00155967
0.00999
0.00098066
0.01723
0.00218091
0.00374
0.00188811
0.0068
0.00212663
0.00662
0.00126166
0.01425
0.00204575
0.00443
0.00266288
0.00991
0.00254225
0.03881
0.00200682
0.02063
0.0037584
0.02664
0.00277034
0.01992
0.00413646
0.04308
0.00230346
0.02413
0.01236333
0.06603
0.00180038
0.0224
0.00342174
0.04187
0.00177406
0.0495
0.00286877
0.02281
0.00272017
0.01092
0.0040364
0.02219
0.00286493
0.00173
0.0122
0.00037
374.740541

ALL DATA
m
b
CS

single peaks from 0-60
m
0.00083
b
0.00054
CS
256.766667

without green
m
0.00089
b
0.00061
CS
227.301639

0.00093
0.00055
252.098182

0.9
0.15406

m
b
CS

CONSTANTS
K
lambda

(020)

(112) or (013)

CN10 priscne

LEGEND: RED IS FOR OUTLIER PEAKS FOR THIS SAMPLE, YELLOW OUTLIERS FOR OTHER SAMPLES IN SERIES, AND GREEN OUTLIERS CAUSE THE INTERCEPT TO BE LESS THAN ZERO

theta
0.16427213
0.27369171
0.30058584
0.34436934
0.34858152
0.41177736
0.43129739
0.47267286
0.49147599
0.50775756
0.52037541
0.5901227
0.63172079
0.70614154
0.72085659
0.74962659
0.398098
0.56735898
0.60586662
0.61335766
0.65920327
0.66161322
0.66543976
0.6953075
0.25213279
1.5

(123)
(114)
(211) )

(024)

2

(413) (332) or (413)

y = 0.00122x + 0.00037
R² = 0.10697

2.5

(136) or (316)
(323) or (233)

(228)
(240) or (420)
(035) (141) or (411)
(040)
(028)

(127) or (217)

(008)

3

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.5

(001)

1

(004)
(020)

CN10 priscne

(114)

(211)

1.5

(224)

2

y = 0.00083x + 0.00054
R² = 0.35480

0

0.001

0.002

0.003

0.004

0.5

2.5

(001)

1

(004)

3

(020)

(112) or (013)

CN10 priscne

(114)

(211)

1.5

2

(132) or (033)

(224)

(125)

(116)

4 sin(θ)

(220)

(123)

(024)

SAME PLOTS BUT MINIMISING THE Y RANGE TO GET BETTER DETAILS
0.005

(132) or (033)

βhkl cos(θ)
(125)

4 sin(θ)

(220)

(024) (116)

THESE PLOTS USED SELECT PEAKS AND NEGLECTED OUTLIERS

4 sin(θ)

(220)

(224)
(125)
(132) or (033)

(116)

βhkl cos(θ)

Prisitne - Non irradiated CN10
Miiller index
2 theta
(001)
18.8242
(004)
31.36276
(020)
34.4446
(211)
39.46182
(114)
39.9445
(024)
47.18621
(220)
49.42304
(116)
54.16432
(125)
56.319
(132) or (033)
58.18473
(224)
59.63063
(035)
67.62308
(040)
72.38987
(413)
80.91786
(240) or (420)
82.60408
(228)
85.90088
(123)
45.61867
(008)
65.01455
(323) or (233)
69.4272
(127) or (217)
70.28561
(141) or (411)
75.53913
(028)
75.81529
(136) or (316)
76.25378
(332) or (413)
79.67637
(112) or (013)
28.89229

(240) or (420)

(413)

(228)

(141) or (411)

(136) or (316)

2.5

(323) or (233)

(040)

(035)

(028)

(127) or (217)

(413) or (332)

3

Raw data

260

0.16
0.27
0.30
0.34
0.35
0.41
0.43
0.47
0.49
0.51
0.52
0.59
0.63
0.71
0.72
0.75
0.40
0.57
0.61
0.61
0.66
0.66
0.67
0.70
0.25

