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Abstract

The UK has been reprocessing spent nuclear fuel since the 1950’s [1] and has a resultant
140 tonne stockpile of civil separated PuO,. Whilst the current UK Plutonium Policy is to
fabricate the PuO; into Mixed Oxide (MOx) fuel, a significant portion of the stockpile material
will be unsuitable for fuel fabrication rendering it as future higher activity waste. As such,
there is a need for research and development of wasteforms and treatment methods for
immobilising these high activity wastes. The UK has a catalogue of Pu-based wastes known
as Pu-residues. These wastes are highly heterogeneous and both chemically and physically
variable, thus require a flexible wasteform and waste treatment option that can
accommodate the wide variations. It is envisaged that a waste immobilisation route suitable
for Pu-residues may conform to future requirements for processing other stockpile material

identified as waste.

The Nuclear Decommissioning Authority (NDA) has identified hot isostatic pressing (HIPing)
as a potential thermal treatment option for consolidating Pu-residues into suitable
wasteforms. HIPing provides a wide operating window and can process multiple wasteform
materials into dense, hermetically sealed waste packages ready for long-term storage and
eventual geological disposal. The flexibility of HIP means low volume, complex
waste-streams, such as Pu-residues, can be treated on a case by case basis and ultimately
processed on the same plant line into ceramic, glass-ceramic or metal encapsulated
wasteforms. Advantages of HIP for processing PuO, wastes, such as the civil stockpile
material, also include; significant waste volume reductions, excellent Pu accountancy

throughout the plant-line and minimal secondary waste production.

This PhD project aimed to develop high fraction zirconolite glass-ceramics for the disposition
of Pu-based higher activity wastes within the UK and utilised hot isostatic pressing as the
thermal treatment method throughout. Following on from previous work in this area,
conducted by the UK’s National Nuclear Laboratory (NNL) and the Australian Nuclear Science
and Technology Organisation (ANSTO), this thesis studied zirconolite glass-ceramics for Pu
disposition, with primary focus on; formulation optimisation, the effect of CaF; as a waste
digesting agent, the effect of Cl contamination and waste incorporation behaviour through
surrogate studies and PuO; validation tests. The main results from this thesis are given

below.



Formulation studies revealed a strong correlation between glass composition and the
resultant crystalline phase assemblage in the glass-ceramics. An Al,Os rich glass was found
to promote a higher yield of zirconolite and subsequently reduced the abundance of
accessory phases in the final wasteform. It was hypothesised that changes to the glass
structure, with increased levels of Al,O3, resulted in a lower solubility of the ceramic forming
oxides in the glass phase, thus promoted the formation of zirconolite. Through the
formulation studies the stages of phase formation were also investigated and revealed

information on intermediate phases and those precipitated from the melt during cooling.

CaF, was shown to be an effective waste digestion agent, but was eliminated from the
glass-ceramic formulation to reduce the neutron source term of the wasteform. Through
formulation investigations and waste incorporation trials, a glass-ceramic formulation and
processing route that achieved full waste incorporation and suitable phase assemblages and
microstructures, without the need for CaF,, were achieved. This result meant the neutron
source term of the wasteform was reduced by removal of the 100 % abundant *°F ions, which

partake in damaging (a,n)-reactions.

Some Pu-residue wastes are contaminated with Cl due to the degradation of PVC (polyvinyl
chloride) packaging during storage. The Cl solubility limit of the optimised glass-ceramic
formulation was found to be 3 -4 times higher than the conservative upper limit of
contamination expected in the wastes. Contamination levels of this magnitude had no
detrimental effects on the microstructure or phase assemblage of the glass-ceramics and did

not inhibit CeO; incorporation.

Incorporation studies confirmed the preferential incorporation of actinide surrogates into
the ceramic phase(s). The reduction of Ce was shown to promote the formation of a Ce-rich
perovskite phase. The U study achieved near complete digestion of the UO; surrogate, with
preferential incorporation into the zirconolite phase. The development of the glass-ceramic
system and successful results of the surrogate studies, led to the fabrication and
characterisation of PuO; bearing HIP samples. These samples were part of a validation study
towards investigating the effect of controlled oxygen fugacity on the partitioning behaviour
of Pu within the glass-ceramic wasteform. The results in this thesis, confirmed complete
incorporation of the PuO, and achieved microstructures and phase assemblages that were

indicative of those obtained through the surrogate studies.



This work has given a new insight into the mechanisms controlling phase formation and
waste incorporation, essential for understanding these glass-ceramic wasteforms. This thesis
demonstrates a clear progression from process and formulation optimisation, to surrogate
studies and the consolidation of PuO, containing HIP samples, with promising and exciting
results with regards to the development of the wasteform. A major part of this work focused
on surrogate studies but the author was able to validate these results with PuO, at the
Australian Nuclear Science and Technology Organisation (ANSTO). This was a huge
advancement of this research that was unattainable within the UK’s current capabilities. As
well as wasteform development, this work has contributed to the advancements of the HIP
technology for processing radioactive waste, through the installation of the Active Furnace
Isolation Chamber (AFIC) at The University of Sheffield. The results from this project have a
direct impact and current relevance to the UK’s Pu management strategy and provides a
framework of information that is applicable to the current industrial developments in this

area of nuclear waste management.
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1 Introduction

As of April 1%t 2016, the UK holds over 130,000 m? of nuclear waste requiring treatment and
consolidation for long-term storage and disposal [2]. A further 4,360,000 m? is expected to
arise in the future, with the vast majority arising from the decommissioning of all current
reactor sites. These values include medical waste, research and development waste and
waste generated from nuclear power, all of which require suitable treatments for safe

disposal.

The UK classifies nuclear waste into four main categories; very low level waste (VLLW), low
level waste (LLW), intermediate level waste (ILW) and high level waste (HLW), based on their

radioactivity and heat levels. The bounds of each category are defined as follows [3]:

e VLLW - radioactivity must be below 4 MBq per tonne of beta / gamma activity and
is disposed of in specified landfill sites.

e LLW - radioactivity levels above the threshold for VLLW and up to 4 GBq per tonne
of alpha or 12 GBq per tonne for beta and gamma activity. These wastes are currently
disposed of in a low level waste repository (LLWR) at a near surface facility site in
Cumbria UK, which has been in operation since 1995. LLW constitutes 95 % of the
total volume of all nuclear waste but only a minor percentage of the overall activity.

e ILW — wastes with activity levels that exceed the upper alpha limits of LLW but do
not generate heat above 2 kW/m? [4]. Due to the high activity and long-lived
isotopes in ILW, an engineered wasteform is required to encapsulate or immobilise
the waste ready for geological disposal. Cementation is currently the primary route
for treating ILW [5].

e HLW - wastes with activity levels equal to and above ILW that generate heat due to
energy output from radionuclide decay. Immobilisation is essential, with vitrification
being the primary treatment option of spent fuel raffinates in the UK. The
immobilised waste is kept in highly engineered storage facilities whilst awaiting
construction of a geological disposal facility (GDF) for long-term storage. HLW makes

up the smallest volume of nuclear waste but constitutes 95 % of all activity.



For final disposal of radioactive waste, the UK plans to construct a multi-barrier geological
disposal facility [6,7]. The highly engineered facility will provide a safe and secure place for
the final disposal of both the ILW and HLW inventory in the UK. The multi-barrier approach
utilises multiple layers of containment to protect against radionuclide release to the
geosphere during the long-term storage of the waste. Figure 1.1 is a schematic of the GDF
concept detailing the individual barriers. The primary barrier is the wasteform in which the
radionuclides are immobilised. The wasteform canister provides the second barrier and aids
handling and transportation of the wasteform. As part of the safety case, the GDF design will
handle ILW and the heat generating HLW differently [6]. To avoid an increase in temperature
in the HLW repository, the waste packages are expected to be deposited through shafts and
tunnels and kept separate from the larger ILW vaults. Individual ILW waste packages will
likely be packed into 3 m® boxes and stacked on-top and along-side each other in the
repository. A backfill (either cement or bentonite clay) will fill all available space within the
repository before final closure. The final barrier is the host rock surrounding the repository
set approximately 500 — 1000 m below the Earth’s surface. At this depth the movement of
ground water is very slow, further minimising the risk of water ingress, leaching of the

primary wasteform barrier and transport of radionuclides to the biosphere.

Backfill material
Secondary container

Wasteform \

Geological barrier

Wasteform
Canister

Figure 1.1: Schematic of the multi-barrier concept proposed for the geological disposal

facility.

1.1 Plutonium material in the UK

The UK currently stores over 120 tonnes of separated civil PuO, obtained by fuel reprocessing
(Table 1.1). At the end of the Thermal Oxide Reprocessing Plant’s (THORP) operative life in
2018, the total stockpile is estimated to reach 140 tonnes [8]. In 2009 the NDA began a



“credible options analysis” that detailed three possible options for the long-term

management of the Pu inventory [9];

1) Immobilisation and disposal as waste.
2) Reuse as MOx (mixed oxide) fuel before eventual disposal as spent nuclear fuel.

3) Continued storage and management.

The Department of Energy and Climate Change (DECC)? later collated the data to determine
a credible option to move forward with [10,11]. In 2013 the UK government decided to
fabricate the PuO; into MOx fuel [8,12].

Table 1.1: Summary of the National total and breakdown of Pu stock in the UK as of 31*
December 2014. (Taken from the Office of Nuclear Regulations (ONR) website [13])

Rounded to 100 kg Pu, with
National totals 31° December 2014 quantities less than 50 kg

reported as such (Tonnes)
Unirradiated separated Pu in product stores at 1221
reprocessing plants. '
Unirradiated separated Pu in the course of manufacture
or fabrication and Pu contained in unirradiated semi- 08
fabricated or unfinished products at fuel or other )
fabricating plants or elsewhere.
Pu contained in unirradiated MOx fuel or other fabricated 1.9
products at reactor sites or elsewhere. )
Unirradiated separated Pu held elsewhere. 1.5
Total 126.3

Whilst the current UK government policy is to reuse the PuO, as an energy source by
fabricating MOx fuel, a significant portion of the material will not be fit for purpose and will
require immobilisation. The current policy identifies the need for immobilisation options for
these materials and has not closed the discussion on the alternative options for Pu

management [11]. As such, it is possible that immobilisation technologies designed for

! Currently known as the Department of Business, Energy and Industrial Strategy (BEIS).



Pu-based waste-streams may be applied to the bulk separated PuO; stockpile material in the

future.

As well as the bulk PuO, stockpile, there is a category of Pu based wastes known as
Pu-residues. These materials have higher Pu concentrations than PCM (plutonium
contaminated material) intermediate level wastes, but are not economically viable for fuel
fabrication thus have been classified as higher activity waste-streams [14]. These wastes
originate predominantly from early research and development work, but also include
secondary wastes from reprocessing and MOx fuel production, and contaminated material
from the PuO; stockpile that has been deemed unsuitable for fuel fabrication [15,16].
Originally 0.5 tonnes of Pu-residues were identified, however this value has since grown and
has the potential to significantly increase as the civil PuO, stockpile is considered for
immobilisation [15,17]. Pu-residues are chemically impure and physically diverse and have
been categorised into > 50 classes by the NDA [18]. Due to the complexity and high variability
of these wastes each one will need to be considered on a case by case basis when selecting

suitable disposition routes.
1.2 Wasteform requirements

For a wasteform to be accepted for disposal it must satisfy the minimum wasteform
requirements set out by both international and national regulatory bodies; the International
Atomic and Environment Agency (IAEA), Nuclear Decommissioning Authority (NDA) and
Radioactive Waste Management (RWM) [19-22]. Specifications cover both the wasteform
and the wasteform container to satisfy; health and safety requirements during consolidation,
handling, storage and transportation, as well as social and economic factors, practicality and
safety requirements for eventual geological disposal. The main safety requirement stated by
IAEA is to “confine and retain radioactivity in the waste” [20]. The IAEA outlines some

essential requirements for waste packages [19-21] including;

e Labelling — all waste packages must be identifiable. Each package must be labelled /
marked sufficiently with correct documentation available detailing the contents,
radionuclide inventory, dose rate, heat output and waste origin, so future

identification can be made.



Compliance: each waste package must comply with transport, storage and disposal
requirements, such as the external dose rate, surface contamination levels and
authorised radionuclide limits. The physical dimensions, mass, manoeuvrability and
ability to stack the waste packages in storage, must also be assured.

Characterisation: analysis of the waste, wasteform properties, materials and
method compatibility and all processing steps, must be conducted and reported to
ensure suitable wasteform performance and an ease of processing before
commercial acceptance. It is important to assess the mechanical, chemical and

physical properties of the wasteform, as well as “degradation-induced changes” [20].

Consideration should be given to the many properties and potential hazards applicable to all

stages of the waste life cycle, during the development of waste treatment options and

wasteform formulations. Some properties and hazardous factors to be considered are listed

below [20]:

Mechanical: mechanical and compressive strength, thermal expansion, impact
resistance, fire resistance, corrosion resistance.

Physical: thermal stability and heat generation, free liquid content, tolerance to
radiation damage, leach resistance, physical stability and long-term integrity.
Chemical: chemical flexibility, compositional limits, loading capacity, chemical
toxicity, organics and/or combustible materials, chemical durability, leach
resistance and thermal stability, resistance to gas generation and devitrification.
Processing: details of each processing step, parameters and limitations, container
filling techniques, contamination control, batch / continuous feed, secondary wastes
produced and arrangements for temporary storage, decontamination and

maintenance.

Other factors to consider include; cost, remote processing and handling, total volumes and

process flexibility (processing range and flexibility to treat different wastes and materials).

Vitrification is the primary immobilisation route for HLW raffinates, but Pu-rich wastes are

problematic for vitreous wasteforms. Pu has a limited solubility / loading capacity in vitreous

materials and can separate from the glass melt [23]. The high density of PuO, and associated

compounds can result in segregation in the melt causing a heterogeneous distribution



through the final wasteform, which can be detrimental to its proliferation resistance and
final wasteform performance properties [24]. Processing limitations are also problematic for
vitrifying Pu-based wastes, because of the need to maintain melt properties for handling and
pouring, without affecting the wasteform properties, but also, because of the need for
accurate materials accountancy. This can be difficult due to residues remaining in the melter
after discharging the melt. As a result, alternative wasteform materials and consolidation
techniques are under review for processing the complex and variable Pu-residue
waste-streams. The NDA has identified hot isostatic pressing (HIPing) as a potential
consolidation technique for treating these wastes, with potential wasteform materials
including glass-ceramics, full ceramics and metallic encapsulation [18,25,26]. This thesis will
investigate the use of HIP to consolidate glass-ceramic wasteforms for the disposition of

Pu-residue wastes.
1.3 Project aims

This project intended to develop a high fraction zirconolite glass-ceramic wasteform,
consolidated by hot isostatic pressing, for the disposition of Pu-based higher activity wastes

within the UK. To achieve this the following aims were established:

1) To determine a processing route and glass-ceramic formulation that optimises the

wasteform quality and crystalline phase assemblage.

The sample preparation process was studied with the intention to establish a set of
parameters for attaining high quality, reproducible HIP samples. Once a processing route was
determined, formulation investigations were performed that examined the effect of glass
composition on the crystalline phase assemblage output. Previous work by the National
Nuclear Laboratory (NNL) highlighted the dependence of the crystalline phase assemblage
on glass composition due to an error made when batching, but it was not investigated
further. This thesis aimed to underpin the relationship between glass composition and the
glass-ceramic phase assemblage, to determine an optimised formulation that maximised the
yield of zirconolite. To do so, a matrix of samples with different glass compositions and glass
fractions was fabricated to produce a qualitative phase map of the crystalline phases

attained in each sample.



2) To investigate the effectiveness of CaF, as a waste digesting agent and to minimise its
requirement within the glass-ceramic wasteform to reduce its overall neutron source

term.

The formulations studied in this thesis did not include CaF; like previous glass-ceramic
formulations. CaF; is believed to aid waste digestion but increases the neutron source term
of the wasteform due to the 100 % abundance of °F that partakes in (a,n)-reactions. This
thesis aimed to establish a glass-ceramic system that obtains a high fraction of zirconolite
and achieves successful waste incorporation without the addition of CaF,. Waste
incorporation experiments were performed with CeO,, with and without CaF, additions, to
determine whether or not CaF, does improve waste digestion. The effects of milling
parameters and reducing conditions were also studied as alternatives to CaF, to achieve

better waste incorporation.

3) To determine the Cl solubility limit of the optimised glass-ceramic formulation.

It is known that some Pu-residues are contaminated with Cl impurities from the degradation
of PVC packaging. It was important to investigate if the new glass-ceramic formulation could
accommodate Cl into its structure to levels in excess of those expected in the wastes. The
glass-ceramics were fabricated with increasing levels of Cl impurities, from 0.3 — 2.5 wt. %,
to determine the Cl solubility limit of the glass-ceramic system. CeO; incorporation was also

studied to ensure the Cl impurities did not affect waste digestion.

4) Toinvestigate the waste incorporation behaviour of the glass-ceramic wasteform using

Ce0; and UO; surrogates, before progressing to PuO, incorporation experiments.

Confirmation of preferential CeO; incorporation into the target zirconolite phase led to the
fabrication and characterisation of U and Pu bearing samples. Glass-ceramic wasteforms are
designed to partition actinides into the ceramic phase and incorporate the miscellaneous
waste material in the glass, yet the effect of different reducing conditions on the behaviour
of the actinide partitioning has not been previously studied. Due to the limitations of Ce and
U as Pu surrogates, it was necessary to perform these experiments with PuO,. The Ce and U
samples provided a suite of data that proved the performance of the glass-ceramic system
was adequate before progressing to the Pu. A suite of Pu-doped samples were fabricated

and characterised at the Australian Nuclear Science and Technology Organisation (ANSTO)



with different redox agents and canister materials, to promote varying degrees of Pu
reduction. The aim was to gain an understanding of how different reducing conditions affect
the behaviour of the Pu and the performance of the glass-ceramic as an actinide bearing

wasteform.



2 Literature Review

This chapter provides a summary of information and previous work considered to be relevant
to this thesis. The aim is to provide the reader with an understanding of the relevance this

thesis has within the area of research and its contribution to existing knowledge.

2.1 The waste

2.1.1 Plutonium

Plutonium (Pu) is a radioactive element produced in nuclear reactors. Pu is not a naturally
occurring element and is made through neutron capture by #38U. Many isotopes of Pu have
been characterised, with the most common being; 238Pu, 2**Pu, #°Pu, 2*'Pu and in smaller
quantities, 2*?Pu and 2**Pu. These isotopes are all radioactive and undergo alpha decay,
except 2*'Pu which undergoes beta decay to ***Am. The half-life and specific activity of each

isotope are summarised in Table 2.1 [27].

Pu was produced in the 1940s for use in nuclear weapons during World War II. 2°Pu is the
most common Pu isotope generated in nuclear reactors and is utilised in nuclear weapons
due to its fissile nature [28]. #*!Pu is also fissile but less abundant. The quality of Pu and
potential use for nuclear weapons is determined by its 22°Pu concentration. 2°Pu is prone to
spontaneous fission thus must be limited in weapons grade material. Isotopes #*4Pu, %*?Pu
and ?**Pu are not fissile but can be fissionable if bombarded by neutrons with high enough

energy [28].

Table 2.1: Summary of radioactive properties of Pu isotopes. (Adapted from [27])

Isotope | Half-life (y) Spea?;;;:/c;;wty Decay Mode Fissile?
B8py 88 629,000 a N
B9y 24,000 2,331 a Y
240py 6,500 8,510 a spontaneous
241py 14 3,700,000 B Y
2%42py 380,000 148 a N




The concentrations of each individual isotope within a waste-stream depend on many factors
including the type of reactor, type of fuel, burn-up of the fuel and age of the material [29].
All these factors, as well as; the composition of the waste, whether or not it produces heat
and the concentrations of daughter products such as **Am and *°U, must be taken into
account when considering potential treatment options and immobilisation routes for each
waste-stream. For Pu material to be suitable for mixed oxide (MOx) fuel fabrication, it should
consist of two-thirds fissile isotopes, 22Pu and 2*'Pu. At this level, approximately 7 — 11 % Pu
is mixed with depleted U [30]. If weapons grade Pu is used, only 5 % is needed for effective

MOx fuel due to the purer nature of the material and higher concentration of fissile isotopes.

Fission is the splitting of a nucleus when hit with a high energy neutron. The nucleus splits
into two smaller nuclei and emits 2 — 3 high energy neutrons that can cause further fission
events. Criticality in a nuclear reactor is when the chain of fission events is self-sustaining,
such that one or more of the emitted neutrons from one fission event, go on to cause fission
of another atom [31]. This, however, must be avoided in actinide wasteforms. One concern
when disposing of Pu-based wastes is criticality safety due to the wastes typically having
higher fissile material concentrations than spent nuclear fuel (SNF) [32]. There is a risk that
the rate of fission events/ neutron production leads to a supercritical system with an
uncontrollable fission chain reaction [33]. Figure 2.1 shows the decay chain of 2°Pu. °Pu
decays to 2°U meaning the amount of fissile material remains the same despite the decay
and can lead to potential criticality concerns [34]. Criticality control is essential in actinide
bearing wasteforms to ensure long-term integrity of the waste package and long-term safe

immobilisation of the radionuclides.
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Figure 2.1: Decay chain for 23°Pu. (Adapted from [35])

One way to avoid criticality is to dilute the fissile material with non-fissile material or by
having lower waste loadings. This means a higher number of waste packages need to be
processed, stored and disposed of, which may have significant cost implications. Another
way is to incorporate neutron absorbing elements such as B, Hf or Gd [34]. Neutron
absorbers can capture neutrons in the wasteform to maintain a sub-critical system. However,
there is a risk that neutron absorbers may be leached out of the wasteform faster than the
actinides. This could lead to a criticality event during storage or long-term disposal, especially
if there is a significant concentration of long-lived radioisotopes remaining. Each radionuclide
has a different half-life and it is important that long-lived actinides and daughter products

are retained in the wasteform to ensure the longevity of the wasteform.
2.1.2 Reprocessing

At the end of its reactor life, spent nuclear fuel (SNF) still contains up to 97 % of the original
U and 1% Pu. The PUREX (plutonium uranium redox extraction) process utilises solvent
extraction to separate U and Pu from SNF. The THORP plant at Sellafield has operated the
PUREX process since 1994 [36,37].
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The SNF is first stripped of its zircaloy cladding and the fuel pellets are dissolved in nitric acid
[38]. Any solids and undissolved particles in the aqueous solution are removed by a
semi-continuous centrifuge mechanism and the fluid is conditioned to ensure the correct

acidity, U concentration and Pu oxidation are achieved [38,39].

The PUREX process separates compounds by first mixing two immiscible liquids together
[39]. The nitric acid solution (aqueous phase) is mixed with an organic phase TBP (tri-butyl
phosphate). Control of the Pu oxidation state is important to achieve separation, first from
the fission products and minor actinides and then to separate it from the U. The U and Pu
first transfer to the organic phase, separating them from the fission products and minor
actinides in the aqueous phase that are then dealt with as waste. The oxidation conditions
are then controlled to ensure Pu returns to the agueous phase to separate it from the U [39].
The Pu** is reduced to the insoluble Pu®* state, which separates into the aqueous phase. The
two products are then extracted as solids and treated and stored separately. THORP achieves
the soluble Pu* oxidation state by cooling the fluid to 60 °C and blasting NO, through as a

temporary reducing atmosphere [38].

2.1.3 Pu-residues

Pu-residues are a category of Pu-based waste-streams that originate from multiple sources
and are highly heterogeneous, both chemically and physically. While at present, the civil
separated PuO; stockpile is not classified as waste, it is estimated that about 5 % of the total
PuO; stockpile will be classified as waste for immobilisation in the future [37,40]. The Pu
concentration in residues varies from high to low but is always in excess of plutonium
contaminated materials (PCM) classification. The physical forms of the wastes include
powders, caked sludges, fuel pellets and fuel pins [15,16,41]. These wastes are currently
stored at the UK’s Sellafield site in aluminium or stainless steel canisters and many are

contained in PVC packaging inside.

The NDA has categorised Pu-residues into > 50 classes, each of which has its own challenges
associated with treatment and disposal [18]. By sub-dividing the residues into smaller
categories, different wasteforms can be developed for specific groups of wastes. Multiple
wasteform matrices have been studied for Pu disposition including glass, ceramics and

glass-ceramics [18]. Glass-ceramics are a leading option for low purity residues containing
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glass formers, where the glass phase is intended to accommodate the impurities and the
ceramic phase immobilises the actinides. Full ceramics are considered more favourable for
high purity streams as higher actinide loadings can be achieved, and metallic encapsulation

for solid wastes, such as fuel rods and cladding [15].

Some Pu-residues contain significant proportions of refractory compounds (e.g. ZrO; and
Al,0;) that have limited solubility in vitrified materials and have very high melting
temperatures, which make efficient incorporation into glass wasteforms difficult [23]. Some
material has been classified as waste due to Cl contamination from the degradation of the
PVC storage liners [42]. The Cl poses additional difficulties for processing due to its volatility.
Whilst in most residues actinides are present in oxide forms, some streams contain both
PuO, and Pu metal particles thus require flexible processing and atmospheric control [17].
These compositional challenges are to be considered in order to produce high performance
wasteforms suitable for long-term disposal and processing methods that are time and cost

efficient.

The treatment and handling of Pu has its hazards and challenges including; safety and
criticality concerns, long-term properties, cost and the socio-political impact. Wasteforms for
Pu disposition need to meet specific requirements and be designed around the waste [34].
The key requirements considered by both the US’s Department of Energy (DOE) [24,43,44]
and the UK’s Department of Energy and Climate Change (DECC) [22] in any decision towards

the disposition of Pu include [34];

e High waste loading: high waste loadings are desirable to minimise the number of
waste packages to be processed and maintained. At the same time, there are

limitations to the loading of Pu to ensure criticality control.

e High durability: successful retention of radionuclides during storage and geological
disposal is desirable for a wasteform containing short and long lived radionuclides.
Both short-term and long-term leaching resistance should be proven through

scientific demonstrations (e.g. dissolution tests, natural analogues).

e Flexibility: the heterogeneous nature of Pu waste-streams means any wasteform

must be flexible to accommodate a vast array of elements and impurities without
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detrimental effects to the overall performance and retention of Pu and other

actinides. This typically requires a multiphase system.

e Ease of processing: as well as being flexible to process all variations of Pu-residues,
the treatment process needs to be cost effective, feasible, safe for both workers and
the environment (e.g. worker exposure dose and off-gases to atmosphere), allow for
accurate actinide accountancy and be compatible with the waste and precursor

materials.

e Proliferation resistance: as a minimal requirement for proliferation resistance the
spent fuel standard must be satisfied to ensure the “plutonium is roughly as
inaccessible for weapons use as the much larger and growing stock of plutonium in

civilian spent fuel” [45].

In addition to the wasteform requirements, both DOE [24] and DECC [12] consider five main
aspects when considering any decision towards immobilising Pu wastes. These include
environmental impact, personnel health and safety, proliferation resistance, cost, wasteform
performance within a repository environment and the technological readiness and

application of the proposed processing route.

2.2 Glass

For a material to be categorised as a glass it must have a liquid-like structure when solid and
continuously return to a liquid when heated [46]. Shelby describes a glass as “an amorphous
solid completely lacking in long range order, periodic atomic structure and exhibiting a region
of glass transformation behaviour” [47]. According to Shelby’s definition, for a material to be
a glass it must lack long range order and have a glass transformation range [47]. The lack of
long range order confers to a glass its amorphous nature although the glass still has short
range structure comprising well defined M -0 bond lengths and M —0 - M angles. To
describe a glass transformation range, an enthalpy versus temperature plot (or V-T diagram),
such as Figure 2.2 is used [47]. If a liquid is cooled to below its melting point and experiences
a sudden drop in enthalpy, the liquid undergoes atomic rearrangement to form a crystalline
structure. If the liquid is cooled fast enough that crystallisation does not take place, a

supercooled liquid is formed.
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As the temperature is dropped, gradual atomic rearrangement takes place. However, as the
temperature cools the viscosity increases, making atomic rearrangements increasingly
difficult, thus the equilibrium structure can no longer be reached during the given
experimental time. Eventually the viscosity is so great that no more atomic rearrangements
can take place, resulting in the non-equilibrium structure becoming fixed. When in this
“frozen state” the material is referred to as being vitreous. The temperature region between
the frozen and equilibrium states is often defined by a single temperature; the glass
transition temperature (Tg), as an indication of the transformation range. T; can be affected
by many factors including experimental technique, heat rate and glass composition, thus is
only used as a guide not as a true material property [47]. It is defined as the temperature at
which viscosity is 10'3 P, which is central to the approximated viscosity range for the glass

transformation range (108 — 10%° P) [46,48].

Enthalpy

Crystalline solid

Temperature ——»
Figure 2.2: Enthalpy versus temperature diagram showing the stages of glass formation
compared to the solidification of a crystalline solid. T; is the glass transition temperature

and Ty, is the melting temperature. (Adapted from [47])

The primary type of glass used in nuclear waste disposal is borosilicate glass. In sections 2.2.1
and 2.2.2, the basic glass structure and the specific roles of Na, Al and B within

(sodium) - aluminoborosilicate glasses relevant to this thesis, are presented.
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2.2.1 Glass structure

Most descriptions of glass structures are based on the principles set out by Zachariasen for
glass formation [49]. Zachariasen stated that a glass must form a 3-D network but contain no
periodicity or symmetry. For this to be true the bonding between atoms must allow more
bond angles and bond lengths than in a crystalline equivalent, where specific angles and
distances are required to keep the long range order. Due to the random and variable nature
of the atomic bonds in a glass matrix, the energy associated with each bond will be different.
This concurs with the “continuous rearrangement” discussed by Shelby and Varshneya with
regards to the glass transformation range, such that, the migration of atoms and number of
broken bonds increases gradually with temperature until the liquid state is reached [46,47].
In comparison, because all bonds in a crystalline structure are equal they will dissociate at
the same temperature resulting in a sudden and abrupt increase in enthalpy as shown in the

V-T diagram in Figure 2.2.