0.16
0.27
0.30
0.34
0.35
0.41
0.43
0.47
0.49
0.51
0.52
0.59
0.63
0.71
0.72
0.75
0.40
0.57
0.61
0.61
0.66
0.66
0.67
0.70
0.25

CN10 irradiated with 0.77 GGy
Miiller index 2 theta
theta
(001)
18.84777
(004)
31.40492
(020)
34.46550
(211)
39.48929
(114)
39.96520
(024)
47.23477
(220)
49.45703
(116)
54.21307
(125)
56.35316
(132) or (033) 58.21270
(224)
59.67771
(035)
67.70487
(040)
72.41446
(413)
80.96469
(240) or (420) 82.64545
(228)
86.02543
(123)
45.64583
(008)
64.99909
(323) or (233) 69.42812
(127) or (217) 70.34962
(141) or (411) 75.94217
(028)
75.86678
(136) or (316) 76.30141
(332) or (413) 79.72711
(112) or (013) 28.92555

Miiller index 2 theta
theta
(001)
18.84777
(004)
31.40492
(020)
34.4655
(211)
39.48929
(114)
39.9652
(024)
47.23477
(220)
49.45703
(116)
54.21307
(125)
56.35316
(132) or (033)
58.2127
(224)
59.67771
(035)
67.70487
(040)
72.41446
(413)
80.96469
(240) or (420) 82.64545
(228)
86.02543
(123)
45.64583
(008)
64.99909
(323) or (233) 69.42812
(127) or (217) 70.34962
(141) or (411) 75.94217
(028)
75.86678
(136) or (316) 76.30141
(332) or (413) 79.72711
(112) or (013) 28.92555

4sin(theta) est theta
fwhm
0.65
0.00282
0.05085
1.08
0.0047
0.05103
1.19
0.00333
0.0305
1.35
0.0058
0.06241
1.37
0.01302
0.0942
1.60
0.00218
0.07214
1.67
0.0039
0.05328
1.82
0.00411
0.06899
1.89
0.01423
0.10248
1.95
0.00281
0.07934
1.99
0.0044
0.06031
2.23
0.03874
0.1326
2.36
0.01404
0.06908
2.60
0.01183
0.07488
2.64
0.01908
0.10888
2.73
0.04986
0.33592
1.55
0.0164
0.10726
2.15
0.02974
0.20229
2.28
0.00855
0
2.30
0.02871
0.1204
2.46
0.10837
1.32145
2.46
0.009
0.00461
2.47
0.00648
0.06521
2.56
0.01467
0.16739
1.00
0.00097
0.09776

fwhm (rad)
0.0008875
0.00089064
0.00053233
0.00108926
0.0016441
0.00125908
0.00092991
0.0012041
0.00178861
0.00138474
0.00105261
0.00231431
0.00120567
0.0013069
0.00190032
0.00586291
0.00187204
0.00353063
0
0.00210138
0.02306366
8.046E-05
0.00113813
0.00292151
0.00170623

fwhm (rad)
0.0008875
0.00089064
0.00053233
0.00108926
0.0016441
0.00125908
0.00092991
0.0012041
0.00178861
0.00138474
0.00105261
0.00231431
0.00120567
0.0013069
0.00190032
0.00586291
0.00187204
0.00353063
0
0.00210138
0.02306366
8.046E-05
0.00113813
0.00292151
0.00170623

beta
est fwhm
0.00139408
0.01043
0.00139902
0.01684
0.00083618
0.0114
0.00171101
0.02075
0.00258255
0.04647
0.00197776
0.00664
0.0014607
0.01201
0.0018914
0.01236
0.00280955
0.04725
0.00217515
0.00863
0.00165343
0.01406
0.00363531
0.13057
0.00189387
0.04654
0.00205288
0.03585
0.00298501
0.0603
0.00920944
0.19004
0.0029406
0.05644
0.0055459
0.09981
0
0.02921
0.00330084
0.09624
0.03622832
0.48959
0.00012639
0.05435
0.00178777
0.02665
0.00458909
0.04909
0.00268015
0.00292

beta
est fwhm
0.00139408
0.01043
0.00139902
0.01684
0.00083618
0.0114
0.00171101
0.02075
0.00258255
0.04647
0.00197776
0.00664
0.0014607
0.01201
0.0018914
0.01236
0.00280955
0.04725
0.00217515
0.00863
0.00165343
0.01406
0.00363531
0.13057
0.00189387
0.04654
0.00205288
0.03585
0.00298501
0.0603
0.00920944
0.19004
0.0029406
0.05644
0.0055459
0.09981
0
0.02921
0.00330084
0.09624
0.03622832
0.48959
0.00012639
0.05435
0.00178777
0.02665
0.00458909
0.04909
0.00268015
0.00292

0.00331
0.00254
54.588189

ALL DATA
m
b
CS
without green
m
0.00083
b
0.00079
CS
175.511392
single peaks 0-60
m
0.00066
b
0.00081
CS
171.177778

0.00071
0.00097
142.942268

m
b
CS(nm)

SELECTED PEAKS

βhkl cos(θ)
βhkl cos(θ)

4sin(theta) est theta
fwhm
0.65
0.00282
0.05085
1.08
0.0047
0.05103
1.19
0.00333
0.0305
1.35
0.0058
0.06241
1.37
0.01302
0.0942
1.60
0.00218
0.07214
1.67
0.0039
0.05328
1.82
0.00411
0.06899
1.89
0.01423
0.10248
1.95
0.00281
0.07934
1.99
0.0044
0.06031
2.23
0.03874
0.1326
2.36
0.01404
0.06908
2.60
0.01183
0.07488
2.64
0.01908
0.10888
2.73
0.04986
0.33592
1.55
0.0164
0.10726
2.15
0.02974
0.20229
2.28
0.00855
0
2.30
0.02871
0.1204
2.46
0.10837
1.32145
2.46
0.009
0.00461
2.47
0.00648
0.06521
2.56
0.01467
0.16739
1.00
0.00097
0.09776

0

0.001

0.002

0.003

0.004

0.005

0.006

0.5

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

(001)

0.5

1

1

(004)

(114)

(211)

(020)

(112) or (013)

CN10 0.77 GGy

(001)

1.5

(024)

(228)

y = 0.00331x - 0.00254
R² = 0.07664

(141) or (411)

(116)

2

(224)

(323) or (233)

(413)

(240) or (420)

2.5

(028)

(136) or (316)

(040)

2.5

(413) or (332)

(127) or (217)

(035)

(008)

(132) or (033)

(125)

4 sin(θ)

2

3

(008)
(413)
(224)
(240) or (420)
(035)
(127) or (217)
(125)
(332) or (413)
(132) or (033) (040)
(028)
(220) (116)
(323) or (233)
(136) or (316)

4 sin(θ)

(220)

1.5

(123)
(024)

(123)

(114)
(211))
(004)
(020)

(112) or (013)

CN10 0.77 GGy

3

βhkl cos(θ)
βhkl cos(θ)

0.04

0

0.0005

0.001

0.0015

0.002

0.0025

0.50

0.5

0.003

0

0.002

0.004

0.006

0.008

0.01

1

(004)

(001)

1.00

(004)

(020)

(211)

(114)

(114)
(211)
(020)

CN10 0.77 GGy

(001)

(112) or (013)

CN10 0.77 GGy

1.50

(024)

1.5

(024)

(123)

4 sin(θ)

(220)

(040)

2.00

(240) or (420)

2.5

(028)

(136) or (316)

(413)

2.50

y = 0.00066x + 0.00081
R² = 0.22010

(323) or (233)

(224)

2

(224)

(125)

(116)

4 sin(θ)

(220)

(132) or (033)

(125)
(116)

(413) or (332)
(035)
(127) or (217)

(008)

(228)