Zachariasen’s model depicts four considerations that must be obeyed for oxides to form a

glass structure [49]:

1) Oxygen atoms may be linked to a maximum of 2 cations.

2) The number of oxygens surrounding a cation must be small (triangles / tetrahedra).
3) The polyhedra may only link by sharing corners, not faces or edges.

4) To create a 3-D network at least 3 corners of a polyhedra must be shared.

Zachariasen’s rules are known to be insufficient when considering some glass networks and
bulk glass structures, however, later models are derived from these four original points, with
scientific work supporting Zachariasen’s model [50-52]. Greaves used EXAFS spectroscopy
to investigate the environment of modifier atoms within a glass network [51]. Greaves built
upon the “Continuous Random Network” (CRN) principle set out by Zachariasen’s rules, to
generate the “Modified Random Network” (MRN). Extended X-ray absorption fine structure
(EXAFS) was used to study the environments of modifier ions, which are highly sensitive to
the morphology of the network, to gain information on the structure of the glass. Modifier
ions are known to break up the glass network but Greaves identified that increased
concentrations of modifiers generate channels through the glass structure (Figure 2.3). These

channels of ionic bonding within the covalently bonded network lower the viscosity of the
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glass and allow for better migration through the structure. This modified random network
combines the CRN with the local structure and non-bridging oxygens of the modifying cations

[51].

Figure 2.3: Schematic representation of the modified random network (MRN) associated

with glass structure. (Adapted from [51])

Silicate glass is the most common type of glass where the primary component is SiO.. At high
processing temperatures, around 1800 °C, SiO, can form a usable glass without the need for
other additives. Other elemental additions are utilised to control the processing parameters,
manageability of the glass and the final properties with respect to the desired application.
Most glasses consist of network formers, network modifiers, and intermediates [46,47].

These are defined as:

e Network formers: are the primary components of a glass structure, consisting of
cation — anion bonded polyhedra, connected in short and medium range orders. The
nomenclature of the glass identifies the main network formers, for example;
significant levels of B,Os; and SiO, make borosilicate glasses. Some examples of
network formers include SiO,, B,O3 and P,0s.

e Network modifiers: will not favourably form a glass network on their own but
instead break up the network and alter the structure and properties of the glass as
desired. Some examples of network modifiers are flux agents and property

modifiers. Flux agents such as alkali oxides (e.g. Na,O) are added to reduce the
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temperature required to form the glass melt. Fluxing agents can also undesirably
affect the properties of the glass such as its durability behaviour.

e Intermediates: are oxides that can act as either glass formers or glass modifiers
depending on the conditions and environment but are not as amenable to forming

a glass individually (e.g. Al,O3).

The structural bonding of cations and anions in the glass network leads to regions of short
and medium range order. Short range order refers to individual polyhedra of oxygens
bonded to individual cations. Si is usually found tetrahedrally co-ordinated to oxygen, B can
either be 3-fold or 4-fold co-ordinated and Al is known to exist in 4-, 5- and 6-fold

co-ordination [53].

The random nature of glass structures results from small variations in bond angle and
rotation between network polyhedra. The connectivity of a glass network also refers to the
concentration of bridging and non-bridging oxygens (BO and NBO, respectively) [53,54]. In
an idealistic glass structure all oxygen anions bridge two polyhedra together. NBOs refer to
oxygens that do not connect two polyhedra and occur due to impurities and defects in the

glass.

2.2.2 Role of elemental additions

B203

B,Os; was originally added to silicate glasses to improve their process-ability and final
performance properties. B,Os additions can help to lower the viscosity of the melt and inhibit
unwanted crystallisation, as well as improve thermal expansion resistance and mechanical
strength [55]. The role of B,0s in the glass network is as a network former but the structural
units formed depend largely on the overall composition of the glass. B can be integrated in
3- or 4-fold co-ordination but also forms larger intermediate structures within the glass
network. Boroxyl species combine multiple BO3 and BO4 units into larger structures, such as
those in Figure 2.4 The abundance of these structures is known to vary with composition and

concentration of alkali oxides [54,55].
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Figure 2.4: Examples of boron complexes observed in borate compounds. Bridging oxygens

are indicated with the crossed bond lines. (Adapted from [55])
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The ratio of BOs; to BO4 units is known to vary with alkali concentration. Initially, alkali
additions cause trigonal units to convert to tetragonal units causing a net increase in the Ny
species. The alkali cations associate with the N4 units as charge compensators, thus no NBOs
are formed and the glass network becomes increasingly connected [54]. However, increasing
the alkali concentration above 16 mol. % does not continue to have this effect. Originally it
was thought that at 16 mol. % alkali addition, the system reached a concentration limit of N4
units, after which, NBOs form resulting in the reverse effect on properties due to the
depolymerisation of the glass network. Experimental data has since shown that different
properties peak at different alkali concentrations showing it is not as simple as first presumed

(Figure 2.5). This phenomenon is termed the Boron Anomaly.

Biscoe and Warren detailed the boron anomaly to be the conversion of trigonal BOs units to
tetragonal BO4 units linearly with increasing alkali additions without the formation of NBOs
[56]. With the increasing glass connectivity, the viscosity and thermal expansion properties
were found to increase. However, after 16 mol. % alkali additions the viscosity and thermal
expansion properties decrease due to the production of NBOs rather than further unit
conversions. It was later experimentally demonstrated by Bray and O’Keefe that the increase
in BO4 units becomes hindered around N4 = 45% due to superstructural units [57]. BOs units
are present both as individual species and as components in boroxyl rings. The initial increase
in tetragonal units corresponds to the conversion of non-ring BOs units but those in boroxyl
rings remain [46]. Figure 2.5 demonstrates the effect of alkali concentration on the
intermediate range complexes and shows how experimental data has changed the original

“simple” model [54].
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Figure 2.5: Effect of alkali concentration on the relative concentration of intermediate
range units in alkali borate glasses. The dashed lines indicate the simple theory, the solid

lines represent experimental results. (Adapted from [54])
Al;03

Al,03is known to act as an intermediate within a glass, such that it can either be present as
a network former or as a network modifier. When sufficient alkali cations are present to
charge compensate AlO, tetrahedra, the Al acts as a network former. The AlO,4 tetrahedra
replace SiO, tetrahedra in the glass network and increase the connectivity of the glass by
removing NBOs [54]. This results in increased viscosity and T, but also improves the glass
durability. When there is insufficient alkali cations present for charge compensation, nuclear
magnetic resonance (NMR) has shown Al can stabilise in 5- and 6-fold co-ordination [54,58].
These species act as modifiers and break up the connectivity of the glass network by

producing NBOs [59], thus having an opposite effect on the glass properties.

Na;O

Na,O is a network modifier that stabilises network forming tetrahedra by charge
compensation, or breaks up the glass network by forming NBOs [54]. In a sodium
aluminosilicate glass network, if the Na,O concentration is equal to the Al,O5 concentration,

the glass is fully polymerised with no NBOs, as the Na* ions fully charge compensate the AlO,4
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tetrahedra ([AlO4s]7) resulting in a fully connected network [60,61]. However, in more
complicated systems the Na* can associate with other ions including B and Si, leading to the
production of NBOs. The reduction in connectivity leads to lower glass viscosities and lower
T,. Na* preferentially charge compensates AlO, tetrahedra ([AlO4/;]7), which, in the presence
of B,0s, causes BO, tetrahedra ([BOa42]”) to convert to 3-fold species due to the lack of

available cations for stabilisation [59]. This results in NBOs on the B — O site.

Zheng et al. looked at the effect of Al,0; : SiO, ratio on; the Na* stabilisation of AlO,4
tetrahedra, the conversion of BO, tetrahedra to trigonal species and the formation of NBOs
with Si and B [59]. NMR was used to study the role of Na,O in the structure and the effect on
the stabilisation of Al, B and Si units. The NMR data revealed an increase in the stabilisation
of 5- and 6-fold co-ordinated Al species with increased Al,O3 content due to the reduced
availability of cations for stabilisation of the tetragonal species. Similarly, as the
concentration of Al,Os was increased the signal for tetragonal BO4 units gradually decreased
as a result of Na* preferentially compensating the AlO, tetrahedra. Thus there was a

concurrent increase in the signal for trigonal BO; species.

Connelly et al. developed a model to predict the preferential charge compensation of
different cation species within alkali aluminoborosilicate glasses [58]. The model used
Pauling bond strength values as a measure of different units’ stabilities within the glass. For
glass forming ions the bond strength values were estimated from their Q" species and
effective unit charge in order to account for NBOs in the structure. By calculating the “co-
ordination stabilisation index” (CSl) the model determined an order of preferential charge
compensation for different cation species, such that [AlO4/]™ > [ZrOs/2]* > [TiOs/2]™ > [BO4s2]”
> [Si03,,07]. The CSI was calculated as the stability of the cation species that does not need
charge compensation, minus the stability of the cation species that does need charge
compensation. For example, the stability of 4-fold Al units minus the stability of 6-fold Al
units [58]. The model results show tetragonal [AlO4/;]™ units are preferentially charge
compensated first, which agrees with other literature that details the effective and complete

stabilisation of tetragonal [AlO4/;]” with cation charge compensation [46,47,59,61].
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2.2.3 Glass wasteforms for Pu disposition

Vitrification is the current accepted method for treating and immobilising HLW [23,62—-64].
The random nature of the glass structure and its ability to incorporate so many elements
enables these materials to immobilise waste into durable and passively safe wasteforms [64].
Borosilicate glasses are commonly utilised as HLW wasteforms and are able to incorporate
30-40 elements in its structure [65]. Vitrified wasteforms have been shown to have
excellent wasteform properties such as durability, radiation tolerance, thermal stability, and
mechanical integrity [64,66], but are known to have limitations with regards to actinide
solubility and the incorporation of refractory elements [24]. Problematic elements for glass
wasteforms include; Pu and other actinides, CaF,, Cl, Tc and high concentrations of Al,Os3,

Zr0O,, Cs and Sr, some of which are present in Pu-residues [67].

Vitreous wasteforms undergo devitrification at elevated temperatures (300 — 400 °C) and
pressures (300 — 1000 bar), the lesser of which are expected to be experienced in the
geological repository. Such conditions may be detrimental to the retention of radionuclides
and / or associated neutron absorbers [24,68—70]. If neutron absorbers are preferentially
leached out at a faster rate than the actinides, the risk of criticality increases. The mobility
of B within LaBS (Lanthanide borosilicate) glass can be higher than that of Pu thus posing the
risk of faster leaching [24,68,69].

LaBS glass was originally developed for storage and transportation of actinide materials and
was considered as an alternative to borosilicate glass for Pu disposition [24,34]. LaBS glass
has a higher Pu solubility than standard borosilicate glass compositions, achieving more than
10 wt. % Pu incorporation in stirred melts [24,71], but simultaneously has a limited capacity
for Uincorporation, which could lead to criticality concerns in the geological repository. LaBS
was developed for the temporary containment of nuclear waste, which means actinides are
easily retrieved from the glass using available techniques such as the PUREX process [24].
LaBS glass also requires high processing temperatures around 1450 °C, compared to
borosilicate glasses, which are typically processed between 1100 — 1200 °C [72]. LaBS glass
was used as a control during the Plutonium Immobilisation Project (PIP), where its

performance was compared against ceramic wasteform options [34,73]. The ceramic
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wasteform incorporated higher actinide loadings and had better radionuclide retention rates

than the LaBS glass. The PIP is discussed in more detail in section 2.3.3.

When considering the treatment of Pu-residues by vitrification there are multiple
limitations / challenges that need addressing. Due to the high refractory content of
Pu-residues the temperatures required to achieve a glass melt are very high making the
process highly energy intensive and costly [74]. Vitrification also requires the discharge of
the glass from the melter system, which requires control of the melt properties and
manageability. The discharging process adds uncertainty to accountability and criticality
concerns regarding Pu, due to the residue left in the melter after pouring the glass melt [75].
Due to the high mass of Pu, and its potential to crystallise in vitreous materials, it can settle
to the bottom of the melter and be present in high proportions in the residue material
[24,67]. Over time this concentration could build to criticality levels and will require
maintenance / disposal of the melter itself. The viscosity must be controlled for pouring,
which again requires very high temperatures and puts limitations on the composition of the
melt. As well as the manageability of the glass for processing, the wasteform properties must
also be retained. The restraints on glass composition for processing efficiency, subsequently
limits the compositional options for the wasteform and could severely impede the final

wasteform properties.

2.3 Ceramics

Ceramic wasteforms have been developed as alternative wasteforms for HLW
immobilisation for many years [76—80]. Compared to the accepted borosilicate glass matrix,
ceramic wasteforms have been proven to have equivalent or superior wasteform properties

for Puimmobilisation.

Ceramic wasteforms have better chemical durabilities and waste loading capabilities than
borosilicate glass materials, which have subsequent advantages of fewer waste packages and
cost savings. A qualitative comparison of the various wasteform options and how they each
affect and contribute to wasteform properties is shown in Figure 2.6 [81]. The process
windows of different thermal treatment options are also demonstrated, highlighting the

wide operating window provided by hot isostatic pressing (HIP).
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2.3.1 Zirconolite

Zirconolite is a proven host phase for actinide disposition, with favourable properties
including its chemical flexibility, compatibility with silicate glasses and its long-term durability
[82]. Through research on both natural and synthetic zirconolite samples, this naturally
occurring mineral has established itself as a primary host phase for actinides in ceramic based

HLW wasteforms [79,83-88].
Nominal structure

The nominal structure of zirconolite (CaZrTi»O7) is a monoclinic structure notated as
zirconolite-2M (space group C2/c) [23]. Zirconolite-2M can also be described as a
compressed pyrochlore structure [89] or an anion-deficient fluorite structure [90]. It is a
derivative of the pyrochlore structure, A;B,07, where Ca?* and Zr* ions sit on the A-site and
Ti* ions on the B-site. Figure 2.7 is a schematic of the zirconolite-2M structure showing the
parallel, alternated, two layer structure of Ti** octahedra and Ca%" —Zr** polyhedra layers.
The A-site cations, Ca%* and Zr*, are 8- and 7-fold co-ordinated, respectively and each only
occupy one lattice site. The Ti* ions can occupy three sites; two in 6-fold co-ordination and
one partially occupied in 5-fold co-ordination [23]. The 6-fold Ti** ions arrange themselves in
hexagonal tungsten bronze (HTB) motifs while the 5-fold co-ordinated Ti** ions sit off-centre
inside the six-membered rings [90,91]. The Ca?* and Zr* cations arrange themselves in
alternate rows parallel to [110] and are layered between the Ti** HTB in the (001) plane
[83,91,92]. The effective ionic radii of Ca?*is 1.12 A, Zr* is 0.78 A and Ti* is 0.51 A in 5-fold
and 0.605 A in 6-fold [93]. The large lattice sites of the Ca?* and Zr* ions in the zirconolite
structure allow for large actinide and rare earth elements to substitute into the lattice (see
Figure 2.9 in section 2.3.2). The partially filled Ti** sites make the mineral phase even more
flexible by allowing charge compensation substitutions. Zirconolite can accommodate many
elements, including; Na, K, Ca, Sr, Ba, Pb, Y, REE, Bi, Zr, U, Th, Pu, Am and Cm on its 7- and
8-fold co-ordinated lattice sites and Al, Ta, Nb, Ti, Fe and Mn on its 6-fold co-ordinated lattice
sites [70]. As well as significant actinide incorporation, its ability to accommodate neutron

absorbers helps maintain criticality safety during long-term storage and disposal.
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Figure 2.7: Representation of the zirconolite-2M monoclinic structure. (Adapted from [89])

Elemental incorporation

Extensive research on zirconolite as a single phase ceramic wasteform and as an actinide
host phase in multiphase systems (Synroc) and glass-ceramics, has demonstrated the
excellent properties and performance of the mineral for actinide waste immobilisation
[63,76,79,91,92,94-96]. The role of zirconolite in Synroc and in glass-ceramic systems shows
its flexibility and effectiveness in more complex environments. These wasteforms are

discussed in more detail in sections 2.3.2 and 2.4.

Elemental incorporation in zirconolite for actinide immobilisation has been proven through
inactive actinide surrogate studies, such as Ce and Nd [97-99], low-activity U surrogates
[91,100] and Pu incorporation experiments [101-103]. The large size of the Ca* and zZr*
lattice sites allow for substitution of trivalent and tetravalent ions, respectively. Trivalent
jons including Ce®*, Nd** and Pu®* have been shown to preferentially substitute on the Ca%
site [94]. This is due to coulombic effects when displacing ions of higher charge from a lattice
site and also due to the larger ionic radii of trivalent ions and the Ca site [104,105]. Due to
their equivalent charge, it is preferential for tetravalent substitutions to occur on the Zr* site
rather than substitute on the Ca?* site, which requires addition charge compensation
mechanisms. Gilbert et al. studied the energetics of Ce and Pu substitutions into zirconolite
and show that Pu** for Zr* substitutions are most favourable, more so than Ce* due to the
larger ionic radii of the Ce ion than the Zr ion [104]. Gilbert et al. also shows that the
incorporation of Pu® is energetically unfavourable, which is in agreement with observations

that Pu*is found in the glass phase of glass-ceramic wasteforms [104]. Hence, it is important

27



to maintain Pu* in the wasteforms to maximise its incorporation into the target ceramic

phase and minimise its presence in the glass phase as a trivalent species.
Structural transitions

With increased doping of the zirconolite structure, structural transitions occur. A series of
experiments conducted by a team at ANSTO showed phase transitions with increasing
substitutions of Ce, U and Pu dopants [91,97,106]. The zirconolite-2M monoclinic structure
was found to transition to zirconolite-4M, zirconolite-3T and even a pyrochlore structure
with increasing dopant levels. Substitution of 0.15 f.u. (formula units) U* on the Zr site
stabilised the monoclinic zirconolite-2M structure [91]. Further substitution saw the full
stabilisation of zirconolite-4M by 0.4 f.u., with a mix of zirconolite-2M and zirconolite-4M
observed between 0.15-0.4 f.u.. A similar trend was observed between 0.4-0.7 f.u.
substitutions, where the zirconolite-4M structure transitioned into the pyrochlore structure.
These gradual transitions show there are miscibility gaps between the end members

[91,107].

The U-doped samples were heat treated under argon atmosphere for reducing conditions to
obtain U* ions [91]. When targeting U* on the Ca site, additional charge compensators, Al
and Mg, were added to substitute on the Ti sites. Single phase zirconolite-2M was obtained
up to 0.2 f.u. substitution with minor phases; brannerite, zirconia and uraninite observed at
0.3 f.u.. From the measured compositional data of the zirconolite phase, the majority of the
U was stabilised on the Ca site as U** [91]. The measured charge compensators were slightly

low thus indicated a small amount of U* substituted on the Zr sites.

In separate work, Meng et al. reported similar structural transitions with increased Ce
substitutions [108]. Ce was targeted for both the Ca and Zr sites as Ce* and Ce*, respectively.
Increased substitution favoured zirconolite-4M and later a pyrochlore structure. A perovskite
phase was also present most likely due to the presence of Ce*. Perovskite readily
accommodates Ce** due to its equivalent ionic radii to the 12-fold Ca site (1.34 A) [93,107].
The samples discussed by Meng et al. were synthesised under atmospheric conditions thus
are not directly comparative to the samples in this thesis that were processed under reducing
conditions. However, other substitution studies, under oxidising and reducing conditions,

have shown similar results [97,109].
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Polytypes

There are many similarities between the structures of the zirconolite polytypes, with the
main differences coming from the stacking sequences and number of layers in each sequence
(or module) [110]. The zirconolite-2M structure has just been described and is derived from
the fluorite structure. The nominal structure has a two layer stacking sequence of HTB layers
and Ca®" —2Zr* polyhedra. The zirconolite-4M structure is a mix of zirconolite-2M and
pyrochlore, such that, it has a four layer HTB stacking sequence that alternate with layers of
Ca®" — Zr* polyhedra (zirconolite-2M) and layers of Ca%* — Ti** polyhedra (pyrochlore) [106].
The pyrochlore structure is similar to the zirconolite-2M structure but has different anion
displacements and cation ordering, with cations located centrally in the HTB octahedra as
opposed to the partially occupied Ti sites [110,111]. Zirconolite-4M is only stable over a small
dopant range, which Begg et al. correlated to the effective ionic radii of the Zr lattice sites
[106]. Begg et al. proposed the 4M structure is only stabilised when the occupancy of the Zr
site has effective ionic radii in the range 0.083 — 0.084 nm, which corresponds to 0.4 f.u. Pu*
substitution. This was also in agreement with the Ce** and U* work that achieved similar
substitutions due to the closely matching radii of the substituting ions [91,97]. Due to the
similarities between the zirconolite-2M and pyrochlore end members, it is unsurprising that
increased doping leads to structural transitions between the different polytypes as a result
of the unit cell increase. The presence of zirconolite-4M could be interpreted as an
intermediate phase due to the miscibility gap between the zirconolite-2M and pyrochlore

structures [94,109,110].

Begg et al. doped zirconolite ceramics with increasing levels of PuO, for target stoichiometry
CaZr1xPuTi,07 and consolidated the ceramics in air and under 3.5 % H,/N, atmosphere
[106]. The air samples showed similar results to those discussed above for Ce / U, such that
increased Pu substitution resulted in zirconolite-2M to zirconolite-4M transition and finally
to the pyrochlore structure. The energy dispersive X-ray (EDX) spectra showed that the Pu
substitution levels in each of the three phases were independent of the amount of PuO,
added. The zirconolite-2M structure contained around 0.15 f.u. Pu, zirconolite-4M contained
about 0.4 f.u. and pyrochlore 0.6 f.u.. The consistency in these values confirmed the solid

solution limits for each polytype [106].
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When processed under reducing conditions, the zirconolite-4M structure does not form. In
the lower waste loaded samples zirconolite-2M was the primary phase and it was proposed
that zirconolite-3T was stabilised with higher loadings [106]. Zirconolite-3T is a trigonal
structure with six individual layers in the stacking sequence; three Ca?* —Zr* polyhedra
layers plus three HTB layers. Similar to zirconolite-2M, it has alternating layers of Ti HTB
octahedra and Ca%" — Zr* polyhedra layers. The Ca?" — Zr* layers rotate at 120 ° and occupy
all three possible orientations [112]. In contrast, zirconolite-2M Ca?* — Zr* layers only occupy
two orientations [112]. In the trigonal structure, the HTB layers have a stacking angle of 60°
resulting in a perfect hexagonal symmetry [110]. This is demonstrated schematically in Figure
2.8. Whilst there is very limited refined information on the zirconolite-3T structure, it is
believed to have two Ca sites resulting from its symmetry [106,110]. The reducing conditions
applied by Begg et al. promoted Pu®*, which has a larger ionic radii than Pu*, thus would
preferentially substitute on the Ca site and be unfavourable for zirconolite-4M stabilisation
on the grounds of the Zr site effective ionic radii [106]. Due to the reduction of Pu* a
Pu-doped perovskite phase also formed. This phase increased in abundance with increasing
levels of PuO,, such that the previously single phase pyrochlore sample (x=0.6) converted to

single phase perovskite under the reducing conditions [106].

Zirconolite-2M Zirconolite-3T

Figure 2.8: Schematic representation of the stacking vectors of the HTB layers in
zirconolite-2M and zirconolite-3T. In 3T the stacking angle is exactly 60 °, in 2M it is
approximately 60 °. The lines in the centre of each vector represents the orientation of the

Ca* - Zr* layers. (Adapted from [110])

Radiation damage

Actinide bearing wasteforms are exposed to radiation damage from a-decay events. a-decay

produces two particles; a recoil nucleus and the emitted a-particle. The recoil nucleus retains
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the majority of the kinetic energy from the decay event and causes more structural damage
to the wasteform. The recoil nucleus dissipates its energy through elastic collisions
generating thousands of atomic displacements through the material [83]. Two major
consequences of a-decay events are volume expansion and amorphisation. Volume
expansion can lead to cracking of the wasteform and a subsequent surface area increase,
allowing water ingress and faster leaching of radionuclides. Wald et al. measured the unit
cell of 2**Cm doped zirconolite after increasing dose exposure up to 102 a/m?3 and measured
a maximum volume expansion of 2.1 %, with an isotropic nature preferentially almost

perpendicular to the (001) plane [83,113].

Radiation induced amorphisation is a result of the accumulation of atomic displacements,
from a-recoil damage, which destroy the long-range crystalline structure. When this effect
occurs as a result of a-damage it is often referred to as metamictisation and produces a
metamict material when the free energy of the damaged region is equal to that of the
amorphous state [114-116]. With increased temperatures, recrystallization of the starting
material can occur. This phenomenon is strongly affected by temperature and can occur
partially at lower temperatures or can achieve full recrystallization of the starting material at
higher temperatures. Partial recrystallization can occur simultaneously with amorphisation

during irradiation and can occur at temperatures expected in HLW wasteforms [117-120].

Mineral zirconolites have been found containing U and Th [88,121,122]. These materials are
hundreds of thousands of years old and are partially or completely metamict from the
a-decay of the radionuclides. The amorphised structures still retain measurable amounts of
the U and Th confirming the long-term radionuclide retention of the ceramic. Radiation
damage studies have been conducted on natural mineral samples and doped synthetic
zirconolite samples exposed to accelerated irradiations [77,102,118,123-126]. Ewing et al.
demonstrated the effect of increased radiation exposure on the gradual amorphisation of
the zirconolite structure using Transmission Electron Microscopy (TEM) on various natural
samples [83,85]. After >10% a/m* the natural samples were determined to be fully
amorphous, however some samples revealed nanoscale crystalline regions that were
thought to be a result of recrystallization effects. Further exposure to electron beam heating
proved recrystallization does occur. Micro-porosity was also observed and identified as He

bubbles generated from a-decay in the material. In comparison, the synthetic zirconolite

31



showed continued reduction of the long-range crystalline order, reaching an X-ray
amorphous structure after 1.6 x 102°a/m3. Other factors affecting the amorphisation and
recrystallization of these structures include impurities, time and thermal history, which for
natural analogues may be largely unknown and account for the discrepancies with synthetic
samples. That said, the results were in excellent agreement and showed both the capability
of zirconolite to withstand high levels of a-radiation and the successful demonstration of

long-term behaviours and performance through accelerated laboratory experiments.

2.3.2 Synroc

Synroc is a synthetic rock material composed of multiple crystalline phases designed for the
immobilisation of nuclear waste. Originally proposed by Ringwood et al. [70,95] in the 1970s,
Synroc formulations have been developed to combine different mineral phases that could
each accommodate different elemental species into their structure with the aim of
producing a superior wasteform to borosilicate glass [70,127-130]. The utilisation of titanate
based minerals was based upon their proven ability to incorporate and retain many
elements, including U and Th, over long timescales. Multiple versions of synroc, some of
which are listed in Table 2.2, have been trialled since the 1970s, with various phase
assemblages and phase fractions [70,131]. The multiple variations have proven its flexibility
and wide operating window in terms of phase assemblage, waste feed incorporation and

process-ability, for optimum performance of the wasteform.
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Table 2.2: Summary of Synroc and ceramic variants. (Adapted from [131])

Name Mineralogy (wt. %) Waste loading Fabrication Process
40% Ba-feldspar
30% hollandite Melting and
Synroc—A 20% perovskite 10% HLW crystallising
10% zirconia 1330 °C
kalsilite and / or leucite
40% hollandite Hot pressing
Synroc—B 35% zirconolite None 1200 — 1400 °C
25% perovskite
33% hollandite
28% zirconolite Hot pressing
Synroc—C 19% perovskite 20% HLW 1150 °C
15% rutile
5% noble metal alloy
46% spinel solid solution
19% zirconolite Hot pressing
Synroc—D 17% nepheline 63% HLW sludge -
. 1050-1100 °C
15% perovskite
3% hollandite
79% rutile
7% zirconolite Hot pressing
Synroc—E 7% perovskite 7% HLW 1300 °C
5% hollandite
2% pyrochlore
90% pyrochlore Cold pressing and
Synroc—F 5% hollandite 50% U-rich HLW sintering
5% rutile 1250-1400 °C
89% pyrochlore Cold pressing and
Synroc — FA 8% perovskite 50% U-rich HLW sintering

3% uraninite

1250 - 1400 °C

Mixed waste

36% nepheline
31% spinel solid solution
12% zirconolite

40% residue

Cold pressing and
sintering

ceramic 12% perovskite 1150 — 1200 °C
5% rutile, 4% whitlockite
80% zirconolite (with some
PU ceramic pyrochlore) Cold pressing and

zirconolite-rich

10% hollandite
10% rutile
<1% Pu02

12% Pu

sintering
1325-1400 °C

Pu ceramic
pyrochlore-rich

85% pyrochlore
10% brannerite
5% rutile
<1% uraninite solid
solution

10% Pu and 21% U

Cold pressing and
sintering
1275 -1400 °C
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Synroc-C, composed of zirconolite (CaZrTi,0O7), hollandite (BaAl;TisO16), perovskite (CaTiOs)
and rutile (TiO,), was initially developed for the immobilisation of liquid wastes from light
water reactors and has proven to be highly effective at immobilising actinides [132]. While
zirconolite is the primary host for actinide and rare earth element immobilisation, the
perovskite phase also accepts actinides but to a lesser extent. The hollandite and perovskite
are present to account for Cs and Sr, respectively, and rutile may be present to accommodate
Tc [129,132]. Figure 2.9 demonstrates the different lattice sites available for radionuclide
immobilisation within Synroc-C and the sites suitable for actinide disposition [42]. Again, the

fractions of each phase are flexible to accommodate for changes in the waste feed

Ba site
0.18 nm 0.13 nm

Ca sites O
0.15 nm 0.086 nm
O Zr sites O
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3+ Actinides 4+

Ti sites
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Figure 2.9: Schematic of different lattice sites and corresponding ionic radii for elemental

composition.

substitutions. Ca and Zr sites are suitable for actinide ions hence the utilisation of

zirconolite and / or pyrochlore in the Synroc formulations. (Adapted from [42])

2.3.3 Plutonium Immobilisation Project (PIP)

During the 1990s, the Plutonium Immobilisation Project (PIP) was set up to study ceramic
materials for the immobilisation of surplus weapons-grade Pu [131,133,134]. This project
was conducted between multiple national laboratories? in America and Australia and was set

up to develop a suitable ceramic wasteform formulation and processing route for the

2 Argonne National Laboratory (ANL), Lawrence Livermore National Laboratory (LLNL), Pacific
Northwest National Laboratory (PNNL), Savannah River Technology Centre (SRTC), and the Australian
Nuclear Science and Technology Organisation (ANSTO).
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disposition of excess weapons-grade Pu material [131]. Many formulations were tested
during the PIP with respect to the waste feed in question and durability of natural analogues,
which led to the selection of a pyrochlore based ceramic wasteform [131,135]. Borosilicate
and LaBS glass were used as control samples and highlighted the superior performance of

ceramic wasteforms for actinide disposition.