3.00

3

SAME THING AGAIN

Raw data
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4sin(theta) est theta
fwhm
fwhm (rad) beta
est fwhm
0.66
0.00241
0.04383 0.00076498 0.00120162
0.00911
1.08
0.00438
0.07632 0.00133204 0.00209236
0.01541
1.19
0.00293
0.042 0.00073304 0.00115145
0.00991
1.35
0.00507
0.06915 0.0012069 0.00189579
0.01781
1.37
0.00811
0.07174 0.0012521 0.00196679
0.02903
1.60
0.00203
0.08536 0.00148981 0.00234019
0.00591
1.67
0.0037
0.07469 0.00130359 0.00204767
0.0114
1.82
0.00387
0.10317 0.00180066 0.00282847
0.01186
1.89
0.01062
0.10531 0.00183801 0.00288713
0.03482
1.95
0.00261
0.09952 0.00173695 0.0027284
0.00754
1.99
0.00483
0.10082 0.00175964 0.00276404
0.01483
2.23
0.0488
0.34102 0.00595192 0.00934926
0.19673
2.36
0.02398
0.23998 0.00418844 0.00657919
0.09032
2.60
0.02041
0.27882 0.00486633 0.00764401
0.08572
2.64
0.01301
0.13489 0.00235428 0.00369809
0.04298
2.73
0.02854
0.18114 0.00316149 0.00496606
0.09415
1.55
0.01078
0.05504 0.00096063 0.00150895
0.03729
2.15
0.03495
0.40649 0.00709459 0.01114416
0.1252
2.28
0.02427
0.15646 0.00273074 0.00428944
0.08518
2.31
0.05745
0.50943 0.00889123 0.01396632
0.23498
2.46
0.55111
9.65141 0.16844895
0.264599
3.90527
2.46
0.02225
0.26985 0.00470977 0.00739809
0.07781
2.47
0.00806
0.12271 0.00214169 0.00336417
0.02618
2.56
0.01124
0.15358 0.00268048 0.00421048
0.04032
1.00
0.00081
0.09216 0.0016085 0.00252662
0.00243

Miiller index 2 theta
theta
4sin(theta) est theta
fwhm
fwhm (rad) beta
est fwhm
(001)
18.85382
0.16
0.66
0.00241
0.04383 0.00076498 0.00120162
0.00911
(004)
31.43144
0.27
1.08
0.00438
0.07632 0.00133204 0.00209236
0.01541
(020)
34.46953
0.30
1.19
0.00293
0.042 0.00073304 0.00115145
0.00991
(211)
39.49525
0.34
1.35
0.00507
0.06915 0.0012069 0.00189579
0.01781
(114)
40.00277
0.35
1.37
0.00811
0.07174 0.0012521 0.00196679
0.02903
(024)
47.24349
0.41
1.60
0.00203
0.08536 0.00148981 0.00234019
0.00591
(220)
49.45676
0.43
1.67
0.0037
0.07469 0.00130359 0.00204767
0.0114
(116)
54.25116
0.47
1.82
0.00387
0.10317 0.00180066 0.00282847
0.01186
(125)
56.40638
0.49
1.89
0.01062
0.10531 0.00183801 0.00288713
0.03482
(132) or (033) 58.22269
0.51
1.95
0.00261
0.09952 0.00173695 0.0027284
0.00754
(224)
59.68589
0.52
1.99
0.00483
0.10082 0.00175964 0.00276404
0.01483
(035)
67.69401
0.59
2.23
0.0488
0.34102 0.00595192 0.00934926
0.19673
(040)
72.41232 0.6319167 2.36276969
0.02398
0.23998 0.00418844 0.00657919
0.09032
(413)
80.9384
0.71
2.60
0.02041
0.27882 0.00486633 0.00764401
0.08572
(240) or (420) 82.64136
0.72
2.64
0.01301
0.13489 0.00235428 0.00369809
0.04298
(228)
86.0299
0.75
2.73
0.02854
0.18114 0.00316149 0.00496606
0.09415
(123)
45.65653
0.40
1.55
0.01078
0.05504 0.00096063 0.00150895
0.03729
(008)
65.02349
0.57
2.15
0.03495
0.40649 0.00709459 0.01114416
0.1252
(323) or (233) 69.48418
0.61
2.28
0.02427
0.15646 0.00273074 0.00428944
0.08518
(127) or (217) 70.40477
0.61
2.31
0.05745
0.50943 0.00889123 0.01396632
0.23498
(141) or (411) 75.73635
0.66
2.46
0.55111
9.65141 0.16844895
0.264599
3.90527
(028)
75.91677
0.66
2.46
0.02225
0.26985 0.00470977 0.00739809
0.07781
(136) or (316)
76.3526
0.67
2.47
0.00806
0.12271 0.00214169 0.00336417
0.02618
(332) or (413) 79.70651
0.70
2.56
0.01124
0.15358 0.00268048 0.00421048
0.04032
(112) or (013) 28.92745
0.25
1.00
0.00081
0.09216 0.0016085 0.00252662
0.00243

0.16
0.27
0.30
0.34
0.35
0.41
0.43
0.47
0.49
0.51
0.52
0.59
0.63
0.71
0.72
0.75
0.40
0.57
0.61
0.61
0.66
0.66
0.67
0.70
0.25

0.0198
-0.0235
-5.9001702

0.00253
-0.00123
-112.72683

remaining single peaks
m
0.00125
b
0.00022
CS
630.245455

without green
m
0.00129
b
0.00028
CS
495.192857

m
b
CS

ALL DATA

m
b
CS (nm)

βhkl cos(θ)
βhkl cos(θ)

CN10 irradiated with 1.34 GGy
Miiller index 2 theta
theta
(001)
18.85382
(004)
31.43144
(020)
34.46953
(211)
39.49525
(114)
40.00277
(024)
47.24349
(220)
49.45676
(116)
54.25116
(125)
56.40638
(132) or (033) 58.22269
(224)
59.68589
(035)
67.69401
(040)
72.41232
(413)
80.93840
(240) or (420) 82.64136
(228)
86.02990
(123)
45.65653
(008)
65.02349
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XRD patterns for GC samples in the CN series
following SHI-irradiation
Figures A.15 & A.16 provide the raw XRD patterns for GCs in the CN series. Patterns were refined using the Rietveld method to determine cell parameters and CS.
The quality of the data and large amorphous content rendered a single parameter fit
more appropriate than fitting for size and strain. These patterns also provide supporting evidence to statements made in the main thesis that no Na-substitution into the
powellite structure took place as this would induce significant peak distortion, and the
formation of additional peaks consistent with the Na2 MoO4 orthorhombic unit cell.
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Figure A.15: XRD patterns for high-Mo bearing CN10 and CNG7 from the CN series following SHI-irradiation.
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Figure A.16: XRD patterns for low-Mo bearing CNG2.5 and CNG1.75 from the CN series
following SHI-irradiation.
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Extra BSE images of samples following irradiation
For samples following β-irradiation:
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For samples following Au - irradiation:
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For samples following Xe - irradiation:
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Raman results