Through the PIP, Synroc-C was shown to incorporate up to 11.8 wt. % **3Pu in experiments
studying the effect of a-decay on the structure and properties of Synroc-C [132]. The
durability properties through this work were reported to exceed those of equivalent
borosilicate glass samples, with leach rates between 15-450 times lower for various
elements [136,137]. In order to increase actinide loading capacities, further developments
targeted zirconolite-rich and pyrochlore-rich ceramics. By maximising the yield of the
actinide host phase the capacity for Puand U was increased. Phase diagrams were generated
by Ebbinghaus et al. [138,139] showing the effect and success of actinide incorporation and
the phase development between zirconolite and pyrochlore structures. Through the
composition investigations the formation of zirconolite-4M was observed over a range of
compositions when processed in oxidising conditions but was not stabilised under reducing
conditions [138]. This was in agreement with the waste incorporation studies discussed

previously.

2.4 Glass-ceramics

Glass-ceramics are proposed for immobilising impure streams of Pu-residues that may
contain glass forming compounds. Glass-ceramics consist of small ceramic crystals
homogeneously distributed throughout a glass matrix [140]. Conventionally, glass-ceramics
are prepared via a route of controlled heat treatments. The process can be a single heat
treatment where the temperature is controlled to promote nucleation and crystal growth
over time, or by varying the temperature with regards to the glass transition (T,) and the
glass liquidus temperatures (T.). The route taken is governed by the nucleation and growth
rate curves of the material [23]. Rate curves determine the temperature range that best
promotes nucleation and growth. If the rate curves overlap, nucleation and growth can occur
in a single heat treatment by holding just above the T or by slowly cooling the melt. If the

rate curves do not overlap, the nucleation and growth occur separately; the melt must first
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be cooled to the T, for nucleation, then heated again to just below the T, before the final
cooling. These heat treatments are schematically shown in Figure 2.10 with the associated

rate curves.
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Figure 2.10: Nucleation and growth rate curves with the relevant heat treatment routes

for preparing glass-ceramics. (Adapted from [23])

One benefit of glass-ceramics for the immobilisation of Pu-residues is the dual barrier system
[17]. It has been identified that each stream of Pu-residues must be considered on a case by
case basis and that full ceramics may be more suitable for immobilising purer PuO,
waste-streams. However, for less pure wastes with more impurities and potential glass
formers, glass-ceramics provide a dual-barrier system for immobilising the Pu and
encapsulating the impurities. Research has shown actinides preferentially partition into the
more durable ceramic phase, whilst the miscellaneous material of the waste feed is
incorporated into the glass. Studies have shown actinide partitioning ratios up to 100:1
between the ceramic and glass phases [15,100,141]. Day et al. [142] compared Fe and Ni
buffered samples on the behaviour of actinide partitioning and showed the reducing
conditions had a strong effect on the partitioning ratio. Samples with Fe additions only
achieved a partitioning ratio of 20 : 1 compared to 100 : 1 for Ni buffered samples [100,142].
Pu recovery tests reported by Day et al. [17] showed Fe-buffered samples were more
susceptible to Pu recovery than Ni-buffered samples, with a worst case value similar to a best

case value for borosilicate glass. These results show that Fe is more reducing than Ni, thus
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more Pu3* enters the glass phase. A more recent study by Zhang et al. [143] however, did not
observe significant differences between Fe and Ni buffered samples. Pu?* was targeted in the
Fe buffered samples but was not confirmed due to the overly dominant Fe signal by diffuse
reflectance spectroscopy (DRS). The Pu was preferentially incorporated in the zirconolite
phase for all samples and the Fe samples had lower initial release rates in the durability tests
compared to the Ni samples. Whilst this would suggest more Pu3* was present in the Ni
buffered samples, the DRS data confirmed the Pu was overwhelmingly tetrahedral. The

reason for the variations in the leach rates was said to be unknown.

The ability of glass to incorporate a large range of elements adds flexibility to the wasteform
to accommodate impurities and changes in the waste feed. Durability studies show
preferential dissolution of the glass phase, coupled with the excellent resistance of a full
ceramic, thus excellent actinide retention [144]. Stewart et al. developed zirconolite
glass-ceramics for Pu-residues immobilisation in conjunction with British Nuclear Fuels Ltd.3
(BNFL) [82]. Through multiple studies of both zirconolite and pyrochlore glass-ceramics and
full ceramics, zirconolite was selected for residues containing glass formers, due to its ability
to accommodate both actinides and neutron absorbers in its structure. Samples were
prepared in 30 ml HIP canisters packed with pressed pellets [82]. The canisters were
baked-out at 600 — 650 °C prior to sealing and HIPed at 1320 °C for 2 h under 100 MPa of
pressure. U and Th were utilised as Pu surrogates and added in conjunction to other
elements representative of a typical waste-stream. A matrix was compiled with different
concentrations of the waste constituents, including; double actinides, double cations, double
glass formers and double anions, all of which were compared against the standard baseline
composition. Characterisation of the samples showed only minor changes to the final
zirconolite composition across the samples, with a composition in the region of
Ca0.32-0.45Na0.13-0.14Gd0.37-0.41U0.12-0.18 Th0.035-0.07Z0.94-1.03 Ti1.20-1.46Al0.25-0.30F €0.04-0.15Cr 0.08-0.3sMg0.05-

0.1307. EDX analysis confirmed preferential partitioning of the actinide surrogates into the
zirconolite phase, which when coupled with MCC-1 leaching data, proved excellent
radionuclide retention rates. The leachate data were consistent across all samples and

showed preferential dissolution of the glass phase [15,82]. This illustrates that the

3 Currently known as the National Nuclear Laboratory (NNL)
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glass-ceramic wasteforms can achieve actinide retention rates equivalent to Synroc and full

ceramics, far superior to borosilicate glass [17,100].

This dual barrier system also provides excellent proliferation resistance by having the
actinide host phase encapsulated in the secondary amorphous phase, making Pu recovery
far more difficult. Aggressive retrievability tests on PuO, doped HIPed glass-ceramics were
conducted to estimate the number of 10 kg HIP canisters that would be required to recover
1 kg of Pu [144]. Powdered samples were subjected to 5 M of sulphuric or nitric acid for one
week at 22 °C. The results varied depending on the acid solution, reducing agents and waste
loading, but even with the worst case results, the glass-ceramics were far superior to
borosilicate glass exposed to the same conditions [17,100]. Results showed a high of
173 ppm of Pu in solution (7% of total Pu inventory) after 7 days in the nitric acid for the
glass-ceramics, whereas the equivalent borosilicate glass sample measured at 1060 ppm
(44% of total Pu inventory) [17]. It was concluded, between 7,000 — 28,000 kg (700 — 2800
canisters) of the glass-ceramic wasteform would be required to retrieve 1 kg of Pu when
subjected to the same aggressive conditions [144]. These results confirm the excellent

durability and proliferation resistance of the glass-ceramic wasteform.

Some Pu-residues are contaminated with Cl due to the degradation of PVC packaging during
storage. The levels of Cl contamination are not expected to exceed 0.2 wt. % but the exact
form and chemical environment of the Cl is currently unknown [42,145,146]. Studies on the
incorporation of Cl impurities into glass-ceramic and full ceramic wasteforms consolidated
by HIP showed successful incorporation into the glass phase, or in an amorphous phase at
triple points between ceramic grains [146]. No changes to the microstructure or phase
assemblage were detected except for the formation of BaCl, in samples formulated with
hollandite for Cs immobilisation. BaCl, was detrimental to the durability and Cl retention
rates [145]. Pu-residues however, do not contain Cs thus it was decided to remove the
hollandite from the ceramic/ glass-ceramic formulations. Successful incorporation of
1.4-1.5 wt. % of Cl was achieved in the glass-ceramics without detrimental effects to the

structure or behaviour of the wasteform [146].

Previous glass-ceramic formulations studied were based around CaF; rich waste-streams
thus were formulated to be Al,Os rich in order to digest the waste [15,17,147]. Since then,

CaF; rich Pu-residue waste-streams were reclassified, but the CaF, was believed to aid waste
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digestion thus was incorporated into later formulations as a digesting agent [82,143,147].
However, the (a,n)-reaction of *°F, to yield 2Na and one neutron, is problematic as far as
worker dose uptake, wasteform integrity and criticality are concerned [148-150]. Equations
1 -4 demonstrate these (a,n)-reactions and the resultant daughter products. In addition,
the daughter nuclei produced are often in metastable states and stabilise by releasing high
energy gamma rays (y) (see equations 1 and 2) [150]. Despite being a neutron absorber, B,
present in the glass phase of all previous glass-ceramic formulations, also contributes to
(a,n)-reactions and the emission of high energy neutrons (equation 3 and 4)
[24,132,148,150,151]. The exposure dose to workers handling the waste packages has been
calculated to increase 8-fold due to the (a,n)-reactions generated by the presence of B alone
[24,132]. Subsequently, for these wasteforms to be produced and handled safely, extra

shielding would be required, increasing the overall lifetime cost of handling the waste.

BF+a > 2Na"+gn; #Na+y (1528 keV) Eq.1
BE+a > 2Ne" +Jp; PNe+y (1275 keV) Eq. 2
B+a > BN+ gn Eq. 3
UB+a > ¥“N+n Eq. 4

Previous glass-ceramic formulations had glass fractions around 50— 60wt. %
[82,144,147,152,153]. The fraction of glass to ceramic is a compromise between achieving
high actinide loading capacities and having enough glass to incorporate the waste impurities
and to dilute the actinide concentration for criticality safety. Scales et al. [15] states that
“different zirconolite glass-ceramic formulations were tested in order to accommodate a
span of possible waste loadings”, but the specific details and variations of such studies are
not detailed comparatively in the literature. The effect of the glass composition on the
crystalline phase assemblage of the glass-ceramic was demonstrated at NNL, when precursor
masses were interchanged accidentally during batching, resulting in an unexpected final
phase assemblage [147,154]. Nothing was found in the literature that investigated the effect
of glass composition on the crystalline phase assemblage outcome of zirconolite

glass-ceramics. As such, it was imperative to investigate the crystalline phase assemblage
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with respect to the glass composition during this project, to determine an optimum

formulation that maximised the yield of zirconolite. This work is discussed in Chapter 5.
2.5 Hot isostatic pressing

Hot Isostatic pressing was originally developed by Battelle Memorial Institute in America in
the 1950s for the diffusion bonding of zircaloy nuclear fuel pins [155,156] and is now used in
many industries including aerospace and automotive [157]. The most common application
of HIP is the densification of cast parts to remove porosity and casting defects, to improve
material properties and performance. HIPing simultaneously applies high temperatures and
pressures to consolidate and / or densify samples. The combination of temperature and
pressure means samples can be consolidated at lower temperatures than conventional
sintering (maintaining a fine grain size) and at lower pressures than is required for cold
isostatic pressing (CIPing) [158]. The temperatures and pressures applied by HIP result in
bodies of near theoretical density, which improves the working life of high performance parts
and can improve the durability of materials for radioactive waste disposal. HIPing provides
advantages over conventional processing techniques, including; an ability to process
complicated shapes, consolidate powder samples and produce products of high, uniform

densities at lower temperatures [159].

HIP was first developed for encapsulating nuclear waste in Sweden in the late 1970s [160—
163] and has since been developed by US laboratories?, NNL, ANSTO, and private enterprises
including, GeoRoc Ltd., AIP Inc., WINCO (Westinghouse Idaho Nuclear Company) and Battelle
Energy Alliance, as well as University institutions [164—172]. The flexibility and adaptability
of HIP to process different wastes and materials was soon recognised as a major advantage
for consolidating difficult waste-streams. Although HIP has not been commercialised for full
scale waste treatment yet, it is the selected method for processing America’s Idaho HLW
calcines [173] and Australia’s Mo production waste [174-176] and is a leading proposed

method for treating the UK’s Pu-residue wastes [8,18,177].

4 Laboratories including Pacific Northwest National Laboratory (PNNL), Argonne National Laboratory
(ANL), Lawrence Livermore National Laboratory (LLNL) and Idaho National Laboratory (INL)
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2.5.1 Structure of a HIP

A generic HIP structure consists of an electric resistive heating furnace located inside a
pressure vessel. Figure 2.11 is a simplified schematic cross-section of a HIP pressure vessel.
The furnace design determines its maximum operating temperature. Each furnace consists
of heating elements, insulating fire-brick, thermocouples and a thermal barrier. The thermal

barrier locks over the furnace to protect the pressure vessel walls from direct heat.

Within the walls of the pressure vessel is a coolant filled water jacket that acts as the primary
cooling system to the pressure vessel. A secondary cooling system is used to remove heat
from the circuit. An inert gas, typically argon, is pumped into the pressure vessel and the
pressure is increased by a compressor. Other components include the vacuum pump, valves,
gas inlet, external compressor and the PLC (programmable logic controller). A typical HIP
cycle starts by first purging the pressure vessel with gas and evacuating the chamber to
vacuum pressure. This removes air and water from inside the vessel to avoid corrosion and
oxidation during the cycle. Gas is then pumped in to equilibrate with the gas cylinders before

the furnace and compressor initialise to increase the temperature and pressure conditions.
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Figure 2.11: A simplified schematic of a cross-section of a HIP pressure vessel.

2.5.2 Densification by HIP

The main application of HIPing is densification and pore removal. Pores may generate from
the initial packing of powder samples, gas evolution through the cycle or during solid state

diffusion [158]. Applying pressure during sintering speeds up the densification process by
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increasing the contact stress between particles [159]. This means samples can be processed
quicker and at lower temperatures resulting in finer grain structure and better strength
properties. During sintering, the driving force for pore closure is to reduce its surface area.
Equation 5 defines this in terms of pressure [158,178]. As the radius of the pore decreases
(surface area decreases) the pressure inside the pore increases. The internal pore pressure
acts against pore removal, however, as the pore gets smaller and the pressure increases, the
internal gas acts to find a state of lower energy by either dissolving into the material, moving
to a larger pore of lower energy, or rising to the materials surface [158]. As such, smaller
pores are removed first. With HIP, the external pressure far exceeds the internal pore

pressure thus accelerates this process.

2y Eq.5

Where P is pressure, r is the radius of curvature of the pore surface and vy is the specific

energy of the internal surface of the pore (J/m?) [158].

Grain boundary migration also aids the sintering process by reducing the number of grain
boundaries present and therefore the overall energy of the system [158]. This results in grain
growth where small grains are engulfed by larger grains. Closed pores can also be engulfed
by grain boundary migration leaving behind isolated pores within grains. During the latter
stages of the HIP cycle these isolated pores are removed by diffusion into the material. At
high temperatures densification also takes place by viscous flow, where individual particles

have more energy to move and achieve better packing by filling voids.
2.5.3 Advantages of HIP for nuclear waste treatment

Hot isostatic pressing is a batch process able to consolidate nuclear waste into solid,
monolithic wasteforms, hermetically sealed inside stainless steel canisters. The HIP canister
provides the primary containment for the wasteform after consolidation and aids the
transportation, handling and storage of the waste packages. The canister will also act as a
containment layer as part of the multi-barrier geological disposal system, which could lead

to potential cost savings during disposal.
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The batch process allows for plant flexibility when processing low volume complex wastes
but also helps towards Pu criticality, accountancy and safeguards when treating Pu-based
waste-streams. The hermetically sealed nature of the waste during processing means there
are no secondary wastes produced and there is no requirement for discharging the melt. No
off-gases are produced during processing so there is no need for a large off-gas treatment
system as with vitrification plants. However, the front end process, to get the waste in a
suitable form for HIP, can be very complex and may involve; drying, calcining, mixing,
granulation and / or size reduction. As such, the front end stages will produce minor waste
and off-gases that need to be considered and drawn into the plant design for appropriate

treatment [146,179].

Ensuring a wasteform is near theoretical density will help retard ground water ingress in the
geological repository and improve durability properties against radionuclide release. The HIP
process ensures complete removal of interconnected porosity to produce the high density
wasteforms. The presence of the HIP canister acts as a surface barrier, sealing any open
porosity on the wasteform surface. Each HIP canister must be evacuated under vacuum prior
to sealing to remove air from inside the canister that would inhibit densification [168]. Prior
to canister packing, the waste and precursors are dried and calcined to minimise the amount
of water and volatiles going inside the canister and a “bake-out” step is utilised to remove
any remaining volatiles from inside the packed canisters before crimping and sealing the
evacuation tube. The bake-out applies heat to the canister, whilst still connected to the
evacuation line, to liberate water and volatiles and to draw them out of the canister [168].

This stage of the front end process is important for consolidating dense, durable wasteforms.

Other thermal treatment options such as vitrification, cold crucible induction melting and
Joule heater melting are often limited by their maximum processing capabilities and the melt
properties required for manageability and wasteform performance [67]. In comparison, HIP
has a large operating window and is not limited by the wasteform properties. This allows
flexibility to process a range of different wastes and materials, at optimum parameters, on a

single plant line.

One of the major advantages of HIP is the significant volume reductions achieved. Compared
to alternative treatment options HIPing achieves superior volume reductions, which lead to

significant cost savings for the storage and geological disposal of the waste packages [180].
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For ILW, cementation results in a large volume increase from the starting waste volume, as
demonstrated in Figure 2.12 [175]. It was estimated that 2000 litres of radiopharmaceutical
wastes will be produced per year from the production of ®*Mo. Cementation would result in
an estimated volume of 52,000 litres of encapsulated waste packages per annum, compared
to 500 litres per annum when processed by HIP [134,175]. The ability to tailor each
wasteform matrix to each specific waste-stream means waste loadings can be optimised and
the total number of wasteforms needing processing can be reduced, subsequently reducing

the final waste volume even further.

Cementation
Volume

Mo?®° Waste
Volume

SynrocANSTO [7 :—':} et
Volume e

Figure 2.12: Schematic representation of the volume reduction generated by HIP compared
to the volume increase of cementation. The schematic example is given for ILW “Mo

production waste processed into a Synroc wasteform via HIP. (Adapted from [134])

In order to commercialise HIP as a waste treatment technology, scalability must be assessed.
Small scale PuO, samples have proven wasteform capabilities and inactive scale-up trials
have shown the scalability of the HIP process [15,166,181]. A scale-up project conducted by
GeoRoc Ltd. processed intermediate level Magnox fuel pond sludges by HIP into ceramic /
glass-ceramic wasteforms from a 50 ml scale to >100L scale and produced the first
demonstration 102 L HIP canister for nuclear waste treatment (Figure 2.14) [181]. This
project successfully demonstrated the scalability of HIP from straight walled research
canisters to full scale bellows canisters, whilst achieving equivalent wasteform products and
a cylindrical waste package suitable for storage and geological disposal [181]. This project

also demonstrated the large waste volume reduction achieved by HIP; 160 L of Magnox
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sludge waste simulant was treated and processed with suitable precursors in the 103 L
canister and obtained a consolidated 40 L volume final waste package; a total waste volume
reduction of 75% (Figure 2.14) [180]. It was calculated that HIP technology could reduce the

raw waste volume by 80 %, with a 55 % volume saving compared to vitrification [180].

GeoRoc

Figure 2.13: Proven scalability of the HIP process for treating nuclear waste. ILW Magnox
pond sludge simulant was treated and processed by HIP from the 50 ml laboratory scale to

> 100 L. (Images courtesy of GeoRoc Ltd.)
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Figure 2.14: A 102 L HIP canister before and after processing. The overall waste volume
reductions achieved from the raw waste material to the final waste package are

summarised. (Images courtesy of GeoRoc Ltd.)
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2.5.4 Selected wastes for HIP

Idaho calcines (USA)

The ldaho calcine wastes originate from spent nuclear fuel reprocessing from 1953 — 1994
[182]. The liquid raffinates produced were later dried into granular calcines and stored in
stainless steel containers approximately 3.5m across and 16.7 m high. There are
approximately 4,400 m3 of the calcine waste stored in vessels inside six reinforced concrete
silo storage tanks (approximately 24 m high by 18 m across) at the Idaho Nuclear Technology
and Engineering Centre (INTEC) [166]. The dried calcine form was intended to be suitable for
long-term interim storage of the waste, but analysis of the calcines revealed high toxicity,
hazardous solvents and hydrogen fluoride present, thus the wastes require further
treatment to be accepted for geological disposal [166]. In 2010, the Department of Energy
(DOE) officially selected HIP for the treatment of the Idaho Calcines [173] due to its benefits
over vitrification, significant volume reduction and the subsequent life cycle cost savings

[81,166]

Mo-99 (Australia)

ANSTO are expanding their demonstration plant and have plans to construct a full scale
waste processing plant for the treatment of Mo production wastes [174,183]. Mo is used
in radiopharmaceuticals and nuclear medicine for diagnostic purposes. Produced in the
on-site OPAL reactor at ANSTO, **Mo is transported across Australia and shipped around the
world in Gentech® Generators that allow medical technicians to activate and extract *™Tc for
patients [184]. ANSTO are expanding their production capabilities and plan to construct the
SyMo waste treatment plant that will utilise the HIP technology to process the ILW raffinates

from %Mo production into stable wasteforms.

Pu-residues (UK)

In 2002 the UK’s BNFL®, in collaboration with ANSTO, developed wasteform options and

processing routes for the disposition of Pu-residues stored at the Sellafield site [17]. The

5 Currently known as National Nuclear Laboratory (NNL)
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project was suspended due to high rises in cost of the R&D but was reinstated under a
Nuclear Decommissioning Authority (NDA) funded programme to demonstrate its
technology readiness level (TRL) for treating the civil separated Pu stockpile through
laboratory scale Pu active trials [185]. NNL are currently working to install an active glovebox

line at the NNL Central Laboratory at Sellafield to commence active Pu trials by 2020 [185].
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3 Materials and Methods

This chapter details the experimental procedures and analytical methods used throughout
this project, with specific parameters and variations between chapters given. The
experimental procedure for the uranium and plutonium samples is detailed separately in
Chapter 8, as this work took place in different laboratory facilities at the Australian Nuclear

Science and Technology Organisation (ANSTO).
3.1 Reagents

The choice of starting reagents was important in order to simplify the front-end procedure
of the HIP cycle and ensure high quality reproducible samples. It was important to avoid
carbonate materials and hygroscopic compounds, which would decompose at increased
temperatures. Due to the hermetically sealed nature of HIP canisters, the decomposition and
volatilisation of compounds would be trapped inside the HIP canister and inhibit the
densification of the sample, thus produce a poor quality wasteform. The starting reagents
for the basic glass-ceramic formulations included ceramic formers; calcium titanate (CaTiOs),
anatase (TiOy), zirconium oxide (ZrO3), and glass formers; quartz sand (SiO), anhydrous
sodium silicate (Na,SiOs), anhydrous borax (Na;Bi0;) and aluminium oxide (Al,Os). By
utilising CaTiO3 and anhydrous forms of the Na,SiOs and Na;B207; compounds, both calcium
carbonate (CaCOs) and sodium carbonate (Na,COs) were avoided. Thus, the release of CO;
from the decomposition of carbonate materials and the volatilisation of absorbed water
from hygroscopic reagents, were minimised. Particle size distribution (PSD) of the starting

materials was conducted using a Malvern Mastersizer 3000 (Figure 3.1).
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Figure 3.1: Comparative plot of PSD data for starting materials (top) and for a batch after

30 min milling at 500 rpm in a planetary mill. CeO; is included as the waste analogue

precursor for Chapters 6 and 7.

3.2 Batching and milling

3.2.1 Batch calculations

The target glass-ceramic formulations varied as the project progressed and specific

formulations are given in each Chapter. In general, for the batch calculations, the glass

formers were dealt with separately to the ceramic formers. The general chemical formula

for the glass-ceramic systems throughout this thesis is given in equation 6, where x and y are

varying additions of CeO, as detailed in individual Chapters, and z signifies Al,O3 additions.

The fraction of glass to ceramic was also investigated in Chapter 5 where samples were

batched for 30 wt. %, 50 wt. % and 70 wt. % glass fractions. The conclusions gained from

Chapter 5 allowed for an optimised formulation (equation 7) that maximised the yield of

zirconolite to be selected, and subsequently used for all further experiments investigating

waste incorporation (Ce Chapter 6, UO; / PuO; Chapter 8) and Cl contamination (Chapter 7).
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Cag_yZr1_yCeyryTiz_2xAly 07 + NayAly 4By ,Sig016 Eq. 6

70 wt. % Cay_yZr;_yCeyyy Ti, 07 + 30 wt. % Na,Al,Sig046 Eq.7
3.2.2 Milling

Prior to batching the oxides were dried at 180 °C. All precursors were weighed out on a 4
decimal place balance within + 0.005 g error. The powders were milled in a Fritsch planetary
mill at 500 rpm with isopropanol as a milling agent. The batches were dried at 85 °C and were

passed through a 500 um sieve to break up large lumps.
Experimental Parameters

Chapters 4, 5: 25 g batches were milled in SIAION 50 ml volume milling pots with 10 —12 mi

of isopropanol for 5 min.

Chapters 6, 7: 25 g batches were milled in SIAION 50 ml volume milling pots with 10 — 12 ml

of isopropanol for 30 min.

Chapters 6: Powders were milled in a stabilised zirconia 250 ml volume milling pot in 50 g

batches with 22 — 25 ml of isopropanol for 30 min.
3.3 HIP canister preparation and packing

Straight walled HIP canisters were fabricated from 316 stainless steel. The canisters were
fabricated from 38.1 mm (1% inch) tubing with 1.8 mm thick walls cut to approximately

35 mm lengths. The base and lid of the canister were prepared from 2 mm thick disks cut
from a solid 316 stainless steel rod with a 35 mm diameter (Figure 3.2). The tubing for the
canister walls was lathed on both ends to remove 0.25 mm from the inside of the wall to a
depth of 1 mm. This allowed the end disks to fit inside the tubing with a snug fit to a
maximum depth of 1 mm, and sit proud by 1 mm above the canister wall for welding. A
6.35 mm hole was drilled into the centre of the lid for the evacuation tube. The evacuation

tube (6.35 mm diameter tubing, 1.65 mm wall thickness) was welded into the lid (sealing on
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both sides) and was used to evacuate the canister of air and volatiles before final sealing

ready for processing. Each canister had an approximate internal volume of 30 ml.
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Figure 3.2: Schematic diagram of canister components.

The lid connection was designed to make welding easier for the operator but also provide a
“safety-wall” between the weld-torch and the powder during welding. All welding was

performed using a Miller Dynasty 200 TIG welder with a current of 45 Amps.

Calcined powders were manually packed into the HIP canisters. Powders were manually
tapped down and compacted with a mallet as much as possible to achieve a suitable packing
density. Insufficient packing would result in more deformation of the canister, more strain
on the welds and could lead to canister failure. For the U samples powders were pressed into
pellets. This ensured better packing density thus controlled compaction of the canister for
easier opening, and reduced dust production when preparing each sample. On an industrial
scale plant the method of canister filling would be different and would likely utilise
granulation and vibratory packing to avoid blockages, minimise dust production and

maximise canister packing [41,186].

The lids were welded to the packed canisters with a steel wool filter added to the inside of
the lid at the base of the evacuation tube. This filter stops powder entering the vacuum pump
line during evacuation of the canister. The evacuation tube was then connected to a vacuum
pump to remove all air from inside the canister. This is an essential step for the production
of a dense material to provide a differential pressure between the inside and outside of the
canister during processing [159]. If the air is not removed the pressure inside the canister
would increase during the HIP cycle and resist compaction from the external forces resulting

in a porous sample. The canisters were evacuated to 3 —5 Pa vacuum pressure at room
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temperature. The temperature was then increased for the bake-out step to remove any
water and volatiles from the canister. Once the initial vacuum pressure had been reached it
was assumed all volatiles had been removed. Final sealing of the canister involved crimping
the evacuation tube, using a hydraulic hand press up to 400 bar. A second crimp was applied
above the first crimp, before breaking the second crimp, ensuring not to damage the first

and sealing with a weld. At this stage the sample was ready for processing.
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Figure 3.3: Schematic diagram of the sealing process for each HIP canister.