Additional spectra

The general features of the spectra in this section for SHI-irradiated samples are mentioned in the main text. They are provided here as supporting evidence to the claims
made in the main thesis and to illustrate certain feature that may have been difficult
to see in stacked spectra of multiple compositions. Figures A.17 to A.18 are for amorphous samples, while Figures A.19 to A.22 represent the soda lime borosilicate GCs in
the CN series. These spectra are discussed in Chapter 8. An additional stacked spectra
of CaMoO is also provided in Figure A.23, which illustrates a Mo-rich phase in which
dampening of the band at ∼ 910 cm−1 indicates fewer MoO42 – units dissolved in the
matrix with Xe fluence.
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Figure A.17: Raman spectra of CNO following SHI-irradiation. Relevant bands of interest
have been labelled, with arrows indicating peak shifts and intensity changes..
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Figure A.18: Raman spectra of CNG1 following SHI-irradiation. Relevant bands of interest
are marked with vertical lines, and arrows indicate peak shifts and intensity changes.
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Figure A.19: Raman spectra of the GC CNG1.75 following SHI-irradiation. Relevant powelitte bands of interest have been labelled, with arrows indicating peak broadening and intensity changes. The band at ∼ 910 cm−1 is indicative of MoO42 – anions dissolved in the
matrix.
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Figure A.20: Raman spectra of the GC CNG2.5 following SHI-irradiation. Relevant powelitte
bands of interest have been labelled, with arrows indicating peak broadening and intensity
changes. Amorphous bands are also evident at ∼ 500 cm−1 and 910 cm−1 , which are both
observed to increase with Xe fluence.
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Figure A.21: Raman spectra of the GC CNG7 following SHI-irradiation. Relevant powellite
bands of interest have been labelled, with arrows indicating peak broadening. A peak shift
of all bands to lower wavenumbers occurred following Xe-irradiation, along with dampening
of the νdef bands.
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Figure A.22: Raman spectra of the GC CN10 following SHI-irradiation. Relevant powellite
bands of interest have been labelled, with arrows indicating peak broadening. A peak shift
of all bands to lower wavenumbers occurred following Xe-irradiation, along with dampening
of the νdef bands.
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Figure A.23: Raman spectra of CaMoO following SHI-irradiation. Relevant bands of interest
and fluencies have been labelled, with arrows indicating intensity changes.
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Peak fitting of β-irradiated samples in the CNseries
Raman spectra are provided in the main text, but certain changes within the amorphous
matrix were difficult to observe in these figures. So too were the small changes in peak
position and area associated with the internal MoO42 – modes in powellite. For this
reason, a summary of peak fitting using PeakFit software for CNO, CNG1, CNG1.75,
CNG2.5, and CNG7 is provided in this section. Data was provided for this selection
of samples as the results are quoted in the main body. Table A.3 provides the peak
information for the crystalline phase and Table A.4 for the amorphous phase where
measurements could be made. The peak area, position (x ), and full-width half maxima
(fwhm) are given for each sample at pristine conditions, and following β-irradiation of
0.77 GGy and 1.34 GGy.
Table A.3: Peak fitting results of Raman spectra for the CaMoO4 crystalline phase (relevant visible internal MoO42 – modes) in CNG1.75, CNG2.5, and CNG7 before and after
β-irradiation.
ν2 (Ag +Bg )

ν4 (Bg )

ν4 (Eg )

ν3 (Eg )

ν3 (Bg )

ν1 (Ag )

CNG1.75
pristine

x
area
fwhm

322.32
124163
13.62

389.73
18539
6.99

400.75
5973
9.98

792.24
51559
7.23

845.98
27331
6.09

877.07
352043
7.70

0.77 GGy

x
area
fwhm

3.22.76
139247
14.88

390.80
20849
7.79

401.64
6031
10.18

792.72
55272
8.02

846.18
25554
6.80

877.60
396397
9.11

1.34 GGy

x
area
fwhm

323.02
113587
15.65

391.05
16318
8.03

401.92
4007
9.83

793.03
40347
8.28

846.35
18932
7.01

877.84
335880
9.14

CNG2.5
pristine

x
area
fwhm

322.45
127297
14.47

389.86
16330
7.13

400.66
3184
9.26

792.39
45554
7.51

846.11
25065
6.27

877.19
362207
8.68

0.77 GGy

x
area
fwhm

323.38
115893
15.59

391.06
14975
7.46

401.83
4114
9.75

793.20
40149
7.85

846.71
20042
6.50

878.05
366793
8.58

1.34 GGy

x
area
fwhm

323.27
73297
15.74

391.01
14677
7.88

401.88
4381
9.94

793.23
39111
8.16

846.60
18302
7.14

878.03
353493
8.82

CNG7
pristine

x
area
fwhm

322.85
176307
13.10

390.45
28775
6.90

401.47
10867
10.49

792.65
74027
6.96 7 5.87

846.40
34028
8.58

877.49
376270

0.77 GGy

x
area
fwhm

322.26
125643
15.46

390.51
20452
8.11

401.17
4720
12.80

791.92
49527
8.41

845.29
20696
7.03

876.90
261320
9.65

1.34 GGy

x
area
fwhm

322.26
148725
16.15

390.74
23888
8.64

401.31
7657
13.59

792.09
55002
9.04

845.29
21395
7.40

877.01
304064
10.43
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Table A.4: Peak fitting results of Raman spectra for the amorphous phase of CN0, CNG1,
CNG1.75 and CNG2.5.
Ca−O

Si−O−Si

Si−O−B
(B2 O7 −Si2 O)