3.4 Processing — HIP cycle

All HIP samples in this thesis were processed with a basic HIP cycle recipe that used the same
temperature and pressure conditions as previous work conducted by NNL [154]. Samples
were consolidated at 1250 °C for 4 h under 103 MPa (15,000 psi) of argon gas pressure, using
a molybdenum furnace. The temperature and pressure were applied simultaneously to reach
the target set-points at the same time. The temperature ramp rate was 10 °C/min to 1250 °C.
Unfortunately, the time scale and scope of this project did not allow the author to investigate

different cycle conditions.

The cycle recipe shown in Figure 3.4 shows the individual steps of the HIP cycle. Prior to the
pressure increase, the pressure vessel was purged by inputting 1.4 MPa (200 psi) of gas,
venting and applying a 250 torr vacuum, before a second purge ensures the pressure vessel
is clear of any remaining oxygen that would cause oxidation of the furnace during the cycle.
A gas input of 10 MPa (1500 psi) is needed to avoid damage to the compressor when it

initialises, at which point the temperature begins to ramp at 10 °C/min. During the 4 h dwell
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the “pressure makeup” is ON so the dwell conditions are maintained during the whole dwell
period. The HIP returns to room conditions with a controlled cool of 10 °C/min and

simultaneously vents the gas pressure.
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Figure 3.4: The temperature — pressure profiles for a standard HIP cycle recipe of 1250 °C,
103 MPa (15,000 psi). The set-point data (solid lines) is plotted alongside the experienced

data (dotted lines).

3.5 Densification measurements

Before and after processing, the mass, dimensions and volume of the HIP canisters were
measured in order to calculate the volume reduction during processing and densification
achieved. Each measurement was taken in triplicate to obtain average values. Dimensions
(including; height, top diameter and middle diameter) were taken using a micrometer and
the volume was measured using Archimedes’ water displacement method. Material
densification was calculated for the consolidated glass-ceramic materials by helium gas
pycnometry on powder samples for the true density and water displacement measurements

on monoliths for the bulk density.
3.6 Sample retrieval

Retrieving the HIPed material from the stainless steel canisters proved difficult due to the

combination of metal, glass and ceramic, for which no blade is suitable for cutting through
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all materials. After trying multiple methods to open the HIP canisters and retrieve the

samples, the most efficient way was to use a 3 step process:

1) The canister lid and base were removed using a HHH ferrous blade on a Buehler
Abrasimet™ 250 saw. The blade cut just deep enough to reach the composite
material inside. The canister is then rotated in the clamp to repeat the cut until the
lid was separated.

2) Either, the sides of the canister were removed by cutting into quarters on the
Abrasimet™ 250, or a 10mm central core was taken using a diamond drill bit.

3) The removed material was sectioned into monoliths using a diamond blade on a
Buehler IsoMet™ low speed saw, or crushed using a percussion mortar for powder

samples.

Due to the compaction of individual canisters, the removal of the canister walls was not
always possible. In such cases, as much of the canister was removed as possible using the
Abrasimet™ 250 saw and the sample was crushed in a vice to remove pieces suitable for

SEM and XRD analysis.
3.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) gives information on the surface / near surface
structure of monolithic bulk samples. A beam of high energy electrons is passed through a
series of lenses that focus the beam through an aperture and onto the surface of a sample.
The incident beam of electrons results multiple types of emissions that can be used to give
different information on the sample structure. The primary emissions are secondary

electrons, backscattered electrons and X-rays [187].
3.7.1 Structure of the microscope

An atom consists of a positive nucleus surrounded by negative electrons in electron shells.
Each electron shell has a different binding energy depending on its distance from the nucleus,
orbital configuration and atomic charge. Electrons closest to the nucleus in the K-shell
require the most energy to overcome the binding energy and emit an electron. Each
individual electron excitation or emission from an atom has a unique energy associated with

it, which can be used to gain information about the sample.
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The electron source in an SEM is typically a tungsten filament, which when heated, emits
both visible photons and electrons. The emitted electrons are accelerated to a known
energy, between 10 — 30 keV, by a potential difference across two anodes [187]. The high
energy electrons are focused into a small, concentrated beam by passing through a series of
lenses and magnetic fields. The magnetic fields deflect the electrons causing them to move
across the lenses in a helical motion and converge in the centre. The magnetic field is
generated by a current flowing through a wire coil. These lenses and coils are shown in Figure
3.5, a simplified schematic representation of the structure of a scanning electron microscope

[187].
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Specimen
Figure 3.5: Schematic diagram of a two lens scanning electron microscope. (Adapted from

[187])

3.7.2 Secondary emissions

When electrons interact with atoms in a sample, either elastic or inelastic interactions take
place. Elastic scattering occurs when an electron interacts with an atom causing a change of
direction with negligible energy loss. This is due to the Coulombic interaction known as
Rutherford scattering, whereby the electrostatic interaction between the negative electron

and positive nucleus results in the deflection of the electron in a new direction without a
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physical collision [187]. Inelastic scattering results in an electron losing energy through
collisions and interactions within the sample. The electron may gradually lose kinetic energy
through multiple interactions and become trapped within the sample (absorption), or cause
the emission of atomic electrons (known as secondary electrons) and / or electrostatic
energies (X-ray photons) that can escape the sample surface [187]. These detectable

energies (Figure 3.6) can be used to gain information about the sample.

Incident beam

X-rays Backscattered electrons

Cathodoluminescence Secondary electrons
v

A

Electron beam
induced current

Transmitted electrons

Figure 3.6: Schematic diagram of resultant signals produced by an SEM incident electron

beam. (Adapted from [187])

Secondary electrons (SE)

Secondary electrons (SE) are electrons emitted from the surface of the sample with less than
50 keV of energy [187,188]. Such electrons may be incident electrons that have lost the bulk
of their energy through collisions at the near surface of the sample, or outer-shell atomic
electrons emitted by the transfer of energy during a collision with an incident electron. Due
to the low energy of SE, many are trapped within the interaction volume due to inelastic
scattering. Only those near the sample surface with the correct deflection angle are
detected [188]. As such, SE only give details of the near surface region of the sample. Figure
3.6 indicates the penetration depth for SE comparative to backscattered electrons (BSE) and
X-rays. SE, however, are emitted with a smaller scattering angle than BSE and therefore

obtain better resolution of the sample surface [187,188].
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Backscattered electrons (BSE)

Backscattered electrons (BSE) are incident electrons deflected more than 90° from the
sample and retain most of their incident energy (more than 50 keV). The number of BSE
released (backscattering coefficient) is known to increase proportionally with atomic
number, giving information on the chemical composition of the sample [188]. BSE have a
larger penetration depth than SE and are less abundant thus do not achieve as good a

resolution.
Energy dispersive X-rays (EDX)

Energy dispersive X-rays (EDX) are produced due to atomic relaxations in the sample
structure. When a high energy electron excites an inner-shell electron to produce an
electron-hole pair, an outer-shell electron quickly fills the electron hole emitting a photon of
energy equal to the relaxation [187,188]. This energy is characteristic to the relaxation and
atomic number of the atom involved. Photons with energy in the visible range can be used
for cathodoluminescence and X-ray photons can be used for elemental mapping. EDX maps
show the distribution of each element throughout the sample and can be displayed as a map,

line scan or point scan.
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Figure 3.7: Schematic diagram of the relative penetrative depths of secondary electrons
(SE), backscattered electrons (BSE) and energy dispersive X-rays (EDX). (Adapted from
[187])
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Experimental Parameters

Sectioned samples were cold mounted in epoxy resin before grinding and polishing. Samples
were ground on a Buehler Automet™ 250 using SiC grit papers of increasingly finer grits,
from P600 to P1200 grades. Samples were then polished to a 1 um finish using diamond
paste and diamond suspension solutions. The samples were carbon coated and electrodag
silver paste was applied to provide a conductive pathway for electrons to travel from the

sample surface.

Images were collected at various magnifications on a Hitachi TM3030 analytical microscope
with an integrated Bruker Quantax EDX spectrometer. A 15 kV accelerating voltage was used

at a working distance of 8 mm. EDX maps were collected for a minimum of 10 min.
3.7.3 Electron Probe Micro — Analysis (EPMA)

Electron probe micro-analysis (EPMA) is a non-destructive quantitative chemical analysis
technique that utilises a small spot size, multiple spectrometers (wavelength dispersive
spectroscopy) and analytical crystals, to obtain a more precise chemical analysis with a
higher sensitivity and accuracy than SEM-EDX [189]. Like SEM-EDX, EPMA utilises the X-ray
emissions from a sample exposed to a beam of high energy electrons. Wavelength dispersive
spectroscopy (WDS) is often used in EMPA to detect specific elements within a sample. A
series of spectrometers are aligned in sequence, vertically around the sample chamber and
the analytical crystal is oriented at a specific angle [190]. The X-rays are incident on the
crystal and only those with wavelengths that satisfy Bragg’s Law at the given angle are
detected (see section 3.8). This allows for individual elements to be detected and quantified
in the sample. In order to detect a series of elements the orientation of the crystal and
detector must change along the Rowland circle. The sample, crystal and detector sit on the
Rowland circle to enable focusing of the X-rays. Figure 3.8 demonstrates the Rowland circle
and experimental setup within WDS — EPMA [190]. The data detected is compared against a
standard of a known composition and corrected for sample effects and experimental errors,

to produce the data as wt. % of oxides and / or element.
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Figure 3.8: Schematic representation of the experimental setup between the sample,
analytical crystal and detector on the Rowland circle within a wavelength dispersive

spectrometer (Adapted from [190]).

Experimental Parameters

The EPMA data was collected by Dr Chris Hayward at the EPMA Facility, School of

Geosciences at the University of Edinburgh.

Chapter 5: EPMA compositional analysis was performed on five samples for compositional
analysis of the glass phase. Data was collected using a Cameca SX100 instrument with beam
conditions of 10kV and 5 um beam diameter. A current of 0.5 nA was used for major
elements and a current of 20 nA was used for minor elements. The 0.5 nA current was used
to minimise the error associated with Na mobility, whilst an air jet and the low voltage was
required for analysis of the B. Data was standardised against multiple standards; Na — Jadeite
(Na:11.34%, AI:13.23%, Si:27.78%, Fe:0.17%, O:47.65%), Si—Wollastonite
(Mg :0.17 %, Al:0.03 %, Si:24.00%, Ca:34.32%, Mn :0.05%, Fe:0.28%, O :41.37 %),
Ti—rutile (Ti:59.34%, 0:39.89%, Mg:0.01%, Fe:0.59%, Nb:0.17 %), Zr-—zircon
(Si:15.24%, Mn : 0.03 %, Zr : 49.14 %, Hf: 0.82 %, O :34.77 %), Al —spinel (Mg : 17.08 %,
Al :37.93 %, O :44.99 %), and for B a sample of international simple glass (ISG) was used;
60.2 SiO,, 16.0 B,03, 12.6 Na,0, 3.8 Al,03, 5.7 Ca0, 1.7 ZrO, (mol. %) [191].
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3.8 X-Ray Diffraction (XRD)

Powder X-ray diffraction (XRD) is an analytical technique used to gain structural information
on phases present in a sample. Data collected can be used for phase analysis, phase
guantification and crystal structure determination [192]. A divergent beam of X-rays are
generated from a high energy beam of electrons hitting a metal target (generally Cu or Mo)
resulting in the ionisation of electrons from the metal atoms [193]. For Cu, 1s electrons are
ionised and 2p electrons fill the electron holes in the 1s shell. X-rays are emitted with specific
wavelengths equal to the energy associated with the transition of the 2p electrons. Due to
the spin states of the 2p electrons two wavelengths are generated from Cu; Koy = 1.54051 A
and Ko, = 1.54433 A, which are averaged to an X-ray wavelength of 1.5418 A (referred to as

Cu Ka radiation). The Ka; signal can be removed if a monochromator is present.

For diffracted X-rays to be detected, they must obey Bragg’s Law [193,194]. Bragg’s Law
assumes crystallites consist of parallel planes, which X-rays either scatter off at all angles or
transmit through and scatter off an adjacent plane. The diffracted beam of X-rays must be
scattered at an angle equal to the angle of incidence, 0. For detection, the diffracted X-rays
must be in phase with each other, such that the phase difference between diffracted beams
is an integer number of wavelengths (n). At all angles other than 0 the diffracted beams will
be out of phase and result in destructive interference. The phase difference depends on both
the angle of diffraction and the distance travelled so the inter-planar spacing must also be
considered (d). Figure 3.9 is a schematic representation of Bragg’s Law and the interaction
of two X-ray beams with adjacent crystal planes [193]. Beams 1 and 2 have equal angles of
incidence, and diffracted beams 1’ and 2’ are diffracted at the same angle (B6). For the
diffracted beams to be in phase with each other, the extra distance travelled by beam 2-2’
(2dsinB) must be equal to a whole number of wavelengths (nA), thus obeying Bragg’s Law

(equation 8).

nA = 2dsin@ Eq. 8
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Figure 3.9: Schematic derivation of Bragg’s Law. (Adapted from [193])

XRD utilises fine powder samples where crystallites are orientated randomly throughout.
Due to the random nature of powder samples, all lattice planes can be present at all
orientations. Many crystallites are orientated such that Bragg’s angle is achieved thus
diffraction can occur for the lattice planes exposed [193,194]. As a result, XRD patterns
consist of multiple reflections for each type of crystallite corresponding to different planes.
These can be used to identify phases present and determine information on the crystal
structure. XRD data are plotted as the intensity of the diffracted X-rays against the angle

between diffracted and undiffracted X-rays, 26.
Experimental parameters

Power samples were crushed using a percussion mortar and sieved to <150 um. The powders
were refined in a micromill for 3 min at 30 oscillation/sec. Samples were analysed using a
Bruker D2 PHASER diffractometer with Cu Ko radiation (1.5418 A). Data were acquired
between 10° <26 < 70°, with a 0.02° step size for a count time of 3.25 sec per step under
normal fluorescent conditions (Lynxeye discriminator settings; lower =0.110, upper = 0.250).
A Ni filter was present on the source and a slit size of 1 mm was used. Data analysis was

conducted on PDF - 4+ software for phase identification.
3.8.1 Phase quantification

Rietveld refinements were performed on four samples with various glass compositions and

glass fractions. Rietveld refinement fits a crystallographic model to an experimental profile
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via a least squares refinement [195]. By fitting the width, height and peak position of
individual reflections in the experimental data, information can be extracted about the

crystal structure and phase abundance.

Chapter 5: The refinements were performed to determine quantitative phase analysis of the
glass-ceramic samples and how the phase assemblage changed with changes to the glass
formulation. XRD samples were prepared with 10 wt. % MgO (calcined at 900 °C) mixed in as
an internal standard to allow quantification of the glass phase. The refinements were

performed using the GSAS software package [196].
3.9 Thermo - Gravimetric Analysis (TGA)

Thermo-gravimetric analysis (TGA) measures the mass of a sample as a function of time or
temperature under a controlled atmosphere (Nz) [197]. The mass of the sample is measured
when heated at a constant rate to identify temperatures at which the sample begins to
decompose. This could be a loss of water from hygroscopic compounds or the breakdown of

a compound such as CaCOs.
3.9.1 TGA - Mass Spectroscopy (TGA-MS)

Thermal analysis is often coupled with mass spectroscopy (MS). lonised particles are
accelerated through a vacuum and deflected by magnetic fields according to their mass and
charge [198]. Lighter ions and / or higher charged ions are deflected more than heavy ions
or ions with a lower charge, separating them for detection. The relative abundance of
detected ions is plotted against their mass : charge ratio allowing individual ions to be
identified. This information coupled with the TGA data means the compounds lost from the

sample at specific temperatures can be identified.
Experimental parameters

Chapter 4: TGA data were collected on a PerkinElmer STA 8000 TGA /DTA heated at
10 °C/min to 1250 °C in alumina crucibles under an Ar atmosphere. MS data were collected

using a Hiden mass spectrometer, heated to 1000 °C at 10 °C/min under N, atmosphere.
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3.10 Solid State Nuclear Magnetic Resonance (NMR)

Solid state nuclear magnetic resonance (NMR) is an analytical technique used to gain
structural information at the atomic level within crystalline and disordered materials [199].
By utilising the magnetic moment of different nuclei that have nuclear spin energies >0,
NMR measures variations in relaxation energies to identify different structural environments

for specific nuclei.

In an externally applied magnetic field, nuclei with nuclear spin energies > 0 undergo Zeeman
Interactions and separate from the ground energy state into individual energy levels
[199,200]. Each energy level corresponds to nuclei with different shielding and structural
environments, which experience different magnetic fields as a result. When exposed to
plane-polarised pulsed radiofrequency radiation, low energy levels absorb the
radiofrequency photons and are excited to higher energy levels [199,201]. When the
radiofrequency radiation is removed, the excited states undergo relaxation to their initial
state and emit a photon of radiofrequency radiation. These relaxations are measured by
producing a voltage in a coil and are recorded as a function of time (Free Induction Decay
(FID)). From this data the NMR spectra is extracted by Fourier Transformation [199,201]. The
variations in relaxation energies are very small and are a direct result of changes in the
structural environments between individual nuclei. This makes NMR highly sensitive to
structural changes and consequently gives information on specific atomic structures and

local environments present in crystalline and disordered materials.
3.10.1 Magic Angle Spinning (MAS)

In solid state NMR often the resolution of the data needs enhancing. As a result of the bulk
material and all elemental nuclei being present, other effects interfere with the data
resolution, such as dipole-dipole interactions, magnetic shielding, chemical shift anisotropy,
field-independent quadrupolar interactions and spin-spin coupling [202]. These can result in
a broadening of the NMR data. Magic angle spinning (MAS) is often used in solid state NMR
to help eliminate these additional effects. MAS utilises a “magic angle” of 54.74°, at which
the sample is oriented to the magnetic field. The sample is then rotated at high frequencies

(5 — 35 kHz) about the axis of symmetry to remove the effects of chemical shift anisotropy
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from the measured data [202]. The magic angle results in the first-order polynomial
(1-3cos’0) becoming equal to zero, thus removes the effects of dipole-dipole interactions
and anisotropic chemical shift, which now equal zero, and allows for analysis of the isotropic

chemical shifts [203].
Experimental parameters

Chapter 5: Al (spin, 1 =5/2), #Na (1=3/2) and B (I = 3/2) MAS-NMR experiments were
performed at 208.6, 211.7 and 256.8 MHz, respectively, on a 18.8 T Bruker AVANCE Il 850
spectrometer using 3.2 mm probe heads operating at spinning frequencies of 20 — 22 kHz.
The 2’ Al NMR spectra were recorded with a 0.6 ps pulse length, 4096 scans and a 0.5 s recycle
delay. The #Na NMR analyses were conducted with a 1 ps pulse length, 2048 scans and a
0.5 s recycle delay. The !B MAS-NMR experiments were performed with a 1 us pulse length,
4096 scans and a 0.5 s recycle delay. The ?’Al, 2Na and !B chemical shifts were referred to

liquid AI(NOs)s (1M), NaCl (1M) and solid NaBH,4 as 0, 0 and —42.06 ppm, respectively.
3.11 Helium Gas Pycnometry

Gas pycnometry uses gas displacement to measure the volume and true density of a sample.
A known mass of a powder sample is added to the sample chamber. When empty the
chamber holds a specific known volume of gas equal to that of a reference chamber. The gas
in the sample chamber is transferred to the reference chamber and the pressure difference
is measured as the gas expands into the empty chamber. The change in pressure allows for
computational measurement of the volume of the sample [204]. With the mass and volume
data, the software calculates the density of the sample. Powder samples largely eliminate
closed porosity that would contribute to the volume measurement thus the true volume and
true density of the material is measured. The gas pycnometry measurements were coupled
with water displacement density measurements on monolithic samples to determine the
percentage of densification of the HIPed samples. The monolith samples were weighed in air
and submerged in water to measure the mass when buoyant. Using Archimedes’ principle
(equation 9) the density of the final HIPed product was calculated. To determine the
wasteform densification percentage, the monolith density was calculated as a percentage of

the pycnometry true density value.
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mg X pr Eq. 9

S omg—my

Where py is the density of the sample, pr is the density of the fluid (density of water 1 g/cm3),

mg is the mass of the sample in air and my is the apparent mass of the sample in the fluid.
Experimental parameters

All pycnometry measurements were performed using an AccuPyc-1340-1l gas pycnometer
using helium as the gas medium. Powder samples were run in a 1 cm® chamber to a fill

pressure of 12.5 psig for 20 purges and 20 cycles each.
3.12 X-ray Absorption Near — Edge Spectroscopy (XANES)

Synchrotron radiation (SR) utilises high energy electrons travelling near the speed of light to
generate X-rays. The high energy electrons are accelerated by a linear accelerator, known as
the Linac, before entering the storage ring [205]. The electrons travel around the storage ring
guided by bending magnets, undulators and wigglers that change the direction of travel.
Every change of direction results in the emission of X-rays with a range of wavelengths. The
X-rays enter the beamline where a monochromator is used to select the desired energy, by

step scanning across an energy range.

There are two main types of measurements performed using SR; transmission and

fluorescence measurements.
Transmission

Transmission data measures the absorption of X-rays by the sample. The intensity of the
beam is measured before and after the sample and the loss of intensity corresponds with
the level of absorption [205]. These experiments use powder samples homogeneously
distributed and pressed with PEG (poly-ethylene-glycol) into pellets. The sample is ground
into a fine powder and is gently mixed with 100 mg of PEG at a ratio determined by the
atomic mass of the sample using Hephaestus software [206]. Once uniformly combined the

powder is pressed into thin pellets of 10 — 13 mm diameter. The thickness and concentration
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of the pellets is important to ensure the X-rays can transmit through, but that enough are

absorbed for a readable signal.

Fluorescence

Fluorescence experiments use bulk monolith samples and a detector positioned
perpendicular to the X-ray beam to detect emitted photons. X-rays absorbed by the sample
result in the excitation of an electron from an inner orbital. The relaxation of an outer-shell
electron to occupy the vacancy results in the emission of a photon with an energy
characteristic to the energy difference between the two electron shells [205]. For any given
element, one specific relaxation is measured for XANES and EXAFS, for example, the Ce Ls
signal corresponds to the 2p®4f°5d° - 2p°4f°5d? electron transition [207—209]. The emitted
photons travel in random directions and only those traveling in the direction of the detector
are picked up. The detector, such as the pin-diode shown in Figure 3.10, detects X-rays
emitted perpendicular to the beam but picks up other emissions as well, including elastically
scattered incident X-rays and photons from elements not of interest in the sample [205].
Consequently, fluorescence data has a lower resolution and more noise associated with it

than transmission data.

Experimental parameters

Chapter 6: Ce L3 XANES data were collected at the DELTA beamline facility in Germany on
beamline 10. The experimental setup enabled us to get Ce L3 XANES data on transmission
and fluorescent samples. Figure 3.10 shows the set-up of the beamline that consisted of a
meter long tube filled with helium, ionisation chambers before the helium tunnel and after
the sample, and a pin-diode detector used for fluorescence experiments. A couple of things
to note about the experimental setup include the helium tunnel, the pin-diode detector and
the monochromator. Whilst clear data were obtained, these components contributed to the

background noise and experimental error.

e Helium tunnel: interaction with the He particles can cause deflection and absorption
of the X-rays. The further the beam has to travel before contacting the sample

provides more opportunities for such beam fluctuations and X-ray loss.
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o Pin-diode detector: the detector was not tuneable to only select fluorescence
emissions, thus the detection of all photons contributed to the background.

e Monochromator: all data collected had glitches present at specific energies. These
could be correlated to monochromator and motor imperfections. The glitches were
present at the same energy in all data so were removed during analysis as an

experimental glitch.

DELTA: Beamline 10

7 Pin-diode
Q%."E‘ﬂ— <

Figure 3.10: Pictures of the DELTA beamline 10 showing the setup of the beamline.

Transmission data were collected to gain information about the oxidation state of Ce with
the samples. Fluorescence data were also collected on monolith samples to observe how the
oxidation state of Ce changed from the edge to the centre of the canister. Monolith samples
were sectioned from the HIPed samples on a Buehler IsoMet™ low speed saw to achieve
parallel sides. For XANES analysis, flat, parallel sided samples are required. As such these
monolithic samples were not cold mounted and were ground and polished manually to avoid

fracturing the cross-sections.

Chapter 7: Cl K-edge XANES data were acquired on the XMAS bending magnet beamline
(BM28) at the European Research Synchrotron Radiation Facility, Grenoble, France. The
XMAS beamline was configured with a fixed exit, double crystal, Si (111) monochromator; a
rhodium coated toroidal mirror of silicon crystal that focused the beam to a spot size of 1
mm. Harmonic rejection was provided by rhodium coated pyrex mirrors [210]. Cl K-edge
XANES data were acquired at room temperature in fluorescence mode, using a Vortex Si drift
detector, with the samples orientated at an incidence angle of 45° between the beam and

detector, under a helium atmosphere.

The absolute energy scale was calibrated to the L; absorption edge of a Rh reference foil set

at Eo=3004.0eV [211]. Since the XMAS beamline utilised an optically encoded
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monochromator, the energy drift between scans was expected to be negligible and this was
verified by periodic acquisition of data from the Rh reference foil. A comprehensive full
account of the specifications for soft XAFS measurements has been previously published

[210].

Samples were prepared as 6 mm pellets of a homogenous dispersion of analyte powder in
ca. 100 mg of PEG as a binder. Data reduction and analysis were performed using the Athena,
Artemis and Hephaestus software [206]. Data acquisition and analysis were restricted to the
near-edge region due to the presence of trace Ar within the He gas environment and
consequent absorption edge at 3207.0 eV [211], which prevented reliable background

subtraction for analysis of the extended X-ray absorption fine structure (EXAFS).
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4 Process optimisation

The effect of pre-treatment parameters on the quality of glass-ceramic

wasteforms for plutonium immobilisation, consolidated by hot isostatic pressing.
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4.1 Introduction

Hot Isostatic Pressing (HIPing) is a process which simultaneously applies heat and pressure
to consolidate and sinter materials. The use of isostatic pressures during consolidation,
applied using an inert gas, promotes densification, eliminating internal porosity. The
potential benefits of HIPing are increasingly being recognised for the processing of
radioactive wastes to produce passively safe wasteforms. The UK’s Nuclear
Decommissioning Authority (NDA) has identified HIP as a potential method for treating
Pu-residues at the Sellafield site [18,177]. The UK'’s policy for dealing with the large PuO,
stockpile at Sellafield is to fabricate MOx fuel, however, a recent analysis has highlighted the
need to adopt a dual track approach to plutonium management with parallel development
of a stockpile disposition pathway [11]. Aside from the potentially reusable plutonium

stockpile, approximately 0.5 tonnes of material is not economically viable for reuse and has
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been identified as waste [26]. These Pu-residues are classified as higher activity waste due

to the Pu content exceeding that of plutonium contaminated material wastes.

Zirconolite glass-ceramics are an attractive matrix for the immobilisation of low purity
plutonium residues, which may also contain glass forming contaminants. In these materials,
plutonium and other actinides are targeted for incorporation within the ceramic phase
zirconolite, prototypically CaZrTi,0, by substitution of the Ca and / or Zr sites. This phase
has been demonstrated to exhibit the exceptional stability toward aqueous dissolution and
radiation damage required for geological disposal [17]. The glass phase provides the
wasteform with the flexibility to accommodate the impurities associated with the plutonium
feedstock [17]. In addition, the presence of a liquid glass phase during high temperature

processing assists in the densification of the wasteform product.

Hot isostatic pressing is a highly flexible process with a large operating window, allowing
effective processing of different waste-streams and different immobilisation matrices
without the challenges associated with vitrification. The utilisation of a batch process enables
robust plutonium accountancy, an important aspect for criticality and safeguards concerns.
Actinide loadings in zirconolite based glass-ceramics exceed those observed in vitrified
wasteforms, enabling higher actinide loadings and a reduced number of wasteforms for
processing [65,212,213]. Coupling this with the significant volume reductions per waste
package during the HIP process (up to 60 % volume reduction), there are potentially

significant cost savings associated with the lifetime waste management costs.

Successful processing of radioactive wastes by HIPing typically requires the waste and glass
/ ceramic forming precursors to be dried and mixed before being packed into a stainless steel
canister. The canister is evacuated at room temperature via an evacuation tube in the lid.
Elevated temperatures may also be applied during this evacuation, in a process commonly
referred to as a “bake-out” step [168]. A bake-out step is utilised to remove water and other
volatiles from inside the canister, which could inhibit densification and create porosity in the
final wasteform. The selection of glass / ceramic forming precursors is important to minimise
the addition of potential volatiles in the HIP canister, hence metal carbonates and
hygroscopic reagents are typically avoided (as in this study). When an acceptable vacuum is
achieved, typically < 25 Pa, the evacuation tube is crimped and sealed by welding. This paper

highlights the importance of optimising the in-canister evacuation and bake-out process to
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achieve high quality, dense glass-ceramic products. The time taken to evacuate each canister
could severely limit the operational throughput of a waste treatment plant operating HIP
technology, hence it is important to optimise the process at a laboratory scale before scaling

up to full size HIP canisters.

With the aim to improve sample throughput whilst maintaining sample quality and
reproducibility, we investigated the use of a waste / precursor ex-situ calcination step as an
alternative or supplement to the in-canister bake-out on laboratory scale 30 ml canisters.
The final wasteform microstructures and phase assemblages are discussed with respect to
the pre-treatment parameters, as well as the final densities and time taken for each canister

evacuation.

4.2 Experimental

Our target glass-ceramic phase assemblages for UK plutonium disposition are zirconolite
(CaZrTiy0) distributed within a sodium aluminoborosilicate glass matrix. The materials
fabricated in this study were formulated prior to optimisation of the glass-ceramic
formulation and comprise zircon (ZrSiO4) as the dominant crystalline phase, accompanied
with other minor crystalline phases as described below. Although these materials do not
comprise the optimised phase assemblage, they are considered to be a valid and useful test
bed to understand the impact of pre-treatment parameters on the behaviour of the glass /
ceramic precursors. The effectiveness of the ex-situ calcination and / or in-canister bake-out
step on the quality of the wasteform product was judged on the basis of the wasteform phase
assemblage, microstructure and entrained porosity. Table 4.1 lists the oxide precursors used
to fabricate the glass-ceramic wasteforms in this study. The high glass fraction and high B,0;
content result in the stabilisation of zircon as the major crystalline phase as noted above and

described in the previous study [214].

Powder samples were batched to a 70 : 30 wt. % ratio of glass to ceramic with the target
glass phase, NayAlysB15SisO16. The batches were mixed in a planetary mill at 500 rpm for
5 min with isopropanol as a milling agent. The dried batches were packed and sealed into

stainless steel HIP canisters (approximately 36 x 38 mm (h x d)).
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All samples were heat treated to remove volatiles. Samples underwent an ex-situ calcination
prior to canister packing, an in-canister bake-out, or a combination of the two. The
pre-treatments for each sample are given in Table 4.2. For the calcinations, the batched and
milled powders were heated for 16 h in an alumina crucible in a muffle furnace, the
in-canister bake-outs were performed on the filled HIP canisters whilst under vacuum. The
duration of the in-canister bake-out was sample dependant and was determined by the time
taken for the vacuum pressure to return to the maximum pressure achieved when evacuated
at ambient temperature. When the temperature is increased, the vacuum pressure drops off
due to the release of volatiles from inside the canister, thus, when the pressure returns to
the maximum that was achieved at ambient temperature, it is assumed all volatiles have

been removed.

Table 4.1: Raw reagents used and their corresponding weight percentages for a

70 : 30 wt. % glass : ceramic mix.

Reagent Wt. %
SiO, 45.2
Glass Na,SiO3— anhydrous 10.6
formers Al,O3 3.60
Na,Bs07— anhydrous 10.6
) CaTiOs 12.0
Ceramic TiO; 11.0
formers
Zr0; 7.00

Table 4.2: Sample matrix and individual sample pre-treatments.

Pre-treatment
Sample | Ex-situ Calcination | In-canister Bake-out
(°C) (°c)
A - 300
B - 600
C 600 300
D 600 -
E* 600 -

*Sample was fabricated from a glass frit precursor.

Sample E was fabricated using a glass frit precursor to compare against the use of oxide
precursors. Sample E was batched with the same glass : ceramic fraction (70 : 30 wt. %) and

used a frit of the same target glass composition, NaAlgsB15SicO16, instead of the glass
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forming oxide reagents. The glass frit was produced by melting stoichiometric quantities of
Na,B407, Al,03 and SiO; at 1500 °C for 5 h before pouring through a stainless steel mesh into
cold water to produce a granular frit material. The glass frit was crushed and sieved to
< 150 pm before milling with the ceramic forming oxides. This batch was calcined overnight
at 600 °C to dry the ceramic forming oxides but did not have an in-canister bake-out prior to

the HIP cycle.

All samples were HIPed at 1250 °C for 4 h under 103 MPa (15,000 psi) of pressure using argon
gas as the pressure medium. The HIPed canisters were opened using a Buehler Abrasimet™
250 saw or Buehler IsoMet™ 1000 saw. Samples were polished and carbon coated for
analysis using a Hitachi TM3030 analytical scanning electron microscope (SEM) with a 15 kV
accelerating voltage and a working distance of 8 mm. Compositional analysis was conducted
with a Bruker Quantax Energy Dispersive X-ray spectrometer system (EDX). Samples were
ground and sieved for X-ray diffraction (XRD) using a Bruker D2 PHASER diffractometer with
Cu Ko radiation (1.5418 A); data were acquired between 10° < 20 < 70°, with a step size of
0.02°, using a Lynxeye position sensitive detector. Thermogravimetric analysis (TGA) and
mass spectroscopy (MS) were performed on the raw powders using a PerkinEImer STA 8000
TGA / DTA and a Hiden Mass Spectrometer. Samples were heated to 1250 °C at a heating
rate of 10 °C/min. The PerkinElmer TGA /DTA was operated under an argon atmosphere
whilst the Hiden Mass Spectrometer TGA was operated under a nitrogen atmosphere.
Archimedes’ water displacement method was used to calculate the bulk density of the glass-
ceramic wasteforms and HIP canister densifications. Helium gas pycnometry was used to
approximate the theoretical density of the materials produced, each sample was run for 20

cycles under 12.5 psig of helium gas pressure.

4.3 Results

4.3.1 Raw materials

Powder X-ray diffraction (XRD) of the raw batch material before and after the overnight
calcination was performed to characterise any significant changes to the raw reagents during
either of the ex-situ calcination or in-canister bake-out high temperature pre-treatments.

The XRD data in Figure 4.1 revealed no major changes in the phases present and hence no
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evidence for gross decomposition of, or reaction between, the reagents up to 600 °C.
However, minor changes were apparent with the appearance of a reflection attributed to
cristobalite (SiO,) at 20 =23.73 ° (PDF card 04-008-7818) and the reduction of a minor sodium
silicate (Na,SiOs) reflection at 26 = 29.36 ° (PDF card 00-016-0818).
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Figure 4.1: XRD data for the raw batch constituents before and after et-situ calcination at
600 °C for 16 h in air. The relative intensity of reflections associated with Na,SiO; are
reduced post-calcination and a new reflection at 20 = 23.73 ° relative to cristobalite was

seen after calcination.

Thermogravimetric analysis (TGA) (Figure 4.2a) revealed a mass loss of 0.8 wt. % from the
milled precursor material between 250 °C and 700 °C (i.e. not subject to either ex-situ
calcination or in-canister bake-out). This mass loss was not evident after ex-situ calcination
of the precursor material at 600 °C for 16 h. Given the consistency of the XRD data in Figure
4.1, the observed mass loss was not the result of a reaction or decomposition of reagents,
and was inferred to be associated with adsorbed volatiles. Borax (Na;B40;) is commonly
found as a decahydrate compound. Although it was batched in an anhydrous form in this
study, it has the capacity to rehydrate. The borax decahydrate compound is reported to lose
eight moles of bound water up to 142 °C, with the remaining two moles retained up to 600 °C
[215]. The dehydration behaviour of the milled batch material appeared consistent with that
expected for the borax constituent. Further investigation of the borax reagent by TGA

coupled with mass spectroscopy (MS) demonstrated the liberation of water (between
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ca. 60 — 800 °C) and carbon dioxide (between ca. 200 — 700 °C) corresponding to the mass
loss observed in TGA analysis of the milled batch material, as shown in Figure 4.2b.
Consequently, we attribute the evolved gas from the milled batch material as being primarily
associated with hydration and carbonation of the borax reagent, although we cannot rule

out minor contributions from other reagents.
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Figure 4.2: a) TGA analysis of the borax Na;B,0; reagent and the raw batch constituents
before and after ex-situ calcination at 600 °C showing a mass loss of 0.8 wt. % between
250 °C and 700 °C, which is not apparent after ex-situ calcination. b) Mass Spectroscopy
response for the borax reagent showing the evolution of H,0 and CO; over the mass range

corresponding to the mass loss observed up to 700 °C in TGA data.

4.3.2 HIPed material

Backscattered electron (BSE) micrographs revealed similar microstructures for samples
A —D. No porosity was evident in high magnification BSE images of samples B— D (Figure
4.3), whereas sample A had visible entrained porosity throughout. The entrained porosity
within Sample A was a result of the low temperature 300 °C in-canister bake-out, which was
insufficient to fully remove the adsorbed water and CO; inventory from the borax reagent,
as shown by the TGA-MS data in Figure 4.2. The glass-ceramic microstructures are otherwise

consistent across all samples independent of the specific pre-treatment, as described below.
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Further characterisation of the HIPed materials by SEM-EDX, Figure 4.4, combined with XRD
data, Figure 4.5, established the major crystalline phase as zircon (ZrSiO4), with minor rutile
(TiO,), and trace accessory phases of sphene (CaTiSiOs), jadeite (NaAlSi»Og), quartz (SiO,) and
brookite (TiO;) (PDF cards: 01-071-0991, 01-078-4188, 01-085-0395, 04-015-8184,
01-086-1630 and 00-015-0875, respectively). These ceramic phases were observed to be
homogeneously distributed in the sodium aluminoborosilicate glass matrix. The phase
assemblage was consistent with the previously investigated phase diagram, defined by glass
: ceramic and Al,Os : B,Os ratio, as described above and elsewhere [214]. Sodium has been
reported to have a stabilising effect on brookite [216], which may explain the presence of

this TiO, polymorph as a trace phase, crystallised from the glass matrix.

20pum

Figure 4.3: BSE micrographs of samples A — D showing similar microstructures and phase
assemblage independent of the pre-treatment applied, except for the presence of
significant porosity in sample A. Major phases identified; 1) Zircon — ZrSiOa, 2) Rutile — TiO,

and 3) Amorphous glass phase.
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Figure 4.4: EDX map for sample C (600 °C ex-situ calcination plus 300 °C in-canister
bake-out) showing the distribution of elements between the major crystalline phases and

glass matrix.
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Figure 4.5: XRD data for samples A — D (A: in-canister bake-out at 300 °C, B: in-canister
bake-out at 600 °C, C: ex-situ calcination at 600 °C plus in-canister bake-out at 300 °C, D:
ex-situ calcination at 600 °C). The phase assemblage is the same across all samples with
only a small change in relative intensity of reflections associated with minor and trace

phases.

The density of the materials and compaction of canisters were determined using a

combination of water displacement measurements and helium gas pycnometry. The low
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density of sample A in Table 4.3 corresponds to the entrained porosity and incomplete
densification. Samples B — D have high relative densities, > 98 % theoretical. Table 4.3 shows
that the overnight calcination reduces the packing density of the batch in the HIP canister
due to inconsistent agglomeration of the powder. This could be ameliorated by grinding the
powder after the calcination; however, this would exacerbate the rehydration process by
increasing the powder surface area. As a result, the powder was packed into the canisters
immediately after the calcination to minimise the time from the furnace to canister
evacuation, thus minimising the time available for the uptake of water (this period was kept

to 60 £ 15 mins when preparing each sample).
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Table 4.3: Summary table of material and canister densifications for samples A — D. The pycnometry data was collected on powder samples of the HIPed

product whilst the monolithic density was measured by water displacement. The material densification was calculated as a percentage of the monolithic

data over the pycnometry data. The overall canister densification was calculated from water displacement data before and after HIP.

Total time for

. Powder packing Pycnometry . . Material Canister internal Overall canister
canister . 3 . Monolith density e e I
Sample evacuation density (g/cm?) | density after HIP after HIP (g/cm?) densification | volume densification | densification
+ 3 [ +79, [} +90 0, +709
(mins) (+2.5) (£0.04) (8/cm?) (%) (£2%) (%) (£2%) (%) (£2%)
A (300°C in-canister 960 1.66 2.791 (£0.002) | 2.718 (+ 0.003) 97 31 22
bake-out)
B (600°C in-canister 480 1.57 2.744 (+0.004) | 2.776 (+ 0.006) 101 41 29
bake-out)
C (600°C ex-situ
calcination + 300°C 150 1.37 2.779 (£ 0.003) 2.758 (£ 0.002) 99 47 34
in-canister bake-out)
D (600°C ex-situ 45 1.38 2.829 (+0.002) | 2.780 (+0.002) 98 44 32
calcination)
E (600°C ex-si
(600°C ex-situ <190* 1.62 2.843 (£0.001) | 2.788 (+0.002) 99 40 28
calcination)

*The evacuation was interrupted, meaning the evacuation time could not be determined with precision.
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4.3.3 Use of a glass frit precursor

Sample E was fabricated from a glass frit precursor of the same stoichiometric composition
as the target glass phase in samples A — D (NazAlosB15SisO16). The frit was batched with the
ceramic forming reagents and milled under the same conditions as samples A — D. Due to the
high content of refractory components SiO; and Al,Os in the glass batch, the glass melt was
highly viscous when poured at 1500 °C to form a frit. The glass was confirmed to be fully
amorphous by XRD (data not shown). As for samples A — D, the HIPed wasteform fabricated
from a glass frit comprised zircon (ZrSiO4) as the major crystalline phase. The XRD plot in
Figure 4.6 compares XRD data for sample E against sample D that had the same
pre-treatment (ex-situ calcination). Figure 4.6 shows excellent agreement between the two
samples, with only minor variations in the minor phases present. Zircon was accompanied
with minor phases rutile (TiO>) and sphene (CaTiSiOs), and trace phases quartz (Si0,), jadeite
(NaAlISi;Og), baddeleyite (ZrO,) and aluminium titanate (Al,TiOs) (PDF cards: 01-071-0991,
01-078-4188, 00-025-0177, 01-086-1630, 00-022-1338, 00-013-0307, 04-011-9497,
respectively). As expected, zircon was present as large angular crystals and the minor phases
were distributed in the glass matrix, shown in Figure 4.7. Bright spots present at the centre
of the zircon crystals were Zr rich and correspond with baddeleyite (ZrO,) reflections present
in the XRD data. The overall crystallite size was significantly smaller than those in the oxide

samples, implying a reduced rate of crystal growth.
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Figure 4.6: Sample E XRD data compared against Sample D, which had the same

pre-treatment (600 °C ex-situ calcination) showing similar crystalline phase assemblages.

Figure 4.7: SEM images comparing microstructure and crystal size for A) sample E — glass

frit precursor and B) sample D — oxide precursors (both with 600 °C ex-situ calcination).

4.4 Discussion

It has been shown, at laboratory scale, that high temperature pre-treatment of the reagent
batch, prior to the HIP cycle, is necessary for achieving high quality wasteform materials
when using oxide precursors. The in-canister 300 °C bake-out was insufficient to remove the

adsorbed water and CO; associated with the borax reagent as identified by the TGA-MS data.
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This resulted in the evolution of trapped volatiles during the HIP cycle, creating a porous
wasteform product. The liberation of volatiles, as a gas, pressurises residual porosity and
provides an opposing force to sintering, thus inhibiting densification. In extreme cases the
internal gas pressure may increase beyond that of the external isostatic pressure and
overcome the deformation resistance of the canning material, resulting in porosity and
canister expansion [217]. The level of volatiles present in the non-heat treated powders was
not enough to cause expansion of the canister, but did increase the amount of porosity
present in the final wasteform. These consequences are undesirable; full densification of the
wasteform was not achieved, the entrained porosity provides a pathway for water ingress
and potentially increases the risk of radionuclide release during geological disposal, and
irregular canister deformation puts additional stress on the welds, which could result in
canister failure during processing. The ex-situ and in-canister high temperature (600 °C)
pre-treatments both successfully removed the entrained volatile constituents, producing
high quality, dense HIPed wasteforms. The final densities and densification factors for each
canister are listed in Table 4.3, which highlights the lower density of sample A due to the

entrained porosity.

The ex-situ and in-canister pre-treatments did not result in any significant reactions between
precursors except for the loss of adsorbed water and CO,. The final wasteform
microstructure and phase assemblage were not significantly disrupted by the pre-treatment
process, appearing consistent across all four samples. Zircon formed as the major phase in
10 — 30 um crystallites distributed homogeneously throughout the glass matrix, with minor
phase rutile (TiO;) and additional trace phases; sphene (CaTiSiOs), jadeite (NaAlSi»Og), quartz
(Si0,) and brookite (TiO3). The Zr-rich spots present in sample E could imply the ZrO; particles
act as nucleation sites for zircon formation. It is thought that the minor and trace phases
present in the HIPed wasteforms recrystallized from the glass during the slow cooling step
of the HIP cycle, but the zircon crystals formed at the processing temperature. This would
explain the larger size of the zircon crystals, which had more time for crystal growth relative
to the other crystalline phases. Further work is underway to identify the mechanisms

controlling crystalline phase formation.

Small variations were observed in the fractions of trace phases, but this was within the

normal variation expected between identical laboratory scale HIP samples, based on repeat
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experiments. This is encouraging with respect to optimising sample quality and
reproducibility, as well as sample throughput. The ex-situ calcination afforded an equivalent
product to the in-canister bake-out without detrimental effects to the microstructure, phase
assemblage or densification. The option of utilising this ex-situ process to improve sample

throughput may now be considered.

The high temperature (600 °C) in-canister bake-out effectively evacuated the canister and
removed volatiles to produce a dense wasteform. However, it required several hours to
reach optimum vacuum pressure, even when using laboratory scale sample volumes (30 ml).
Sample B (600 °C in-canister bake-out) took 8 h for complete evacuation before sealing. This
could severely limit the throughput of waste packages on a full scale HIP plant or necessitate
the use of multiple bake-out stations operating in parallel. The ex-situ calcination has been
shown to produce a material of comparable quality and provided the most rapid canister
evacuation - Sample D (600 °C ex-situ calcination only) was prepared after only 45 min

evacuation.

There may also be an accompanying effect of increased gas permeability through the sample
due to the lower packing density of the powders caused by agglomeration during the ex-situ
calcination because of the high glass fraction. A lower packing density typically increases gas
permeability [218], which, along with the prior removal of volatiles, also results in a faster
canister evacuation rate. The packing density of the batched powders is considered an
important factor in the densification of the materials. Close packed particles aid the sintering
process by improving heat transfer through the material, accelerating grain boundary growth
and removing interconnected porosity [219,220]. Evacuation of the canister reduces the
effective internal pore pressure during sintering that acts against densification by pushing
grain boundaries apart. This reduction in pore pressure maximises the effect of the external
isostatic pressure on the densification. Consequently, a high packing density is desirable
when fabricating powder wasteforms, but because of the reduced gas permeability
associated with a high packing density, optimisation of the evacuation and bake-out stages
is important to maximise sample throughput and efficiency of the HIP plant line. It is also
relevant to note that the powders were packed manually with an applied uniaxial pressure
in the laboratory, however, this process will be different on an industrial scale HIP plant

where vibratory packing will likely be utilised.
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From the final canister densifications and material densities it can be concluded that the
reduced packing density did not inhibit the compaction of the canister or final wasteform
quality. Although the single ex-situ calcination at 600 °C provided the shortest evacuation
time, it cannot be assumed prompt HIPing of the calcined batch will always be possible.
Consequently, it was considered to couple the 600 °C ex-situ calcination with the 300 °C
in-canister bake-out (sample C), as a suitable compromise between assuring sample quality
and reproducibility, and enhancing wasteform throughput (2.5 h evacuation). This two-step
procedure afforded a wasteform with no entrained porosity, uniform densification and a

predictable phase assemblage and microstructure.

The HIP sample fabricated from a glass frit afforded a comparable microstructure and phase
assemblage to the samples fabricated from oxide precursors, with zircon as the major
crystalline phase. It was observed that the zircon crystallites were significantly smaller in size
within the sample fabricated from a glass frit, compared to the crystallites within the samples
fabricated from oxide precursors. One possible explanation for this observation is that crystal
growth is limited when a glass frit is utilised due to slower diffusion rates before reaching full
melt conditions. Slower diffusion rates may have inhibited the growth of the crystals, and
may also explain the presence of ZrO, at the centre of the zircon crystals as a result of

incomplete diffusion. However, further investigation is required to resolve this hypothesis.

Using a glass frit precursor is a potentially preferable method for batching the glass-ceramic
wasteforms, to mitigate hydration and carbonation issues with the oxide precursor
materials. The frit was formed by quenching the melt from 1500 °C. The melt was viscous
but fully amorphous. Changes to the glass-ceramic formulation to attain the desired
zirconolite based phase assemblage, could make the glass difficult to produce. A highly
refractory glass would require high temperatures and high energy consumption to produce
a homogeneous melt, and may also result in a glass too viscous to pour from the melter
system. This could present problems or introduce limitations that can be avoided by using
oxide precursors, which have been shown to achieve high quality glass-ceramic wasteforms
when utilising high temperature pre-treatments. Further development will continue to use
oxide precursors and implement the two step pre-treatment during sample preparation,

comprising an ex-situ calcination at 600 °C followed by an in-canister bake-out at 300 °C.
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4.5 Conclusions

Hot isostatic pressing is a proposed method to consolidate glass-ceramic wasteforms for
immobilisation of plutonium residues. The preparation of HIP canisters was investigated to
increase sample throughput and the efficiency of the HIP process. The limiting step was the
bake-out during evacuation of the canisters, which is essential for producing high quality
wasteforms. A high temperature in-canister bake-out achieved excellent material
densification by removing all volatiles, including adsorbed water and carbon dioxide from
the problematic anhydrous borax reagent. The overnight high temperature ex-situ
calcination also produced a high quality material and reduced the required bake-out time by
two thirds. As a compromise between sample throughput, quality and reproducibility, it was
resolved to use the two step pre-treatment comprising a high temperature ex-situ
calcination followed by a low temperature in-canister bake-out for future laboratory scale
research. Using a glass frit is potentially a more straight forward way of adding the glass
formers and achieved similar products to using oxide precursors, however the utility of this

approach depends on the composition and refractory nature of the glass.
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5.1 Introduction

The UK stores around 140 tonnes of separated PuO; at the Sellafield site. The current UK
plan for dealing with the stockpile is to process usable material into MOx fuel while
developing a suitable disposition route for the material that is not suitable for reprocessing
[8,11]. This material has been classified as higher activity waste and requires a suitable
disposal route for disposition. These waste-streams are highly variable and require flexible
matrices for immobilisation. Glass-ceramics consolidated by hot isostatic pressing (HIPing)
are being developed to immobilise impure streams of Pu-residues in the UK that are likely to
contain glass forming impurities [16,18]. As a thermal treatment technique HIP is flexible to
different processing conditions and can accommodate different wastes and materials on a

single plant line [26]. This allows the wasteform to be tailored around the waste properties,
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not the requirements of the processing method. Whilst the ceramic phase provides higher
waste loading capacity and better durability properties, the glass component adds flexibility
to the wasteform to accommodate the impurities and compositional variations of the
waste-streams [23]. Actinides have been shown to partition into the more durable ceramic
phase, whilst the glass acts as a secondary barrier hosting the residual waste material and
provides enhanced proliferation resistance. Dissolution data shows glass-ceramics have a
leach resistance equivalent to full ceramics, as a result of the partitioning of the actinides

and the preferential dissolution of the glass phase [17].

The target formulation for the glass-ceramic system is zirconolite (nominally CaZrTi,0-)
distributed in an alkali aluminoborosilicate glass. As one of the major phases in Synroc,
zirconolite has been shown to have excellent wasteform properties [221]. Actinides and rare
earth elements, including Pu, readily substitute on the Ca and Zr sites due to similar ionic
radii. Research has also shown that zirconolite can undergo other elemental substitutions on
the Ti sites for charge compensation, with little effect on the structure and overall behaviour
of the glass-ceramic [212]. Zirconolite has excellent durability and radiation tolerance
properties, reported in the literature for both synthetic and natural analogues [84,88,127].
Natural analogues have shown zirconolite to retain natural U and Th after complete
amorphisation, providing promising results for long-term radionuclide retention properties

in a geological disposal facility [88,127].

Whilst the target glass-ceramic phase assemblage is zirconolite distributed in a sodium
aluminoborosilicate glass matrix, previous work has shown the crystalline phase assemblage
changed as the glass composition varied [147]. It is important to understand the mechanisms
controlling the phase assemblage and to find an optimum formulation that yields zirconolite
as the only / dominant crystalline phase. In this study, we vary the Al,Os : B,0s ratio and
glass : ceramic fraction to study the dependence of the crystalline phase assemblage with
respect to the glass composition and glass fraction. Alongside the matrix of HIPed samples,
a series of ambient pressure samples were fabricated in a muffle furnace to study the

mechanisms controlling the formation of the crystalline phases.
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5.2 Experimental

5.2.1 Effect of glass fraction / composition

An 18 sample matrix (Table 5.1) was formulated to investigate the effects of glass
composition and glass fraction on the crystalline phase assemblage achieved in the
glass-ceramics. The target glass composition, denoted as NazAl1.xB1.xSis016 (Where x =0, 0.2,
0.4, 0.6, 0.8, 1.0), varied the ratio of Al,Os : B,0s, and each composition was fabricated for
three different glass fractions; 30 wt. %, 50 wt. % and 70 wt. %. The complete matrix is
summarised in Table 5.1, where all the starting formulations targeted CaZrTi,O7 as the
ceramic phase, by batching CaTiOs, TiO, and ZrOz ina 1: 1: 1 molar ratio as the remaining

wt. % fraction.

Batched powders were milled at 500 rpm for 30 min in a planetary mill with isopropanol as
the milling medium. The dried batches were calcined at 600 °C for 16 h in a muffle furnace
before being packed into stainless steel HIP canisters. The packed canisters were baked-out
at 300 °C before sealing. High density samples were achieved by HIPing at 1250 °C for 4 h
with an applied gas pressure of 103 MPa (15000 psi), where argon was utilised as the

pressure medium.
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Table 5.1: Full sample matrix of different glass fractions and different glass compositions. CaTiOs, TiO, and ZrO; were batched ina 1:1: 1 molar ratio as

the remaining wt. % fraction.

Glass Fraction Glass Composition: NazAl1+xB1.,SicO16
(wt. %) x=0 x=0.2 x=0.4 x=0.6 x=0.8 x=1.0
30 Na,AlIBSisO16 Na,Al1.,Bo.sSisO16 NaAl1.4Bo.6SisO16 NaAl16B0.4SisO16 Na,Al1.8Bo.2SisO16 Na,Al,SisO16"
50 NaAlBSisO16 Na,Al1.,Bo.sSisO16 Na,Al1.4Bo.6SisO16 NajAl16B0.4SisO16 Na,Al1.8Bo.2SisO16 NazAl,SisO16"
70 Na,AlIBSisO16 NazAl1.2BosSic016 NazAl1.4Bo6Sis016 NazAl1.6B0.4Sis016 Na,Al1.8Bo.2SisO16 NazAl,SisO16"

The shaded samples were analysed by EPMA and NMR.
* Samples were quantified by Rietveld Refinement.
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The processed canisters were opened to retrieve monolithic and powder samples for analysis
by scanning electron microscopy (SEM) and X-ray diffraction (XRD). Monolithic samples were
polished to 1 um finish and carbon coated for analysis using a Hitachi TM3030 analytical
scanning electron microscope (SEM) with a 15 kV accelerating voltage at a working distance
of 8 mm; all images obtained in backscattered electron (BSE) mode. Compositional analysis
was conducted with a Bruker Quantax energy dispersive X-ray spectrometer (EDX). Five
samples, indicated in Table 5.1, were characterised by electron probe micro-analysis (EPMA)
at the EPMA Facility, School of Geosciences, University of Edinburgh. Data were collected
using a Cameca SX100 instrument with beam conditions of 10 kV and 5 um beam diameter.
A current of 0.5 nA was used for major elements and a current of 20 nA was used for minor
elements. The 0.5 nA current was used to minimise the error associated with Na mobility,
whilst an air jet and the low voltage were required for analysis of the B. Data was
standardised against multiple standards; Na-Jadeite (Na:11.34%, Al:13.23%,
Si:27.78 %, Fe : 0.17 %, O : 47.65 %), Si — Wollastonite (Mg : 0.17 %, Al : 0.03 %, Si : 24.00 %,
Ca:34.32%, Mn:0.05%, Fe:0.28%, O:41.37 %), Ti—rutile (Ti:59.34 %, O:39.89 %,
Mg:0.01%, Fe:0.59%, Nb:0.17 %), Zr—zircon (Si:15.24 %, Mn :0.03 %, Zr :49.14 %,
Hf:0.82 %, O:34.77 %), Al—spinel (Mg:17.08 %, Al :37.93%, O:44.99%) and for B a
sample of international simple glass (ISG) was used; 60.2 SiO,, 16.0 B,0s, 12.6 Na,0, 3.8
Al,0s5, 5.7 Ca0, 1.7 ZrO; (mol. %) [191].

Powder samples were ground for X-ray diffraction (XRD) using a Bruker D2 PHASER
diffractometer with Cu Ka radiation (1.5418 A). Data were acquired between 10° < 26 < 70°,
with a 0.02° step size, using a Lynxeye position sensitive detector. Reitveld refinements were
performed using the GSAS software package [196] for quantitative phase analysis of four
samples indicated in Table 5.1; 30 wt. % NaAlIBSicO1s, 30 wt. % Na,Al:SisO16, 50 wt. %
Na,Al:SigO16 and 70 wt. % Na,Al:SicO16. Powder XRD samples were prepared with 10 wt. %
MgO (calcined at 900 °C) as an internal standard, in order to determine the weight fraction
of the glass phase in the glass-ceramics. The XRD data were collected under the same
experimental conditions as described above (Bruker D2 PHASER diffractometer, Cu Ka

radiation, 10° < 20 < 70°, with a 0.02° step size).