CaMoO4
mode

MoO42 –
in matrix

Q3

Q4

B−O –

CNO
pristine

x
area
fwhm

400.66
1311308
133.76

506.92
821708
126.96

631.91
68603
35.71

1064.80
482025
110.37

1152.90
77261
83.53

1441.38
56159
118.29

0.77 GGy

x
area
fwhm

404.08
396770
146.16

509.93
748530
126.78

631.83
137209
49.47

1066.80
539070
117.59

11.53.97
68568
77.81

1438.43
59313
119.85

1.34 GGy

x
area
fwhm

423.10
351147
163.28

514.90
429860
116.96

632.12
150140
54.06

1068.70
412503
119.57

1157.00
48686
74.60

1440.00
460000
119.80

CNG1
pristine

x
area
fwhm

514.75
472947
104.82

631.81
46201
28.99

850.15
133469
52.61

910.79
569840
36.44

1066.50
284777
74.86

1137.73
137997
87.75

1446.83
67381
109.17

0.77 GGy

x
area
fwhm

514.63
320688
103.67

630.03
48783
31.57

865.04
161527
55.47

912.87
566640
39.29

1068.87
282560
75.80

1137.97
150567
93.22

1446.17
67822
114.13

1.34 GGy

x
area
fwhm

517.47
443053
102.99

633.56
43640
30.12

866.04
111847
54.54

912.77
545793
43.21

1068.53
248050
74.28

1137.57
130080
88.02

1444.60
73519
117.85

CNG1.75
pristine

x
area
fwhm

516.63
30262
82.75

631.97
4451
29.12

904.75
36496
37.09

1064.20
28316
75.75

1135.20
18783
102.53

0.77 GGy

x
area
fwhm

516.11
29610
75.63

633.13
4448
28.44

905.30
40524
39.91

1068.33
33053
76.62

1142.17
17031
90.77

1.34 GGy

x
area
fwhm

517.13
30381
78.60

632.56
4064
27.35

906.77
43350
36.84

1066.63
27381
75.62

1138.77
15416
89.60

CNG2.5
pristine

x
area
fwhm

518.52
71679
90.42

632.29
10406
30.54

907.81
100306
36.46

1064.33
56026
74.17

1134.73
31020
94.92

0.77 GGy

x
area
fwhm

518.39
62590
83.85

633.62
8089
28.66

909.25
95222
37.85

1067.00
1851759
74.45

1137.37
29224
91.13

1.34 GGy

x
area
fwhm

519.27
50172
84.26

634.14
7300
30.57

909.54
84846
37.75

1067.10
46689
76.60

1138.47
22581
89.26

EDS quantitative analysis of SHI-irradiated GCs
EDS quantitative analysis was also used to determine the concentration of elements at
the surface following SHI-irradiation. Plots are provided below for the molybdenum
bearing samples in the CN series. There are five irradiation sets using 92 MeV 136Xe 23+
ions. The achieved doses are: 1.8 × 1014 , 8 × 1013 , 4 × 1013 , 1 × 1013 , and 5 × 1012
ions/cm2 . There was an addition sample irradiated with 7 MeV Au ion with a fluence
of 1×1014 ions/cm2 . Where applicable this point was included on plots, but it does not
always follow similar trends to Xe-irradiation. Plots in Figures A.24 to A.28 provide
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elemental concentrations, as well as relevant ratios used in the text as a function of
dose.

Figure A.24: Elemental concentrations and ratios of interest for CNG1 following Xeirradiation.

Figure A.25: Elemental concentrations and ratios of interest for the GC CNG1.75 following
SHI-irradiation. Separate plots are given for the crystalline and amorphous phases.
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Figure A.26: Elemental concentrations and ratios of interest for the GC CNG2.5 following
SHI-irradiation. Separate plots are given for the crystalline and amorphous phases.

Figure A.27: Elemental concentrations and ratios of interest for the GC CNG7 following
SHI-irradiation. Separate plots are given for the crystalline and amorphous phases.

295

Raw data

Figure A.28: Elemental concentrations and ratios of interest for the GC CN10 following
SHI-irradiation. Separate plots are given for the crystalline and amorphous phases.
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