Nuclear magnetic resonance (NMR) data were collected for five samples indicated in Table

5.1; 30 wt. % glass Na,AlBSisO16, 30 wt. % glass NaxAl;4Bo.6SisO16 and 30, 50 and 70 wt. %
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glass Na,Al,SisO16, to study the effect of the glass fraction and composition on the
environment and speciation of ?’Al, Na and B in the glass. The ?’Al, *Na and B magic
angle spinning nuclear magnetic resonance (MAS-NMR) experiments were performed at
208.6, 211.7 and 256.8 MHz, respectively, on a 18.8 T Bruker AVANCE 850 Il spectrometer
using 3.2 mm probe heads operating at spinning frequencies of 20 — 22 kHz. The Al NMR
spectra were recorded with a 0.6 us pulse length (corresponding to a i/2-pulse determined
on a liquid), 4096 scans and a 0.5 s recycle delay. The 2Na NMR analyses were conducted
with a 1 ps pulse length (liquid m/10-pulse), 2048 scans and a 0.5 s recycle delay. The B
MAS-NMR experiments were performed with a 1 us pulse length (liquid m/12-pulse), 4096
scans and a 0.5 s recycle delay. The ?’Al, 22Na and !B chemical shifts were referred to liquid
AI(NOs)s3 (1M) and NaCl (1M) and solid NaBH4 as 0, 0 and —42.06 ppm, respectively. The three
recycle delay values used for the NMR experiments were chosen to provide quantitative

measurements.

A single phase CaZrTi,O; sample was achieved at 70 wt. % ceramic with glass phase;
Na,Al,SisO16. This formulation was reproduced using a glass frit precursor of the same target
glass composition. From previous work, it was expected the use of a glass frit would attain a
similar phase assemblage as the sample fabricated from oxide precursors, with additional
minor phases present due to slower reaction kinetics [222,223]. To produce the NaAl,SisO16
glass, stoichiometric quantities of Na,SiOs, Al,05 and SiO, were heated at 1750 °C for 5 h. The
viscosity of the melt was too high to pour thus, the melt was removed from the alumina
crucible after cooling to room temperature. XRD analysis confirmed the glass was fully
amorphous. The glass was crushed and sieved to <150 um before being batched and milled
with the ceramic forming oxides. This sample underwent the same pre-treatments and

processing conditions as described above to mirror the oxide based samples.
5.2.2 Study of crystalline phase formation mechanisms

To study the mechanisms controlling phase formation, a series of samples were heated in
alumina crucibles in a muffle furnace in the laboratory. Three compositions (Table 5.2) were
chosen according to the phase assemblage attained when HIPed and to evaluate variations
of glass : ceramic and Al,Os : B,Os ratios on the phase assemblage. From previous work

reported in [223], the high glass fraction formulation (70 wt. % NayAlosB15SicO16) was
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expected to yield zircon (ZrSiO4) as the major crystalline phase. The low glass fraction
formulation (30 wt. % Na,Al,SisO16) was expected to yield CaZrTi,O7 as the major crystalline
phase. The intermediate glass formulation (50wt. % Na,Al; ¢Bo.4SisO16) Was expected to yield
a mixed phase assemblage comprising CaZrTi,05, ZrSiO4, CaTiSiOs and TiO,, according to the
results from the HIPed samples discussed in section 5.3.1. Powder batches were milled as
described above and heated in alumina crucibles in a muffle furnace up to 1250 °C. To assess
the development of the phase assemblage during the HIP cycle, three heat treatments were
performed. All samples were heated to 1250 °C at 5 °C/min and subject to eitheraOhor4h
dwell. For each dwell period, samples were removed from the furnace at temperature and
qguenched in cold water. For the third heat treatment the samples were cooled at 10 °C/min

after a 4h dwell. Powder XRD was used to determine the resultant phase assemblage.

Although not a direct comparison to HIP conditions, it was expected these samples would
provide useful information towards determining the crystallisation mechanisms in the
glass-ceramic systems. The resultant phase assemblages of the slow cooled samples were in
excellent agreement with their HIPed equivalents. By using the same non-carbonated /
anhydrous reagents as the HIP samples, the loss of volatiles was kept to a minimum despite
being open to the atmosphere when heated, but the lack of pressure was evident in the poor

densification of the final material.

Table 5.2: Sample matrix for ambient pressure furnace experiments. All samples were
heated to 1250 °C at 5 °C/min. Samples were removed from the furnace at temperature

and quenched in cold water or cooled at 10 °C/min in the furnace.

Glass fraction Glas§ . Dw.ell Quench or Cool
Composition period

Oh Quench

30wt. % N32A|zsi6016 4 h Quench
4h Cool
Oh Quench

50 wt. % NazAl1.6B0.4SisO16 4 h Quench
4h Cool
Oh Quench

70 wt. % NazAlo,sB1,ssi601e 4 h Quench
4h Cool
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5.3 Results

Scanning electron microscopy (SEM) and powder X-ray diffraction (XRD) were used to
characterise the microstructure and crystalline phase assemblage of the HIPed samples.
From these data sets, a correlation between the crystalline phase assemblage and the glass

fraction / composition was determined.

Across the 18 sample matrix, common major crystalline phases were identified as zirconolite
(CazZrTiy05), zircon (ZrSi0,), rutile (TiO2) and sphene (CaTiSiOs) (PDF cards: 04-007-6895, 01-
080-1807, 01-080-2533, 01-085-0395, respectively). Trace phases were identified in some
samples with higher glass fractions including; a-quartz (Si0,), a-cristobalite (Si0,), zirconium
titanate (Zro.oTio.102) and sillimanite (AlSiOs) (PDF cards: 01-083-0539, 04-008-7743, 04-013-
6877, 04-007-7378, respectively) in some of the 70 wt. % glass fraction samples; and a
sodium-calcium-aluminosilicate compound (PDF card: 01-079-1148) in some of the 50 wt. %

glass fraction samples.
5.3.1 Effect of glass fraction / composition

For all glass compositions, the smaller glass fractions resulted in a higher yield of CaZrTi,07
(based on the batched quantity), compared to samples with the same glass composition but
greater glass fractions. Figure 5.1 and Figure 5.2 compare BSE micrographs and XRD data for
samples of glass composition Na,AIBSisO16 at each glass fraction. Changing the glass fraction
resulted in the formation of the same crystalline phases but had a substantial impact on their
relative proportions, such that at 50 wt. % and 70 wt. % glass, ZrSiO, was stabilised as the

major phase and CaZrTi,O; was an accessory phase.

As the Al,Os3 content in the glass phase was increased (from NayAIBSisO16 to NasAlSisO16),
the formation of CaZrTi,O; was favoured and the abundance of accessory phases reduced.
Figure 5.3 and Figure 5.4 show the BSE micrographs and XRD data for samples of glass
composition NaAl,SisO16 at each glass fraction. CaZrTi,O; was now the major crystalline
phase for all glass fractions. Figure 5.5 shows the XRD data for 30 wt. % glass samples with
gradually increased levels of Al,Os in the glass phase (NaxAl12BosSisO16, NazAl1.4Bo6SisO1s,
NaAl1.8Bo.sSicO16, Na2AlLSisO16). The relative intensities of (h k |) reflections associated with

the accessory phases were reduced systematically with the gradual increase of Al;Os. This

96



resulted in the single phase CaZrTi,07 glass-ceramic at 30 wt. % (see Figures 5.3, 5.4 and 5.5).
This effect of increased Al,O5; was observed across all glass fractions, however, single phase

CaZrTi,O7 was only achieved at 30 wt. % glass.

Figure 5.1: BSE micrographs comparing the results of increasing glass fraction on the

microstructure for glass composition Na,AlIBSigO16.
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Figure 5.2: Effect of glass fraction: XRD patterns for each glass fraction with the same glass

composition Na,AIBSisOe.
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Figure 5.3: BSE micrographs comparing the results

microstructure for glass composition Na»Al,SiO16.

of increasing glass fraction on

the
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Figure 5.4: Effect of glass fraction: XRD patterns for each glass fraction with the same glass

composition NaAl>SisO16.
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Figure 5.5: Effect of glass composition: XRD patterns for 30 wt. % glass fraction samples

with increasing Al content in the glass composition (bottom to top: NaAl;2Bo.sSisO1s,

NazAl1.4B0.6Sic016, Na2Al1.sBo.sSicO16, Na2Al;SisO16).
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Rietveld refinements were performed on four samples; 30 wt. % NaAlIBSi¢O1s and
NaAl>Sig016, 50 wt. % NaAl:SicO16 and 70 wt. % Na,Al,SicO16. Table 5.3 summarises the
outcomes of these refinements, which confirmed concomitantly less CaZrTi,O; as the glass
fraction increased and that all samples had higher proportions of glass than was targeted by
formulation. This suggested that some of the CaZrTi,0; forming oxides (CaO, TiO; and Zr0O;)
were incorporated into the glass phase. Across the samples of the same glass formulation,
Na,Al:Sis016, the abundance of accessory phases reduced with increased glass fraction,

which showed less crystalline material was formed in the high glass samples.

The refinements for the two 30 wt. % samples confirmed the Na,Al,SisO1s formulation
yielded a single phase CaZrTi,07 glass-ceramic product and that the Na,AlBSisO16s sample was
composed of 21 % accessory phases; CaTiSiOs, ZrSiO4 and ZrO,. The ZrO, was most likely relic
reagent, such that increasing the Al,Os increased the yield of CaZrTi,O; at the expense of
accessory phases CaTiSiOs, ZrSiO4 and ZrO,. It is expected that refinement data for 50 wt. %
and 70 wt. % samples would yield the same trends as seen for the 30 wt. % samples across

the NazAl1.xB14SisO16 glass formulation.
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Table 5.3: The crystalline phase abundance calculated by Rietveld Refinement of powder XRD data. An internal standard of 10 wt. % MgO was used to

refine the glass component of the glass-ceramics.

Glass Fraction | Target glass composition Phases present Target wt. % | Refined wt. % (+0.2) | Rwp value (%) | Rp value (%) Chi2
) Zirconolite 70 56.2
30 wt. % NazAl;Sig016 491 3.85 5.95
Glass 30 43.8
Zirconolite 70 394
Glass 30 39.2
30 wt. % NaAlIBSisO16 Sphene 0 14.2 5.01 3.83 6.50
Zircon 0 6.9
Baddeleyite 0 0.2
Zirconolite 50 29.5
Glass 50 59.8
50 wt. % Na»AlSicO1s Zircon 0 L4 7.93 5.99 16.66
Baddeleyite 0 0.7
Rutile 0 7.1
Cristobalite 0 1.5
Zirconolite 30 11.3
Glass 70 83.2
Zircon 0 0.2
70 wt. % NaAl,SisO16 Baddeleyite 0 2.2 3.88 2.99 4.41
Quartz 0 2.1
Sphene 0 0.5
Rutile 0 0.4
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The single phase CaZrTi,O; glass-ceramic was replicated using a glass frit precursor. The
resultant phase assemblage was in good agreement with the oxide based HIP sample and
previous work [223]; CaZrTi,O; was yielded as the major crystalline phase with TiO; (rutile)
and ZrO, (baddeleyite) present as accessory phases, shown in Figure 5.6. The presence of the
accessory phases was thought to be a consequence of insufficient milling, implied by the
large size of the TiO, regions, and due to slower reaction mechanisms associated with using
the glass frit as opposed to well distributed oxide precursors. The ZrO, corresponded with
Zr-rich regions at the centre of CaZrTi,07 crystals in the SEM-EDX data (Figure 5.7), thought

to be a result of slower diffusion rates relative to the use of oxide precursors.

* Zirconolite 4 4 Glass Frit Precursor, Na,AlSi,O ]
= Baddeleyite
= Rutile

10 20 30 40 50 60 70
20 (degrees)

Figure 5.6: Glass frit fabricated HIP sample for 30 wt. % glass fraction and glass composition
Na.Al;Sis016. BSE micrograph showing the microstructure and XRD showing the crystalline

phase assemblage.

Glass frit sample

) pum

Figure 5.7: SEM-EDX micrographs of a HIP sample fabricated from a glass frit precursor. The
microstructure and elemental distribution was in agreement with samples fabricated using

oxide precursors.

One-dimensional ?’Al, 2Na and B MAS-NMR spectra for five HIPed samples are displayed

in Figures 5.8, 5.9 and 5.10. The Al NMR spectra presented a strong resonance peak centred
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at 55 — 60 ppm, indicating that essentially all Al was present as tetrahedral units “Al. A weak
resonance, was just discernible above the background, centred at 10 ppm, which could be
associated with a trace component of 5-fold co-ordinated Al species. With decreasing Al;O3,
in the 30 wt. % samples, the resonance peak of /Al units exhibited an up-field chemical shift.
The chemical shift observed indicated a change in the local environment of the Al species as
aresult of decreased Al,03, and increased B,0s, in the glass. It is known that not all B is charge
compensated as /B units, thus, the chemical shift may be a result of there being more free
Na (not associated with Al or B units) to stabilise other species such as Si (e.g. [SiO3,07]).
Alternatively, if the reduced Al,Os (increased B,0s) increased Ca solubility in the glass, the
chemical shift may be correlated to Ca charge compensated Al species. A similar shift was
observed when the glass fraction was increased from 30 wt. % to 50 wt. % and 70 wt. %,
despite the glass formulation remaining constant. This may be a result of an increased
abundance / availability of Si causing a shielding effect in the second co-ordination sphere of

some YAl species, such as Al-O-Si.

The B NMR spectra are presented in Figure 5.9. Two resonance peaks centred around
16 ppm and — 1 ppm, which can be assigned to B®'B (3-fold co-ordinated) and “B (4-fold
co-ordinated) species, respectively. The relative intensity of the !B resonance increased at
the expense of B with increasing Al,O3 content. Similar results were observed in the
literature such that, an increase in Al,O3 and / or decrease in B,0s, produced a systematic
reduction of B units [224]. Although the change in calculated N4 units was small (Figure

5.9), it confirmed that less /B units were formed with increased Al,Os.

Further insight was obtained from the deconvolution of the 'B NMR spectra. The signals
were decomposed using MQMAS and Gaussian / Lorentzian models respectively in DMFit
software [225]. The NMR parameters used for the fitting are presented in Table 5.4. Two
distinct BB sites centred around 17 ppm and 15 ppm, and two “B sites centred around
0 ppm and — 1.5 ppm were identified. The former two sites are assigned to ring and non-ring
BIB species, whilst the latter two correspond to /B connected to 3 x Si and [“B connected to
4 x Si respectively, based on previously reported chemical shifts [226]. It is noteworthy that
an increase in Al,Os induced an increase in non-ring BB particularly at the expense of “B

species.

The #ZNa MAS-NMR results are reported in Figures 5.10 and 5.11 and Table 5.5. The NMR
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curves obtained for the studied samples exhibit similar evolution, which consisted of a broad
isotropic peak centred around —13 to —15 ppm and a sharp peak near —3 ppm. The presence
of these peaks suggested the presence of Na fractions in both amorphous (broad isotropic
peak) and crystalline (sharp peak) phases within the assemblage. Deconvolution of the 2°Na
NMR data revealed three Na environments; two broad peaks indicative of amorphous
environments and a third peak suggestive of a crystalline environment. The deconvolutions
were performed using a Gaussian fit and revealed a broadening of the sharp peak as the glass
fraction increased. This may suggest the displacement of crystalline Na ions into an
amorphous environment. It is noteworthy that the 2Na NMR data had a negative chemical
shift between the 30 wt. % Na,Al,Sis016 sample and the samples with increased B,0s3 and

higher glass fractions, similar to the shift observed in the Al NMR data.

A 27AI NMR data

[BIAL .
70Wt% Na,ALSisOyg
—’—A 50 wt% NayAl;SisO16

30 Wt% Na,AlBSizOy5

30 wt% NaAl, 4By 65ic0 16

30 Wt% NayALSis0ss

90 80 70 60 50 40 30 20 10 0 -10
2ZTA| chemical shift (ppm)

Figure 5.8: Al NMR data confirming all Al was present as tetrahedral units. A chemical
shift was observed between the 30 wt. % Na,Al,Sis0:6 sample and those with increased

B,0; content and increased glass fraction.
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BB "B NMR data

“B

N,=31.2+1%

30 wt% Na,Al; 4B :5isO1s

N,=357+1%

30 wt% Na,AlBSi,0,,

20 10 0 -10
1B chemical shift (ppm)

Figure 5.9: 'B NMR data showing reduced B units with increased Al,0; concentration.

Table 5.4: NMR parameters used for spectrum simulation of the studied samples.

Sample Blg, | Bl g, | M,
8cs/ ppm (+£0.1) | 17.7 | 15.3 | 8¢cs/ppm (£0.1) | 0.1 | -1.4

30 wt. % Ca/ MHz (£0.1) | 2.9 29 | Cq/MHz(£0.1) | 2.1 2.6
Na,AIBSicO16 Na (£0.1) 0.4 0.3 Na (£0.1) 0.7 0.8
% (+2) 38.2 | 237 % (1+2) 12.7 | 25.4

8cs/ ppm (+£0.1) | 17.6 | 15.3 | 8¢/ ppm (£0.1) | 0.1 | -1.5

30 wt. % Ca/ MHz (£0.1) | 2.9 29 | Cq/MHz(+0.1) | 2.1 2.3
NaAl1.4B0.6Sis016 Na (+0.1) 0.4 0.3 Na (£0.1) 0.7 0.9
% (+2) 36.2 | 33.1 % (+2) 9.9 | 208

Ca: quadruple coupling constant; &c: chemical shift, nq: asymmetry constant, %: relative
proportion.
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23Na NMR data

70Wt% Na,Al,Sig0;g

50 wt% Na,ALSicO:5

30 wt% Na,AlBSic05

30 Wt% NaAl, 4BgsSisOmg

(@)

30 wt% Na,ALSiz045

(b)

30 20 10 0 -10 20 -30 -40 -50
23Na chemical shift (ppm)

Figure 5.10: 22Na NMR data showing three Na environments including a crystalline peak in

the 30 wt. % samples.
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Figure 5.11: 22Na MAS-NMR deconvolutions revealed three Na environments.
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Table 5.5: 2Na NMR deconvolutions were performed using a Gaussian fit.

0,
30 wt. % Na,AIBSisO16 30 wt. Aj 30 wt. % Na,Al,SicO016 50 wt. % Na,Al,SigO16 70 wt. % Na,Al,SigO016
] NazAl;1.4B0.6SisO16
Na environment bes/ bes/ bes/ bes/ bes/
cs/ ppm o cs/ ppm cs/ ppm cs/ pPpm cs/ Ppm
+2 % (£2 % (+2 % (+2 % (+2

(+0.1) % (2) (+0.1) %(£2) (+0.1) %(+2) (+0.1) %(+2) (+0.1) % (E2)
a -11.0 81 -13.0 85 -13.8 83 -14.4 79 -14.3 79
b 3.7 12 2.8 8 2.2 9 2.5 2 2.5 2
c -2.9 7 -3.0 7 -3.1 8 -3.5 19 -3.4 19

Ocs: chemical shift, % error.
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SEM-EDX was used to evaluate how the final glass composition varied with changes to the
target stoichiometry. Figure 5.12 shows the measured EDX compositions for target glass
composition Na,Al,Sis016 at each glass fraction. The Ca, Zr and Ti signals measured in the
glass remained relatively constant with increased glass fractions, which implied no major
changes to the solubilities were experienced. In comparison, Figure 5.13 shows the
measured glass compositions for three 30 wt. % glass samples with variable compositions
from across the matrix; NayAlBSicO16, NazAl14BosSisO16 and NaAlSisO15. An apparent
increase of Zr in 30 wt. % sample Na,AlIBSisO16, suggested an increase in the Zr solubility
within the low Al,Os glass. Interestingly, the same sample had a higher Si signal than the
other samples despite containing Si-bearing crystalline phases. The 30 wt. % sample with
glass formulation Na,Al,SisO16, did not contain silicate phases thus was expected to have
more Siin the glass. It must be noted that due to the error associated with this compositional
analysis technique, no robust conclusions could be draw from these data; due to the fine
grain size it was not possible to ensure phase overlap did not occur, thus the apparent
increase of Zr in sample 30 wt. % Na,AIBSisO16 may have been a result of a crystalline phase
and not increased solubility in the glass phase; from the EDX spectra the oxygen signal was
clearly overestimated, which will have skewed the normalisation of elemental at. % and
there does not appear to be a clear trend across the Na, Al and Si signals to confirm robust
glass compositions were detected. For a more precise quantitative approach the same five

samples, indicated in Table 5.1, were analysed by electron probe micro-analysis (EPMA).
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Figure 5.12: SEM-EDX spectra comparing the elemental contributions to the glass phase in

samples with increasing glass fraction. Target glass stoichiometry; Na,Al,SigO1s.

110



Si | Camgarinﬁ ﬁlass comEcsﬂion l

Na,AIBSi O,

NaZAII -HBOESiEOIE

Na,ALSI.O,

3
Energy (keV)

5 5]

I Elemental distribution in the glass phase l

30wt% Na,AIBSI, 0,
30wt% Na Al B, Si.O,,
30wt% Na,Al,Si,0

618

74.38

62.72

Average at%

(@] Na Al Si Zr Ca Ti
Element

Figure 5.13: SEM-EDX spectra of the glass phase for 30 wt. % glass samples with target glass
stoichiometries; NazAlzsiGOm, NazAl1.4Bo.6Sis016 and Na,AlBSisO1s.

The quantitative EPMA data for 30 wt. % samples; Na;AIBSisO1s, NayAl1.4B0.6Sic016 and

Na,Al,;SisO16 are summarised in Figure 5.14,

Table 5.7 and Table 5.7. The averaged measured elemental mol. % from the EPMA data was
compared against the expected elemental mol. % calculated from the target stoichiometries
and batch calculations. From the expected data the Na levels could be expected to remain
fairly constant across the formulations and the Al was expected to increase systematically as
it was increased by formulation (NayAl1.xB14SisO16). Irrespective of crystalline phases, the Si

was expected to reduce slightly, on a molar basis, with increasing Al concentration and the
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samples were targeted for all Ca, Zr and Ti to be consumed in the crystalline phase(s). The
EPMA data revealed some consistencies with the expected data as well as some variations.
The Al increased systematically within errors and the B reduced to zero, as was targeted by
the formulations. The Zr signal systematically increased as the Al content in the glass-ceramic
decreased (NazAl1.xB1,Sis016), which implied a reduced solubility of Zr in the Al-rich glass
compositions and was in agreement with the SEM-EDX data. The Ca signal was highest in the
NaAl;Sis016 composition. This was indicative of increased solubility in the glass and may have
been responsible for the chemical shift observed in the 2’Al MAS-NMR data, due to Ca charge

compensating some Al species.

The Na signal did not appear to follow a clear trend, which was a direct result of Na migration
during analysis. During the characterisation, the Na mobility was mitigated against as much
as possible but there was still reasonable error associated with its measurement. Within
errors the Si signal decreased with increasing Al, however, this data does not consider the
crystalline phases present. From the XRD and SEM data, it was thought that low Al,
Na,AlBSisO16, would yield less Si in the glass due to the presence of Si-bearing crystalline

phases, zircon (ZrSiO4) and sphene (CaTiSiOs).

The strong Ti signal in the 30 wt. % Na,AlSis016 sample was thought to be the detection of a
minor crystalline phase, however the SEM and XRD data confirmed the sample to be single
phase zirconolite (CaZrTi,0y). It is possible that the Ti signal did correspond to Ti in the glass,
although such a significant increase between the NajAl;4BosSisO1s and NaAl;SisO16

compositions was unexpected.

The molar percentage of Ca, Zr and Ti incorporated in the glass phase was estimated from
the EPMA data. Assuming that no mass was lost from the starting 50 g batches and that the
proportion of glass was as targeted by the formulation; 30 wt%, the number of moles of Ca,
Zr and Ti measured in the glass were calculated. These results were then compared against
the number of moles batched to determine the amount incorporated in the glass phase. The
results summarised in Table 5.6, showed that the amount of Ca incorporated in the glass
increased with increased Al, whilst the amount of Zr decreased. Due to the errors associated
with the data and the assumptions made in the calculation, these results are only

semi-quantitative.
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Table 5.6: Molar percentages of Ca, Zr and Ti incorporated into the glass phase calculated
from the measured EPMA data and compared with the starting number of moles batched.
It was assumed that no mass was lost from the 50 g starting batches and that the fraction

of glass was 30 wt%, as batched.

30 wt% Na,Al,Sig016 30 wt% NayAl; 4Bo6Sis016 30 wt% Na,AlIBSisO16
mol % of element in glass | mol % of element in glass | mol % of element in glass

Ca 17 % 6.6% 2.9%
Zr 1.8% 2.0% 3.4%
Ti 12% 2.0% 5.4%

The bottom two plots in Figure 5.14 show the expected and measured elemental
compositions for glass composition Na,Al;SisO16 with increased glass fractions. On a molar
basis the changes to glass fraction were not expected to affect the elemental compositions
in the glass, thus the expected data remained constant for each sample. The measured data
fluctuated between the three samples with no consistent trends identifiable. Analysis of
additional samples in the matrix may help identify trend behaviours with respect to glass

fraction.

113



70 - 70
\ Expected glass composition |

30wt% Na,AIBSI,O,,

g 30wt% Na,Al, B, Si,0,

14086

30wt% Na,ALSi,O,,

63.59

Measured glass composition |

8.2!

30wt% Na AIBSi O
30wt% Na Al B Si.0

14706616

@
t=3
1

0

30wt% Na,AlLSi,0

2727616

51.

53
=}
1

A\

Expected mol% of element
Measured mol% of element

104

Ca Ti Zr B
Element Element
70 ; 70

| Expected glass composition | ; Measured glass composition I

30wt% Na,AlLSi,0,, 60 30wt% Na,AlSi,0,,

50wt% Na,AlSi,0, 50wt% Na,AlSi,0,

z Towt% Na ALSIO,, | = 70wt% Na,AlLSi 0,
5 5
S o
s S
g g
S =]
g g
o o
o
g 5
[ w
& 3
w =

T T T T
B Ca Ti Zr i B
Element Element

Figure 5.14: The expected mol. % of elements in the target glass phases compared against
the measured data collected by EPMA. Top: 30 wt. % glass with increasing Al,0;. Bottom:

Na,Al:Sis016 glass composition with increasing glass fraction.
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Table 5.7: Expected and measured mol. % ratios for the three 30 wt. % glass samples of varying compositions and the 50 wt. % and 70 wt. % samples with

glass composition NaAl,SicO1s. Expected data was calculated from the target stoichiometry and batch calculations, whilst the measured data was

calculated from the raw EPMA data averaged over 10 measurements.

30 wt. % NaAIBSisO16

30 wt. % NaAl1.4B0.6Sic016

30 wt. % NaAl,Sis016

50 wt. % NaAl,Sis016

70 wt. % NaAl;Sis016

Expected Measured Expected Measured Expected Measured Expected Measured Expected Measured
mol. % mol. % mol. % mol. % mol. % mol. % mol. % mol. % mol. % mol. %
(+0.1) (+0.1) (+0.1) (+0.1) (+0.1)
Na 28.9 22 (+1.0) 28.5 18 (+1.0) 27.8 23 (+1.3) 27.7 20 (+1.1) 27.7 17 (+1.1)
Si 54.7 58 (+1.3) 53.8 64 (+1.5) 52.5 51 (+1.5) 52.4 62 (+1.5) 52.5 62 (+1.6)
Ca 0.0 2.6 (+0.1) 0.0 6.0 (£0.1) 0.0 8.5 (+0.1) 0.0 9 (+10.1) 0.0 5.9 (+0.1)
B 6.1 0.9 (+0.3) 3.6 0.5 (+0.3) 0.0 -0.1 (+0.2) 0.0 0.0 0.0 0.0
Al 10.3 4.1(+0.1) 14.2 5.8 (+0.1) 19.8 5.5 (+0.1) 19.8 1.9 (+0.1) 19.8 5.8 (+0.1)
Ti 0.0 9.0 (+0.1) 0.0 3.9 (+0.1) 0.0 10.6 (+0.1) 0.0 6.6 (£0.1) 0.0 7.5 (+0.1)
Zr 0.0 3.1(+0.2) 0.0 1.9 (+0.2) 0.0 0.9 (+0.2) 0.0 0.8 (+0.13) 0.0 2.0 (+0.2)
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5.3.2 Ambient pressure results

These samples, described in Table 5.2, were designed to understand the development of the
phase assemblage during high temperature processing. Figures 5.15, 5.16 and 5.17 compare
the XRD data for the three heat treatments given to each composition; 70 wt. % glass fraction
NazAlosB1sSic015, 50wt. % glass fraction NazAl16B04SisO16, 30 wt. % glass fraction
NazAl;Sic016, respectively. However, the absence of applied pressure during processing
resulted in the formation of friable and porous products that could not be prepared for
SEM / SEM-EDX analysis. The phase assemblage of each composition closely matched the
corresponding HIPed samples with the relative intensity of ZrSiO, reflections increasing from
the 30 wt. % glass sample to the 70 wt. % glass sample. The 30 wt. % Na»Al.SicO16 samples
produced a high yield of CaZrTi,O; and the 70 wt. % Na;AlosB15Sis016 samples produced

ZrSiO4 with no detectable CaZrTi,05, consistent with our previous study [223].

The 70wt. % glass fraction composition gave ZrSiO, as the major crystalline phase for all heat
treatments (Figure 5.15). After 0 h dwell, ZrSiO4 had already formed as a major phase, but
the presence of intense reflections associated with a-quartz and a-cristobalite, showed
complete digestion of SiO; and homogenisation of the melt had not yet been achieved. After
the 4 h dwell, ZrSiO, was the only crystalline phase present showing the SiO, was
incorporated into the melt during the dwell period. No other crystalline phases formed
during the dwell at this composition, however accessory phases; rutile (TiO,), brookite (TiO,)
and zirconium-titanate (ZrossTio.1402) (PDF-card numbers: 01-078-4188, 04-002-2753, 04-

013-6878, respectively) were crystallised during the 10 °C/min cool.
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Figure 5.15: XRD data for 70 wt. % glass composition NaAlosB1.5SisO16 after each heat
treatment. Incomplete incorporation of batch components was evident after 0 h dwell and
precipitation of other accessory phases during the cool down is highlighted by the single

phase zircon (2rSiO,) identified after 4 h dwell and quench.

The 50 wt. % and 30 wt. % glass compositions (Figure 5.16 and Figure 5.17) processed at
ambient pressure produced phase assemblages in good agreement with their HIPed
counterparts, such that CaZzrTi,O; formation was favoured over ZrSiO, at higher Al,03
concentrations and lower glass fractions. The 30 wt. % glass fraction sample (glass phase
Na,Al,Sis016) had a lower abundance of accessory phases than the 50 wt. % glass fraction
composition (glass phase NaxAl;6Bo.4SigO16). After 0 h dwell, CaZrTi,O7 had already formed as
the major crystalline phase, thus begins to form during the temperature ramp like ZrSiOa.
Interestingly, after the 4 h dwell, the relative intensity of reflections associated with the
minor ZrSiO4 phase, and trace TiO,, ZrO, and CaTiSiOs phases, were significantly reduced. It
is thought at these compositions, the ZrSiO, and CaTiSiOs act as intermediate phases in the
formation of CaZrTi,07, shown by the increase in CaZrTi,07 at the expense of these phases
with increased reaction time. Unfortunately, due to the lack of pressure during heating, the
samples were not robust enough to prepare monolithic SEM samples for microstructural

analysis. That said, the reduction of TiO, and ZrO; relative reflection intensities between the
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0 h dwell and 4 h dwell data, suggested that these phases were relic reagents. Their final
presence in the slow cooled samples, and that of zirconium-titanate (ZrossTio.1402) in the
70 wt. % sample, implied that these phases recrystallized from the melt as it equilibrated
during cooling. It was not possible from the available data to determine whether relic
reagents were present and recrystallised, or whether the CaZrTi,O; formed by reaction
between reagents or the intermediate phases. It is hoped increased time resolution will
enable the observation of the systematic phase evolution during the ramp to temperature

and dwell periods by conducting high temperature in-situ neutron diffraction experiments.
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Figure 5.16: XRD data for 50 wt. % glass composition Na,Al;¢Bo.4Sic016 after each heat
treatment. Incomplete incorporation of batch components was evident after 0 h dwell and
precipitation of secondary phases during the cool down highlighted by the single phase

zircon (ZrSiO,) identified after 4 h dwell and quench.
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Figure 5.17: XRD data for 30 wt. % glass composition Na,Al,SisO:6 after each heat
treatment. Incomplete incorporation of batch components was evident after 0 h dwell and
precipitation of secondary phases during the cool down highlighted by the single phase

zircon (ZrSi0,) identified after 4 h dwell and quench.

5.4 Discussion

It has been demonstrated that the phase assemblage of this zirconolite (CaZrTi,05)
glass-ceramic system is sensitive to both Al,03 : BOs; and glass : ceramic ratios. This is
illustrated by synthesis of the available XRD and SEM / SEM-EDX data for the 18 sample
matrix, to yield the qualitative pseudo-phase diagram shown in Figure 5.18. With reference
to this figure: the dark green region corresponds to CaZrTi,O7 as the exclusive crystalline
phase; the yellow regions correspond to CaZrTi,O; as the major crystalline phase; the red
areas correspond to ZrSiO4 as the major phase and CaZrTi,O; as a trace or absent phase;
other shades represent intermediate crystalline phase assemblages as shown in the legend

of Figure 5.18.
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Figure 5.18: Qualitative phase map representing the glass-ceramic phase assemblage with

respect to glass composition Na,Al1.xB1..SisO16 and glass fraction.

5.4.1 Effect of glass fraction

The XRD and SEM / SEM-EDX results presented show that increasing the glass fraction at a
constant glass composition reduces the yield of CazrTi,O;, and increases the yield of
accessory phases. The yield of Si-bearing crystalline phases ZrSiO, and CaTiSiOs was greater
overall in the 70 wt. % glass samples. The role of SiO; in the system was as the primary glass
network former and it was preferentially partitioned within the glass phase. One driving
force for the formation of ZrSiO4 and CaTiSiOs is considered to be the activity of SiO, within

the glass, which increases with increasing abundance (i.e. a higher glass fraction) [227].

The observed increase of CaZrTi,O; was directly related to a reduction in ZrSiO,4, CaTiSiOs and
TiO,, which was in argreement with our preliminary study that proposed the following

equilibrium equation (Equation 10) [147].

CaZrTi,0, + 2[Si0,] = ZrSiO, + CaTiSiOs + TiO, Eq. 10

Maddrell et al. developed this hypothesis to explain the phase assemblage changes, on the
grounds of thermodynamics [147]. The standard Gibbs free energies of formation were used
to determine data for the equilibrium reaction, equation 10. This analysis concluded that the
formation of ZrSiO4, CaTiSiOs and TiO, was thermodynamically favourable over the formation
of CaZrTi,07 and incorporation of the SiO; in the amorphous phase (denoted by the square
brackets in Equation 10); —128.5 kimol™ over —92.0 kimol. Maddrell et al. concluded that
the SiO; activity was the primary driving force controlling the shift in the equilibrium reaction

with changes to glass composition, whereby a lower SiO; activity favours CaZrTi,O7 formation
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[147]. This theory , however, is limited by the thermodynamic data available, which does not
account for the processing conditions and does not consider potential kinetic effects in the
melt. Based on these limitations in the use of thermodynamic data, here we aim to give an
alternative hypothesis and explain the change in crystalline phase assemblage on the basis

of a relationship between glass structure and composition.
5.4.2 Effect of glass compostion

In alkali aluminoborosilicate glasses NaO is present as a modifier and preferentially charge
compensates tetrahedral Al units, such as [AlO4/,]” [60]. If Na,O is in excess relative to Al,Os,
it would be expected that all Al is stabilised in tetrahedral co-ordination [59,61]. In all glass
compositions studied here, the amount of Na,O was equal to (Al,Os + B,03), thus, Na,O >
Al;Os in all samples. Al MAS-NMR confirmed that all the Al was present as tetrahedral Al
units, believed to be charge compensated by Na* ions, resulting in a highly polymerised glass
network. When (Na,O — Al;Os) > 0, excess modifier ions are available to stabilise other units
in the glass after full charge compensation of the tetrahedral Al units. In some cases, this will
depolymerise the glass network by producing non-bridging oxygens (NBOs) and potentially
increase the solubility of other elements, such as Ca, Zr and Ti [224]. The SEM-EDX and EPMA
data confirmed an increase of Zr in the glass as the excess Na,O increased with increased
B,0s in the formulation (Na,Al1.xB1xSisO16). Interestingly, Ca solubility appeared to decrease
with the increase of B,0s in the formulation. This was thought to be the result of a lack of
modifier cations available to charge balance other species in the glass when most Na,O was
expected to be associated with the Al. This theory was supported by the Al MAS-NMR data
that showed a chemical shift of the tetrahedral Al units in the 30 wt. % Na»Al,SisO1 sample,
which suggested a change in the local environment of the tetrahedral species, such as Ca

charge compensation.

The !B NMR spectra confirmed a reduction of tetrahedral B units with increased Al,Os.
Increasing the Al,Os reduced the availability of Na,O for stabilisation of the tetrahedral /B
units, which led to an increase of !B units. This was confirmed by the deconvolution of the
1B NMR data that confirmed an increase in non-ring BB units. Due to the equimolar ratios
of Na,O to (Al,03 + B,0s) in these glass compositions, the ratio of excess Na,O to total B,Os

can be assumed equal. However, it is known that not all B'B units convert and stabilise as
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tetrahedral B units via alkali charge compensation and as a result, some Na,O will not be
associated with either Al or B species [46,56,57]. This Na,O is therefore free to perform other
roles within the glass structure, either stabilising other network formers or forming NBOs.
This was again in good agreement with the EDX and EPMA data that showed an increase of

Zr and Ti within the Al,Os rich glass compositions.

The NMR spectra indicated a crystalline Na species present in the 30 wt. % glass samples.
The SEM and XRD data did not identify a Na-bearing crystalline phase but a plausible trace

phase may have been albite (NaAlSi3Osg).

Connelly et al. developed a model to predict the preferential charge compensation of
different cation species within alkali aluminoborosilicate glasses [58]. The model determined
an order of preferential charge compensation, such that: [AlOss] >
[ZrOe/2)% > [TiOs/2]™ > [BOsp2]™ > [Si03207]. The model results showed [AlO4]” units are
preferentially charge compensated first, which agreed with other literature as discussed
previously [46,47,59,61]. The order of preferential charge compensation proposed by
Connelly et al. suggested that [SiO3,07] tetrahedra are stabilised after [ZrOs]%,
[TiOss2]™ and [BOa4s2]” [58]. This may reduce the stability of SiO; in the glass, causing it to
preferentially form the crystalline phases, ZrSiO, and CaTiSiOs. 2°Si MAS-NMR would provide
more information on the evolution of the tetrahedral “ISi species with changes to the glass
composition. If the N; species decrease with increased B,0s;, it would show a
depolymerisation of the glass network and therefore a higher propensity for SiO, to be
consumed in crystalline phases. It is important to note, these charge compensation
mechanisms within the glass are far more complex and will occur somewhat simultaneously,

rather than individually and consecutively.

It is also known that the solubility of cation species in glass can strongly depend on their co-
ordination, for example, 6-fold co-ordinated Zr [ZrO¢/;])*") has a higher solubility limit than
8-fold co-ordinated Zr species [228]. Increased stabilisation of [ZrOe/,]>” and [TiOs/,]™ species
in the glass may reduce the driving force for CaZrTi,O; phase formation and potentially, help
explain the changes in phase formation with changes to the glass composition; if more B,03
results in more excess Na,O available to stabilise more [ZrO¢/2)? and [TiOs/2]” in the glass, the

availability of ZrO, and TiO; to form the crystalline CaZrTi,O7 phase will be reduced.
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It has been hypothesised that increasing B,Os; (decreasing Al,Os) in the glass formulation
increases the abundance of excess Na;O, which has a two-fold effect on the glass structure;
more [ZrOs2]*~ and [TiOss]™ are stabilised in the glass thus the availability of ZrO; and TiO;
for forming CaZrTi,O; becomes reduced; depolymerisation of the glass network and reduced
availability of Na,O for stabilising [SiO3/,07] tetrahedra results in SiO, preferentially forming
crystalline phases. Our results and hypothesis are in excellent agreement with Caurant et
al.’s study on the effect of Al,O; concentration on the crystallisation of CaZrTi,07 [229]. At
lower Al,O5; concentrations the CaZrTi,O; yield was reduced. Caurant et al. discussed the
relationship between reduced Al,0; and the increase in excess modifier ions enabling
stabilisation of [ZrOe/2]> and [TiOs/]” in the glass. The stabilisation of these cations in the
glass decreased their activities thus reduced the CaZrTi,O; nucleation rate and its
crystallisation driving force [229]. Interestingly, this means that as the Al,Os: B,0s ratio
changes, the ZrO, / TiO; : B,0Os ratio in the glass changes as well. Further investigations and
guantification of the glass : ceramic ratio and glass composition may give further insight into
this relationship. The EPMA data presented demonstrated more ZrO, in the glass with
increased B,0s, but the TiO, behaviour remained inconclusive. The Reitveld refinement data
suggested a reduction in the abundance of Zr-bearing crystalline phases (CaZrTi,O; and
ZrSi04) with increased B,0s3, thus more Zr was consumed in the glass, which was in agreement
with the EPMA data and proposed hypothesis. Unfortunately, as has been previously
mentioned, the fine grain structure of these multiphase systems made quantification difficult
and sufficient errors are associated with the results. Another way of estimating the
crystalline phase abundance to support the quantified data presented would be to use

guantitative ceramatography.
5.4.3 Ambient pressure experiments

The ambient pressure results were in good agreement with the HIPed samples and
supported our hypothesis regarding glass structure on crystalline phase formation. By
quenching the samples after different dwell periods, insight into the process of phase
formation was gained. The formation of CaZrTi;O; and ZrSiOs during the ramp to
temperature indicated the glass-ceramics did not form by conventional routes [23] and that
there was some degree of solid state reaction taking place as the glass melt formed and

homogenised.
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The presence of SiO; in the 70 wt. % glass sample (Na,AlosB1.5SisO16) after 0 h dwell showed
that some of the batch remained undissolved during the ramp to temperature. It is well
known that the dissolution of SiO, is rate determining during glass melting [230]. The
presence of ZrSiO4 showed it formed during the ramp to temperature and, after the melt
equilibrated during the 4 hr dwell, was present as the only crystalline phase after the 4 h
dwell. The Ti-bearing phases present in the slow cooled sample were therefore precipitation
products as the glass melt equilibrated during the cool. This supports our hypothesis of
increased Ti solubility in the glass melt with reduced Al,O; concentrations, inhibiting the
formation of CaZrTi,O;. The precipitation of the Ti-bearing phases during the cool was a
result of excess TiO,, initially targeted for the CaZrTi,0; phase, being kicked out of the glass
as the melt equilibrated during cooling. The abundance of Ti-bearing phases in the HIP
samples increased as CaZrTi,O7 reduced. It can thus be assumed the Ti-bearing minor phases
present in the high glass / low Al,O; HIP samples also precipitated from the melt during

cooling.

We can assume the ZrO, solubility limit in the glass was exceeded and that the crystals acted
as nucleation sites for ZrSiO4 growth. ZrSiO4 has been reported to grow from ZrO; crystals by
templating growth [231]. Through inward and outward diffusion mechanisms, a ZrSiO,4 layer
initially surrounds the ZrO, crystals as the inward diffusion of SiO, gradually consumes all the
Zr0; [231]. The presence of ZrO; at the centre of both CaZrTi,O; and ZrSiO4 crystals in the

SEM implies similar diffusion mechanisms control the formation of both phases.

In contrast, the XRD data for the 30 wt. % and 50 wt. % glass fraction samples, showed that
TiO, was not precipitated during cooling. For these compositions the abundance of TiO,
reduced during the dwell as the reagent was gradually incorporated into the CaZrTi,O; phase.

Its minor presence after the 4 h dwell implied the system did not reach equilibrium.

The lower glass fraction samples (30 wt. % and 50 wt. %) yielded CaZrTi,O; as the major
phase during the ramp to temperature, with ZrSiO4 and CaTiSiOs present as minor phases.
These phases may be considered as intermediate phases that form before the melt is
homogenised. As the samples equilibrated during the 4 h dwell, these phases were
consumed in the formation of CaZrTi,O; and glass, which was in agreement with equation
10. From the available data it was not possible to determine whether CazrTi,O7 forms from

the starting reagents or from the intermediate ZrSiO, and CaTiSiOs phases, but it is hoped
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time-resolved in-situ neutron diffraction experiments will provide more insight into the

formation of the target crystalline phase.
5.4.4 Wasteform properties

When selecting a glass-ceramic formulation the final wasteform performance must be
considered. Whilst optimising the CaZrTi,O; formation means higher actinide loadings can
be achieved, enough glass needs to be present to immobilise the impurities within the waste.
The glass : ceramic ratio must be determined as a compromise between loading capacity and
the overall performance of the wasteform. From the phase map we can define a usable
region of formulations that successfully yield a high fraction of CaZrTi,O; for actinide
incorporation and are flexible to accommodate varying levels of impurities. Small changes to
the glass composition or glass fraction from the single phase CaZrTi,O; sample (30 wt. % glass
Na»Al:Sis016), maintain CaZrTi,O7 as the major phase with only minor changes to the overall

phase assemblage.

The addition of Na,O and B,0s to silicate glasses was originally done to reduce processing
temperatures, but are detrimental to the durability performance of the glass [46,47]. Al,Os
was therefore added to counteract the detrimental effects of Na,O and B,0; on the glass
durability [47]. However, our optimised glass formulation is an alkali aluminosilicate glass
due to the complete removal of B,0s. The high refractory content of the glass and lack of
B,0s will result in a higher liquidus temperature and a viscous melt [232]. However, the
manageability of the glass melt is less important when treated by HIP compared to other
vitrification methods, as the hermetically sealed nature of the glass during processing means
there is no need to decant the material from a melter. As such we are less constrained by
the melt properties allowing for better optimisation of the wasteform performance; to be

investigated through waste incorporation studies with Pu surrogates.

Although B is a neutron absorber, it is also an active neutron source for (a,n)-reactions [132].
By removing B,0; from the glass-ceramic formulation the overall occurrence of damaging
(a,n)-reactions is likely to be reduced. (a,n)-reactions occur between emitted a particles
from Pu-decay and light elements, such as B, F and O, in the material [150]. The interaction
of the a-particle with the B nucleus results in the emission of a high energy neutron that can

create a chain reaction of damage through the wasteform. Such events may also result in the
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emission of high energy gamma rays from metastable ions, which would warrant the need
for extra shielding of the wasteform packages during transportation and storage [150]. As a
result the elimination of neutron sources such as B is highly advantageous for the longevity
of the wasteform and short term handling of the packages. The incorporation of neutron
absorbers in Pu-bearing wasteforms is a method used to avoid criticality. Successful
incorporation of alternatives such as Gd and Hf in CaZrTi,O; has been reported extensively

in the literature [99,101,132,229,233,234].

5.5 Conclusions

Zirconolite based glass-ceramics are being considered for the disposition of high level Pu
wastes in the UK. The effect of glass composition and glass fraction on the yield of zirconolite
in HIPed glass-ceramics has been investigated. It can be concluded that the combination of
a low glass fraction and Al,Os rich glass composition yields an optimum glass-ceramic phase
assemblage of high-fraction zirconolite. A qualitative phase map of the glass-ceramic matrix
demonstrated how the crystalline phase assemblage varied with the glass composition and
glass fraction. From this, a suitable range of glass-ceramic formulations that yield high
fraction zirconolite, whilst enabling wasteform flexibility to accommodate waste variations,

can be selected.

Although the data presented is not sufficient to ascertain the mechanisms controlling the
crystalline phase formation, a promising hypothesis has been put forward and mechanisms
that may concurrently contribute to the phase assemblage variations have been proposed.
The presence of B,0s is thought to depolymerise the glass network and increase the solubility
of ZrO; and TiO,. It was hypothesised that this destabilises Si tetrahedra in the glass due to
the preferential charge compensation of [ZrOg/]™ and [TiOsx]™ units. Subsequently, this
increases the SiO, propensity to form crystalline phases. In contrast, the B,Os; free
glass-ceramic systems resulted in a highly polymerised glass network that limited the ZrO,

and TiO; solubilities, thus promoted the formation of zirconolite.

Whilst this study put forward a hypothesis based on glass structure for the mechanisms
controlling the glass-ceramic phase assemblage, further investigations are required to
robustly underpin our understanding of these wasteform systems. 2°Si MAS-NMR would

reveal how the N, species change with Al,O; concentration to further support the current
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NMR data and the theory that Si tetrahedra destabilise with increased B,Os. Further
consideration should be given to the B : Zr ratio in the glass phase, which may be a driving
force for the formation of Si-bearing crystalline phases. To better understand the phase
formation and evolution in these systems, in-situ neutron diffraction may provide a time
resolved insight into the crystalline phase assemblage evolution during the ramp to
temperature and dwell period. This may allow for better identification of intermediate
phases, as well as determine whether zirconolite forms from the raw reagents or from the

intermediate phases.
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6 Cerium incorporation

A study of Ce incorporation in zirconolite glass-ceramics.
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6.1 Introduction

Zirconolite glass-ceramics are considered to be potential wasteforms for the disposition of
Pu in low purity waste-streams. Zirconolite is a naturally occurring mineral and has been
proven to have excellent wasteform properties through studies of natural analogues and
through its use as an actinide bearing phase in Synroc [80,132]. The Ca and Zr sites in the
zirconolite structure can incorporate actinides such as Pu and U, whilst the Ti sites allow
charge compensation to occur. Studies of natural analogues and synthetic zirconolite
wasteforms show excellent radionuclide retention, radiation tolerance and durability
[88,98,234,235]. The zirconolite structure is a derivative of the pyrochlore structure A,B,05,
consisting of parallel planes of Ca and Zr ions alternated with planes of Ti octahedra [23,92].
Whilst the zirconolite-2M monoclinic structure is the nominal polytype, other polytypes have
been reported including; zirconolite-4M, zirconolite-3T, zirconolite-30 and zirconolite-6T

[236].

These wasteforms are of interest for Pu-residue waste-streams found in the UK, as well as
for the potential future immobilisation of the bulk separated civil PuO, stockpile. Pu-residue
wastes originate from multiple sources including; early research and development work,

secondary reprocessing wastes and unused MOx materials. As a result, these wastes are
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highly heterogeneous and contain various levels of Pu, glass formers and impurities
[18,82,179]. Whilst full ceramic materials (or high ceramic fraction materials) are considered
potential wasteform matrices for the purer streams of Pu-residue materials and for the
potential future immobilisation of the PuO; stockpile, glass-ceramics are being developed to
treat lower purity streams of these wastes. The glass-ceramic matrix results in the
partitioning of actinides into the durable ceramic phase (CaZrTi,0;), whilst the glass phase
provides flexibility to accommodate impurities and variations in the waste composition [17].
This dual barrier system of actinides partitioning into the durable ceramic phase, which is
encapsulated in the amorphous glass phase, also ensures excellent proliferation resistance
in a single processing step. Leaching experiments have shown preferential dissolution of the
glass phase whilst the actinides are successfully retained in the ceramic [17]. Retrieval studies
have also demonstrated the proliferation resistance of the glass-ceramics, whereby between
7,000 and 28,000 kg of the HIPed glass-ceramic wasteform would be required to extract 1 kg
of Pu, compared to a borosilicate glass matrix, which was found to be 25 times less resistant

[17,100,144].

Previously we have reported the selection of an optimised glass-ceramic formulation that
maximised the yield of zirconolite over other ceramic phases (Chapter 5). In this chapter, we
discuss the results of waste incorporation experiments with respect to Ce oxidation and the
targeted substitution site. From the literature, other glass-ceramic formulations were
originally designed around CaF; rich Pu-residue waste-streams [17,147]. These CaF; rich
wastes were later reclassified, but the CaF, was believed to aid waste digestion into the Al,O;
rich glass-ceramic matrix [147]. As such, later formulations continued to include CaF; as a

precursor to improve the incorporation of waste analogues and PuO, [82,143,147].

The presence of CaF; in actinide bearing wasteforms brings additional risks to the long-term
integrity and wasteform performance due to F being an active neutron source for
(a,n)-reactions. When intimately mixed with actinides, the probability of a-particles
interacting with the nucleus of the 100 % abundant *F ions is substantial and can have a
detrimental effect on the long-term performance of the wasteform [148,149]. The
interaction of an a particle with the °F nucleus results in the emission of a high energy
neutron. This neutron can generate a neutron chain reaction with other ions in the

wasteform and create structural damage through elastic collisions. The (a,n)-reactions also
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generate high energy gamma ray (y) emissions, in the region of 1.5 MeV and generate the
need for extra shielding around the waste package for handling and storage [150]. By
eliminating CaF, as a precursor, the presence of neutron sources for (a,n)-reactions is
reduced. The standard glass-ceramic formulation discussed here does not include CaF,,
however we investigate the effect of CaF, on the waste incorporation into the glass-ceramic

matrix.

CeO; was utilised as an inactive surrogate for PuO,. Incorporation of Ce into the zirconolite
structure was targeted for both the Ca and Zr sites and both Ce3* and Ce* oxidation states.
Three charge compensation mechanisms were targeted through starting stoichiometries;
CapsCe02ZrTi16Alo407, CagsCeniZrosCeo1Ti07 and CaZrgsCeosTi207. These samples were
subsequently repeated with CaF, additions and again with Ni powder, to study the effect of
CaF; as a digesting agent and that of controlled oxygen fugacity. Two different milling
conditions were used to further improve waste incorporation and to determine if milling
affected the final wasteform product. Each matrix of samples was studied against each other

to determine the effects of CaF,, milling and redox control on the incorporation of CeO..
6.2 Experimental

All samples were formulated with the same baseline formulation, comprising 30 wt. % glass
of target stoichiometry, Na,Al,SisO16 and 70 wt. % ceramic forming oxides. CeO, was used as
an inactive surrogate for PuO, and was targeted for incorporation into the zirconolite
ceramic. The sample matrix investigated the success of Ce substitution by targeting either
Ce* or Ce* incorporation onto the Ca?* and / or Zr* sites. When targeting Ce** substitution
on the Ca* site (sample A), Al,Os was added for charge compensation. The formulation of
sample C did not necessitate charge compensation. In the formulation of sample B, charge
compensation was designed to be achieved by equimolar substitution of Ca%* / Ce®* and Zr**

/ Ce,

The baseline formulation samples A—C were repeated, first with 4 wt. % Ni powder
additions to study the effect of redox control on the incorporation of Ce in the glass-ceramic
matrix and secondly, with 0.6 wt. % and 0.3 wt. % CaF, additions to determine whether or
not CaF; had significant effects on waste digestion. Powder batches were milled at 500 rpm

for 30 min and were calcined at 600 °C before being packed into stainless steel HIP canisters.
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Samples A—C and H—- M were milled in 50 ml volume pots. Sample A was repeated and
milled in a 250 ml volume mill pot that achieved far better homogenisation of the powders.
From the results of these comparative samples, it was concluded to use the 250 ml mill pot

for all further batches (Samples E— G in Table 6.1).

The HIP canisters were evacuated at room temperature and at an elevated temperature
(300 °C) before sealing to ensure complete densification during processing. All samples were
processed at 1250 °C for 4 h under 103 MPa of argon gas pressure. Monolithic samples were
ground and polished to study the microstructure and elemental distribution using a Hitatchi
TM3030 analytical scanning electron microscope (SEM) and a Bruker Quantax energy
dispersive X-ray spectrometer (EDX), with an accelerating voltage of 15 kV and a working
distance of 8 mm. Phase analysis was done by powder X-ray Diffraction (XRD) using a Bruker
D2 PHASER diffractometer with Cu Ko radiation (1.5418 A) and a Lynxeye position sensitive

detector.

Ce speciation was studied by Ce L3 X-ray absorption near-edge spectroscopy (XANES) on both
monolithic and bulk powder samples. The bulk powder pellet samples were prepared by
mixing the finely ground sample with PEG (poly-ethanol-glycol) to achieve a thickness equal
to a single absorption length. These samples were measured in transmission to gain data
representative of the whole sample. Parallel-sided, monolith cross-sections of the canisters,
polished to a 1um finish, were analysed in fluorescence, using a pin-diode detector, to study
the percentage of Ce3* : Ce* through the sample (edge to centre). These data were collected
on Beamline 10 at the DELTA beamline facility in Dortmund, Germany. Beamline 10 utilises
a simple X-ray optical layout consisting of a fixed, water-cooled absorber mask, a tilt absorber
and a Si(111) channel-cut monochromator, before two slit systems that define the final beam
size [237]. A He atmosphere was used in the beam pathway and gas filled ionisation
chambers measured the incident and transmitted beam intensities. Data analysis was

performed using the Athena and Hephaestus software [206].
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Table 6.1: Summary of all samples. Ce incorporation was targeted for both the Ca and / or the Zr sites (Samples A-C). Sample D was a repeat of sample A

formulation milled in a 250 ml volume mill pot. Each stoichiometry was repeated with Ni and CaF, additions (samples E-G and H-M, respectively).

Sample | Target Composition Weight % of oxides Additions Target.Ce
oxidation
SiOz A|203 Na,O CaOo Ti02 2rO; CeO,

A | CaosCeosZrTireAlosOr | 20.62 9.9 355 8.95 2551 246 6.87 50 ml mill pot 4+

B | CaosCeoiZrosCeorTiaO, | 20.62 5.83 355 9.08 3159 | 21.93 6.81 50 ml mill pot 3+

C CaZrosCeoaTir0; 20.62 5.83 355 1125 | 3206 | 19.78 6.91 50 mi mill pot 4+

D | CaosCeoaZrTineAlosO; | 20.62 9.90 3.55 3.95 2551 | 24.60 6.87 250 ml mill pot 4+

E | CaosCeosZrTiioAlosOr | 20.62 9.90 355 8.95 2551 | 24.60 6.87 | 4wt % Ni, 250 ml mill pot 4t

F | CaosCeoiZrosCeoiTi0; | 20.62 5.83 355 9.08 3159 | 21.93 6.81 | 4wt. % Ni, 250 ml mill pot 3+

G CaZrosCeoaTir0; 20.62 5.83 355 1125 | 3206 | 19.78 6.91 | 4wt. % Ni, 250 ml mill pot 4+

H | CaosCeoaZrTineAlosOr | 20.62 9.90 3.55 8.95 2551 | 24.60 6.87 0.6wt. % CaFa 4+
50 ml mill pot

I CaosCeoaZrTiLeAlosOr | 20.62 9.90 355 8.95 2551 | 24.60 6.87 0.3wt. % CaF> 4+
50 ml mill pot

J | CapeCeorZrosCeniTiO7 | 20.62 5.83 355 9.98 3159 | 21.93 6.81 0.6wt. % CaF> 3+
50 ml mill pot

K | CaosCeniZrosCeosTinOs |  20.62 5.83 355 9.98 3159 | 21.93 6.81 0.3wt. % CaF2 3+
50 ml mill pot

L CaZrosCeosTir05 20.62 5.83 355 1125 | 32.06 | 19.78 6.91 0.6wt. % CaF2 4+
50 ml mill pot

M CaZrosCeo,TizOs 20.62 5.83 355 1125 | 3206 | 19.78 6.91 0.3wt. % Caf> 4+
50 ml mill pot
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6.3 Results

All samples obtained zirconolite (CaZrTi,07) as the major crystalline phase with similar phase
assemblages and microstructures. Although there were minor differences and varying
degrees of Ce incorporation, the different additions to the baseline formulation did not
majorly affect the final structure of the wasteforms. Here we discuss each set of samples and

compare the effects of each addition against the baseline formulations.

Table 6.2 summarises the canister and material densifications achieved for each sample. The
calculated material densification for samples E and F were slightly lower than expected,
however, there was a larger uncertainty associated with these samples due to the Ni powder
not being homogeneously distributed. Sample J also had a relatively low densification

percentage due to complications during canister welding and evacuation.

Table 6.2: Canister and material densifications after HIPing. Canister volumes before and
after were determined by water displacement measurements. The true density
(pycnometric density) of the material was determined by helium gas pycnometry and the

material density (displacement density) was measured by water displacement.

Canister | Canister . . Effective %
Pycnometric | Displacement .

Volume | Volume Density Density Caru.ster of .

Sample | Before After 3 3 Densification | theoretical
(cm3) (cm3) g_/g rgz; g_/g ?6; % (+3) density
(£1.49) | (£1.53) - - (+0.1)
A 42 25 3.74 3.63 60 97.0
B 44 25 3.69 3.61 57 97.7
C 40 24 3.69 3.60 60 97.6
D 41 24 3.70 3.63 59 98.1
E 45 24 3.82 3.65 54 95.4
F 43 24 3.86 3.69 55 95.4
G 46 26 3.70 3.72 57 100.5
H 43 24 3.73 3.65 57 97.8
| 43 26 3.73 3.60 60 96.5
J 44 26 3.69 3.44 60 93.2
K 46 26 3.71 3.62 57 97.8
L 43 24 3.72 3.62 55 97.3
M 44 26 3.70 3.62 60 98.0
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6.3.1 Baseline formulation (samples A - C)

Scanning electron microscopy — energy dispersive X-ray (SEM-EDX) analysis and powder
X-ray diffraction (XRD) confirmed zirconolite (CaZrTi,O7) as the major crystalline phase with
minor phases; zircon (ZrSiQ,), rutile (TiO;), baddeleyite (ZrO,) and ceria (CeO,) common to
all three samples (PDF cards: 04-007-6895, 00-006-0266, 04-008-7849, 00-013-0307, 04-014-
5421, respectively). XRD analysis also identified sphene (CaTiSiOs) and a perovskite phase
(nominally ABOs) in samples B and C and albite (NaAlISisOs) in sample A (PDF cards: 01-076-
6020, 01-077-8911, 01-083-1605, respectively). The formation of albite was a result of the
extra Al,Os; added for charge compensation within the zirconolite phase. Unreacted Al,03

crystals were also observed in sample A using SEM.
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Figure 6.1: XRD data for samples A — C confirmed zirconolite as the major crystalline phase

and the formation of perovskite when targeting Zr-substitution (samples B and C).

SEM-EDX revealed ZrO, was present at the centre of some zirconolite crystals (Figure 6.2).
This observation, coupled with the presence of Al,O; and small amounts of TiO,, was
indicative of an incomplete reaction. This was likely to be a result of slower kinetics caused

by the added Al,0;, which would have increased the melt viscosity [230]. SEM-EDX analysis
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revealed some Ce incorporation into the ceramic phase but CeO, hotspots indicated full
digestion had not been achieved. The size of the CeO; hotspots was indicative of the starting
material particle size, which implied its presence in the final products was a result of
insufficient milling. To investigate this further, sample D, a repeat sample of formulation A,
was prepared and milled in a larger (250 ml volume) mill pot. The larger diameter generates
larger forces during milling resulting in better homogenisation of the powders. As a result,
sample D obtained far better digestion of the waste analogue, with only minor spots of
residual CeO, observed. A slightly smaller grain size was attained but the overall
microstructure was in excellent agreement with sample A. Figure 6.1 and Figure 6.3 compare
samples A and D and show no other changes to the crystalline phase assemblage or final
microstructure as a result of the different milling parameters. It was therefore concluded to

use the larger mill pot for the redox controlled samples to maximise waste digestion.
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Sample C 3

Figure 6.2: SEM-EDX showing the Ce distribution in samples A-C. The secondary
Ce-bearing perovskite phase is evident in sample B and more so in sample C. The
morphology of the perovskite crystals appear to be larger and more rectangular than the

zirconolite crystals.
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Figure 6.3: BSE micrographs of samples A and D comparing the effect of milling on the
incorporation of CeO; into the glass-ceramic structure. No CeO; hotspots were observed in

sample D.

A second Ce-bearing phase was observed by SEM-EDX in samples B and C. The abundance of
this Ce-rich phase was more prominent in sample C and it was not seen in sample A. Coupled
with the XRD data, this phase was identified as a perovskite ((Ca,Ce)(Ti,Al)Os) and implied
some Ce* was reduced to Ce® [238]. Perovskite readily accommodates Ce3* into its
structure, whereby, its ionic radii is equal to the size of the Ca?* lattice site [93]. The absence
of perovskite in sample A showed Al,O; acted as a sufficient charge compensator and
facilitated the incorporation of Ce** in the zirconolite phase. The perovskite phase in samples
B and C was found be more abundant towards the edge of the sample, whilst residual CeO,
was more abundant towards the centre (Figure 6.4). Coupled with a visible colour gradient
through the HIP canisters, this highlighted the reducing effect the canister walls had on the
Ce0,. The transition of Ce* to Ce3* is coupled with a colour change from yellow to a brick
red, thus the colour gradient through the HIP canister indicated more Ce** towards the edge
of the canister [239]. This was investigated further using Ce Ls XANES, which is discussed

below.
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Sample D

100pum

Figure 6.4: BSE micrographs showing the change in microstructure between the canister

interface region and the bulk glass-ceramic.

Analysis of the SEM-EDX data for the glass, zirconolite and perovskite phases allowed for
semi-quantitative analysis of the elemental distribution between phases. As shown in Figure
6.2, the Ce was preferentially incorporated into the ceramic phases. The SEM-EDX spectra in
Figure 6.5 were averaged over 10 points at x3000 magnification for each phase in each
sample. Sample A, CaosCeo2ZrTiisAlo.407, had a Ce partitioning ratio of 100 : 2 between the
zirconolite and glass phase. This was in excellent agreement with the partitioning ratios
reported in the literature [17]. In comparison, samples B and C had ratios of 100 : 13 and
100 : 10, zirconolite to glass, respectively. Whilst the Ce was still preferentially incorporated
into the zirconolite phase, a factor of five increase of Ce in the glass was a direct result of
Ce* reduction to Ce3* [240]. When considering the perovskite phase as well, 80 % of the Ce
was associated with the secondary phase and only 2 —4 % was associated with the glass
(sample B; 100:21.5:4 perovskite : zirconolite : glass, sample C; 100:23.4:2.4
perovskite : zirconolite : glass). That said, the relative abundance of the perovskite was very
low compared to the presence of zirconolite, thus the overall majority of the Ce was present
in the target zirconolite phase. It is promising that with sufficient charge compensation the
reduction of Ce can be controlled and the amount of Ce in the glass can be minimised, as

demonstrated by sample A.

In conjunction to the above SEM-EDX data that was collected at the University of Sheffield
(UoS) on a Hitatchi TM3030, the zirconolite, perovskite and glass phases were also analysed
on a more precise Zeiss Ultraplus SEM at ANSTO for more accurate quantitative analysis.
These data, summarised in Table 6.3, showed the zirconolite : glass Ce partitioning was

higher in all three compositions than the readings collected at UoS. In sample A, no Ce was
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detected in the glass phase indicating a 100 % partitioning of the incorporated CeO, in the
zirconolite phase. For samples B and C, the Ce signal in the glass was again lower with
zirconolite : glass ratios; 100 : 8 and 100 : 4, respectively. Whilst both sets of data were in
agreement and showed the same trends across the samples, the variation between the two
sets of data highlights the error associated with this analysis on multiphase systems with

such small grain sizes.

The approximate compositions of the zirconolite phase in samples A — C were found to be
Cao.78(3)C€0.17(3)Zr1.009) Ti1.82(5)Al0.182)07.00(2), Ca0.83(2)C€0.16(1)Zr1.00(1) Ti2.01(3)Al0.07(1)07.00(1) and Cao.gs(3
1Ce0.152)Zr1.00(4) Ti2.01(2)Al0.08(1)07.00(1), respectively. Interestingly, all three compositions imply Ca
site substitution despite samples B and C targeting Zr substitution. Valence state calculations,
summarised in Table 6.4, assumed that Ce was the cation most likely to undergo reduction,
due to the low oxygen potential required to reduce Ti and because Ca, Zr, Na, Al and Si only
occupy single valance states, except under extremely reducing conditions [241,242]. The
valence state calculations suggested Ce* was incorporated into the zirconolite phase in
sample A, with a small amount of Ce3*. Charge compensation in this sample was provided by
Al®* substitution on the Ti-sites, as targeted by the starting formulation. Samples B and C,
however, seemed to incorporate Ce®* only, with subsequent charge compensation provided
by the reduction of Ti** to Ti**. Within the baseline samples, no reducing agents were
included to generate a reducing atmosphere during HIPing, thus it cannot be known, at this
point, whether the atmosphere inside the canister was substantial enough to reduce the Ce
and Ti. Due to Ca, Zr, Na, Al and Si only having single valence states (expect under extreme
conditions) and Ti only reducing at low oxygen pressures, it was assumed that Ce was the
cation most likely to undergo reduction. This assumption was used in the valence state

calculations.
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Figure 6.5: SEM-EDX spectra comparing the elemental distributions in the zirconolite, glass

and perovskite phases in samples A in red, B in green and C in blue. Collected at UoS on a

Hitatchi TM3030.
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Table 6.3: Final stoichiometric compositions and partitioning ratios of Ce between the
zirconolite (Z), glass (G) and perovskite (P) phases in samples A — C, calculated from SEM-

EDX data collected at ANSTO on a Zeiss Ultraplus SEM.

Final Stoichiometric compositions
ANSTO data
Sample A Cao.78(3)Ce0.17(3)Zr1.00(9) Ti1.82(5)Al0.18(2)O7(2)
Sample B Cao.s312)Ce0.16(1)2r1.00(1) Ti2.01(3)Al0.07(1)O7(1)
Sample C Cao.s5(3)C€0.15(2)Zr1.00-(4) Ti2.01(4)Al0.08(2)O7(1)
Raw EDX data
Sample RatioZ:G | RatioZ:G:P
Zirconolite  Glass  Perovskite
Al L . 100 :
ANSTO 58 0.00 00:0

Data B 1.42 0.11 7.15 100:8 19:1:100

C 1.30 0.05 4.47 100:4 29:1:100

Table 6.4: Valence checks for charge neutrality for the calculated stoichiometric zirconolite

compositions in samples A - C.

Sample Ca® | Ce™ | Ce* | zr™ | Ti* | Ti** | AP o> Valence

check
A 0.78 | 0.17 1.00 | 1.82 0.18 | 7.00

Charge balance | 1.56 | 0.68 4.00 | 7.28 0.54 | -14.00 0.06
0.78 | 0.11 | 0.06 | 1.00 | 1.82 0.18 | 7.00

Charge balance | 1.56 | 0.44 | 0.18 | 4.00 | 7.28 0.54 | -14.00 0

B 0.83 | 0.16 1.00 | 2.01 0.07 | 7.00

Charge balance | 1.66 | 0.64 4.00 | 8.04 0.21 | -14.00 0.55

0.83 | 0.00 | 0.16 | 1.00 | 1.62 | 0.39 | 0.07 | 7.00
Charge balance | 1.66 | 0.00 | 0.48 | 4.00 | 6.48 | 1.17 | 0.21 | -14.00 0

C 0.85 | 0.15 1.00 | 2.01 0.08 | 7.00
Charge balance | 1.70 | 0.60 4.00 | 8.04 0.24 | -14.00 0.58
0.85 | 0.00 | 0.15 | 1.00 | 1.58 | 0.43 | 0.08 | 7.00
1.70 | 0.00 | 0.45 | 4.00 | 6.32 | 1.29 | 0.24 | -14.00 0

Ce Ls XANES data were collected for samples A — C to investigate the speciation of the Ce
within the glass-ceramics. Figure 6.6 compares the bulk representative sample data against
two Ce standards; CePO, as the Ce® standard and CeO, as the Ce*" standard. All data
demonstrated features characteristic of Ce** and Ce** signals and confirmed the presence of
both oxidation states. The percentage of Ce** : Ce** in each sample was determined by linear

combination fitting of the XANES data in Figure 6.6 against multiple Ce standards. These bulk
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representative percentages are given as a bar chart in Figure 6.8 and confirmed sample A
retained the highest amount of Ce*. Some of the Ce* signal corresponded to residual CeO,
but also showed that Al,Os acted as a sufficient charge compensator and inhibited Ce*
reduction. The Ce® : Ce* percentages confirmed that sample C had the lowest amount of
Ce™ and was in agreement with the XRD and SEM data, such that, more Ce*" promoted more
perovskite to form. Due to the residual CeO; present in all samples, it was not possible to
quantify the Ce* signal from the zirconolite phase. As a result, verfication of the Ce3* and
Ce* contributions in the SEM-EDX compositional data was not possible, but qualitatively the

SEM-EDX and Ce L; XANES data were in agreement.

CePO, standard
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Figure 6.6: Ce L3 XANES data for samples A — C compared against standards CePO, (Ce**)
and CeO, (Ce*).

Monolithic cross-sections of the glass-ceramic HIP samples were also analysed by Ce Ls
XANES, to investigate the percentage of Ce® : Ce*™ with respect to distance from the centre
of the canister. The cross-section samples were measured in increments from the centre to
the edge, as demonstrated schematically in Figure 6.7. The plots in Figure 6.8 show the
evolution of the Ce3* : Ce* percentages through the samples. These plots confirm a gradual
increase in Ce* towards the edge of the canister as a result of the reducing environment
generated by the canister walls. Whilst this trend was seen in all three samples, sample C
had a higher Ce3* content throughout compared to samples A and B. At the edge, samples A
and B had 75 % (+10 %) and 76 % (+10 %) Ce*, respectively, however sample C had 94 %
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(£10 %). This implies that the reduction of Ce*" is not solely due to the reducing effect of the
canister walls, but that the glass-ceramic formulation (CaZrosCeoTi,07) facilitated the

further reduction.

The bulk representative data for the Ce3*: Ce* percentages, shown in Figure 6.8, shows
approximately 20 % less Ce* in sample B than sample A. However, the centre to edge
progression data for samples A and B do not show this variation. This analysis was sensitive
to experimental disparities and due to the size of the canisters, a slight deviation from the
centre of the canister where the cross-sections were taken, would have had a significant
effect on the XANES outcome. Due to the difficulty of removing the samples from the
canisters and the irregular shape of the internal sample, it was not always possible to mount
the samples and extract the cross-sections from precisely the same central locations. That
said, the cross-sections were prepared from as close to the centre as practically possible to

minimise this error.

5mm

Figure 6.7: Cross-section of a HIPed sample showing the colour gradient towards the centre
of the sample as a result of the reducing effect caused by the HIP canister walls. The
schematic shows the progression of the XANES measurements taken from the edge to the

centre of the sample to investigate the evolution of the Ce3* : Ce** percentage.

144



100 e
Sample A Sample B
804 T 80 =
[ [}
704 } % } % 70 1 |
5 60 + 7 60 +
@ o
2 50 g 50 %
= =
8 404 { 8 40 %
i3 O
o I o
30 ) b4 * ¢ 30 *
¢ L]
20 » E 20 E
L]
L] N
104 = % Ce" 10 . s = %cCe'
o %ce” " o %cCe”
04 T T T T T T T T 0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Distance from centre (a.u.) Distance fram centre (a.u.)
100 100 _
Sample C I [ B % Ce™ Bulk representative I
0 90 - g % Ce™ '

©
(=3
1

o

-
=1
1

I3
=]
1
——

& g
2 3
g % g
c c
8 40 * 3
o T
L5 o
30 4
i = % ce”
20 "
® %Ce
.
10
- -
0 T T T T T T T T
1] 1 2 3 4 5 [ 7 8 g A B o]
Distance from centre (a.u.) Sample

Figure 6.8: Plots show the percentage of Ce3*:Ce* for samples A—C with respect to
distance from the centre of the HIP canisters, measured across monolith cross-sections.
The bulk representative data was calculated from transmission data collected on bulk

powder samples.

6.3.2 Effect of redox control (samples E — G)

Ni powder was added to the calcined batches to control internal oxygen fugacity. The overall
phase assemblage and microstructure remained largely the same as the baseline
formulations, with a few minor differences. The redox controlled samples were milled in the
250 ml volume mill pot and therefore achieved better CeO, digestion throughout. Whilst the
phase assemblages were in agreement, the redox samples demonstrated less sphene and

ZrO,, implying better kinetics during consolidation.

Large Ni particles were still present in the glass-ceramics confirming the Ni powder remained
an active redox agent throughout consolidation. In sample E, CaosCeo2ZrTi1cAlo407, the
smaller Ni particles appeared to react with the additional Al,Os to produce what was thought

to be a spinel phase around Al,O3 particles. This conclusion was based on the SEM-EDX ratios
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of Ni and Al, which gave a ratio indicative of a NiAl.O4 spinel phase. This spinel phase was not
detected by XRD and SEM-EDX analysis confirmed it was not associated with Ce. Its presence
as a minor phase was not considered to be problematic and it did not inhibit the

incorporation of CeO; into the glass-ceramic.
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Figure 6.9: XRD data for the redox controlled samples E — G. Minor phases, sphene and
baddeleyite were less abundant compared to the baseline formulation samples, but the
same trend of increased perovskite abundance when targeting Zr substitution was

observed.

In agreement with the baseline formulation samples, the formation of Ce-bearing perovskite
occurred when targeting Zr substitution (samples F and G) although appeared to be less
abundant in the BSE micrographs than samples B and C. Again, the perovskite phase was
identifiable as large rectangular crystals distributed amongst the smaller zirconolite crystals.
Figure 6.10 compares the microstructures of samples E — G against each equivalent baseline
sample, A — C, whilst Figure 6.11 and Figure 6.12 display the EDX elemental distributions.
Compositional analysis of the SEM-EDX data again confirmed preferential incorporation of
Ce into the ceramic phases. The reducing conditions, caused by the Ni powder, resulted in
the detection of more Ce in the glass phase for all formulations. The zirconolite : glass ratios

were; 100 : 20, 100 : 15 and 100 : 27 for samples E, F and G, respectively.
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Again, the SEM-EDX data was repeated on the Zeiss Ultraplus SEM with similar results to the
baseline samples. The calculated partitioning ratios of the three samples were again higher
than the initial data and showed sample E achieved the best separation of Ce into the
zirconolite phase compared to samples F and G; 100: 2, 100:9, 100 : 9, respectively. The
measured compositions were consistent across all three samples and again showed Ca site
substitutions; Cao.734)Ceo.21(1)Zr1.27(7) Tiz.897)Alo.11(1)07.004), Cao.75(6)Ce0.18(2)2r 1.12(10) Ti1.9a(15)Al0.06(1)-
O7.00(4), Cao.74(1)Ce0.19()Zr1.01(6) Ti1.93(2)Al0.07(1)07.00(5), Samples E — G respectively (shown in Table
6.5 and Table 6.6). When considering valence states, the measured compositions suggest
Ce* incorporation in all samples, with some AI** incorporation and Ti reduction for charge

compensation. Some trace Ce was also detected in the sphene minor phase.

Sample G

Figure 6.10: BSE micrographs of samples A—C and samples E—-G comparing the

microstructures with respect to target stoichiometry and effect of Ni powder additions.

147



Figure 6.11: SEM-EDX maps for redox controlled samples E - G.

148



° Zirconolite phase | c8e Elemental distribution in the zirconolite phase |
T3 Ca, Ce ZrTi Al O,
Ca, Ce_ Zr Ce T.O,
CaZr Ce, TiO,
Ed
W
@
Sample G &
2
E3
Sample F
Sample €
T T T T T
1 2 3 5 &
Energy (keV) Elements
Glass Ehase' E 2 3 Elemental distribution in the glass phase ]
[+] oo
7 Ca, Ce, ZrTi, Al O
Ca, Ce Zr Ce TiO
CaZr, Ce Ti.O,
Si
c Na A f
Ni Zr Ca Ti ce w
o
Sample G g‘
@
L_J\._/\A_A Z
Sample £ BT o, 28
gog ooa SDE SEd 288 RuE 387 5sg
=r=1-1 o000 oOo8 Q0T oSoo
T B T T T T
1 2 3 4 5 & [s] Ni Na Al Ssi 2r Ca Ti Ce
Energy (keV) Elements
o Perovskite Ehasel § § Elemental distribution in the perovskite phase |
7 Ca, Ce, Zr, Ce TiO,
CaZr Ce TiO,

Sample G

Average at %

Sample F

3 4 é 6
Energy (keV)

o

Elements
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Table 6.5: Final stoichiometric compositions and partitioning ratios of Ce between the

zirconolite (Z), glass (G) and perovskite (P) phases in samples E — G, calculated from SEM-

EDX data collected at ANSTO on a Zeiss Ultraplus SEM.

Final Stoichiometric compositions

ANSTO data
Sample E Cao.73(4Ce0.21(1)Zr1.27(7) Tiv.89(7)Al0.11(1)O7.00(2)
Sample F Cao.75(6)C€0.18(2)Zr1.12(10) Ti1.94(15)Al0.06(2)O7.00(4)
Sample G Cao.7a(1)Ce0.19(4)Zr1.01(6) Ti1.93(4)Al0.07(2)O7.00(5)
Raw EDX data
Sample RatioZ:G | RatioZ:G:P
Zirconolite  Glass  Perovskite
E 1.74 . 100:2
ANSTO 0.03 00
Data F 1.64 0.14 6.82 100:9 24:3:100
G 1.74 0.15 4.96 100:9 35:3:100

Table 6.6: Valence checks for charge neutrality of the calculated stoichiometric zirconolite

compositions in samples E - G.

Sample Ca® | Ce™ | Ce* | zr™ | Ti* | Ti** | AP o> Valence
check
E 0.73 | 0.21 1.27 | 1.89 0.11 | 7.00
Charge balance | 1.46 | 0.84 5.08 | 7.56 0.33 | -14.00 1.27
0.73 0.21 | 1.27 | 0.83 | 1.06 | 0.11 | 7.00
Charge balance | 1.46 0.63 | 5.08 | 3.32 | 3.18 | 0.33 | -14.00 0
F 0.75 | 0.18 112 | 1.94 0.06 | 7.00
Charge balance | 1.50 | 0.72 448 | 7.76 0.18 | -14.00 0.64
0.75 0.18 | 1.12 | 1.48 | 0.46 | 0.06 | 7.00
Charge balance | 1.50 0.54 | 4.48 | 592 | 1.38 | 0.18 | -14.00 0
G 0.74 | 0.19 1.01 | 1.93 0.07 | 7.00
Charge balance | 1.48 | 0.76 4.04 | 7.72 0.21 | -14.00 0.21
0.74 0.19 | 1.01 | 1.91 | 0.02 | 0.07 | 7.00
1.48 0.57 | 4.04 | 7.64 | 0.06 | 0.21 | -14.00 0

6.3.3 Effect of CaF; addition (samples H — M)

To investigate the effectiveness of CaF, as a digesting agent, 0.6 wt. % was added to the

baseline formulations. 0.6 wt. % CaF, was added to be consistent with previous work and to

draw a comparison [154]. Additionally, samples were also produced with 0.3 wt. % addition,
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with the aim of minimising the CaF, concentration and reduce the °F neutron source term

for (a,n)-reactions to occur, as was discussed in section 6.1.

The XRD data for each formulation were consistent with the baseline equivalents and

confirmed that the CaF, additions did not affect the crystalline phase assemblage. Zirconolite

was the major crystalline phase for all samples with each formulation yielding the same

minor phases as the baseline samples; perovskite (Ca,Ce)(Ti,Al)Os), rutile (TiO;) and

baddeleyite (ZrO,) were present in all samples, whilst albite (NaAlSisOs) was identified in

samples J and K and sphene (CaTiSiOs) was present in samples L and M. Figures 6.13, 6.14

and 6.15 show the XRD data for each formulation comparatively with the baseline samples.
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Figure 6.13: XRD plot showing the effect of CaF, additions to baseline formulation

Cao.sCeo.2ZrTi16Alo.407. Sample A: no CaF,, Sample H: 0.6 wt. % CaF,, Sample I: 0.3 wt. %

Can.
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Figure 6.14: XRD plot showing the effect of CaF, additions to baseline formulation

Cao.sCeo.1Zro.9Ce0.1Ti-07. Sample B: no CaF,, Sample J: 0.6 wt. % CaF,, Sample K: 0.3 wt. %
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Figure 6.15: XRD plot showing the effect of CaF. additions on baseline formulation

CaZro.sCeo.,Ti07. Sample C: no CaF,, Sample L: 0.6 wt. % CaF,, Sample M: 0.3 wt. % CaF..
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Characterisation of the CaF, glass-ceramic samples by SEM-EDX confirmed the
microstructures were congruent with the baseline equivalent samples, as shown in Figure
6.16, Figure 6.17 and Figure 6.18. No CeO, hotspots were observed, thus confirming better
incorporation into the glass-ceramic. The 0.3 wt. % CaF, additions achieved the same level
of CeO; incorporation as 0.6 wt. % CaF,, which provided promising evidence that the (a,n)
neutron source could be reduced, if not completely removed. No CaF, particles were

observed.

Compositional SEM-EDX analysis was attempted but unfortunately due to the low
concentrations, the °F signal could not be detected above the background, thus a full

elemental suite could not be measured and accurate quantification could not take place.

Figure 6.16: SEM-EDX maps for samples H and I: 0.6 wt. % and 0.3 wt. % CaF, additions to

baseline formulation CagpsCe2ZrTi16Alo.407.
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Figure 6.17: SEM-EDX maps for samples J and K: 0.6 wt. % and 0.3 wt. % CaF, additions to

baseline formulation Cap.9Ceo.1Zro.9Ceo.1Ti>07.
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Figure 6.18: SEM-EDX maps for samples L and M: 0.6 wt. % and 0.3 wt. % CaF; additions to

baseline formulation CaZrysCeo > Ti»07.

6.4 Discussion

Effective Ce incorporation into the zirconolite phase of HIPed glass-ceramic wasteforms has
been demonstrated. Whilst SEM-EDX evidenced that Ce was incorporated into the
zirconolite phase, an accessory Ce-rich perovskite phase also formed. The formation of the
Ce-bearing perovskite as a minor phase has been reported in the literature when
incorporating both Ce and Pu into zirconolite full ceramics and glass-ceramics [106,97,108]
and is known to readily accommodate Ce** into its structure [106,107]. Whilst perovskite is
less durable than the target zirconolite phase, the formation of this phase is preferential over
Ce** being incorporated into the glass phase. Perovskite has beneficial wasteform properties
such as durability and radiation tolerance, thus is a superior host phase for actinides over the
glass. Compared to the zirconolite the perovskite was Ce-rich, but its low abundance in all

samples meant most of the Ce was incorporated in the target zirconolite phase.
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To understand why perovskite forms we must first consider the zirconolite structure.
Zirconolite-2M is the nominal monoclinic polytype and consists of parallel planes of Ca%* and
Zr* ions alternating with parallel planes of Ti* octahedra. The Ca® ions are in 8-fold
co-ordination, the Zr* ions are in 7-fold co-ordination and the Ti#** ions are in 5- and 6-fold
co-ordination [89]. Actinides substitute for the Ca and / or Zr ions whilst charge
compensation takes place on the partially filled Ti sites. The effective ionic radii of the Ca?*
and Zr* sites are summarised in Table 6.7, along with those for Ce3*, Ce** and Pu** in each

co-ordination [93].

Table 6.7: lonic radii for different ions with respect to co-ordination number and oxidation

states. Data highlighted with an asterisk are estimated based on linear interpolation.

lonic Radii (A)
o0 1" 12fold | 8fold | 7-fold | 6-fold
ce* | 114 097 | 092* | 087
Ce™ | 134 1.14 1.07 1.01
Pu™ - 096 | 091* | 086
ca* | 134 112 1.06 1.00
Zr - 0.84 0.78 0.72

From the ionic radii data in Table 6.7, both Ce3* and Ce* are smaller than (or almost equal
to) the Ca ions in 8-fold co-ordination thus making their substitutions energetically
favourable within the zirconolite structure. In comparison, the size mismatch between Ce®*
and Zr in 7-fold co-ordination is approximately 37 %, making this substitution very
unfavourable. Although a better size match, Ce* is also slightly larger than the Zr site in
zirconolite. For a larger ion to displace a smaller ion from its lattice site, an increase of the
unit cell must be incurred. Such increases can lead to structural changes. Begg et al.
investigated the incorporation of Ce3* and Ce* in zirconolite full ceramics with respect to
different sintering temperatures and atmospheric conditions [97]. Successful Ce
incorporation on both the Ca and Zr sites was achieved, with a maximum loading in
zirconolite-2M of 0.2 f.u. on the Ca site and 0.4 f.u. achieved on the Zr site. Increasing Ce
substitution resulted in structural changes from zirconolite-2M to zirconolite-4M and to the
pyrochlore structure. The level of Ce detected in the zirconolite phase in the samples
discussed here, were no greater than 0.2 f.u. on the Ca-site, thus were in agreement with

Begg et al.’s results that the zirconoite-2M structure was stabilised. The ionic size mis-match
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between Ce* and the Zr lattice sites may have inhibited substitution of the Zr site, despite

successful incorporation being reported in the literature [97,98,108].

A similar study by Meng et al. looked at Ce substitution on both Ca and Zr sites and also
confirmed structural changes from zirconolite-2M to zirconolite-4M and to cubic pyrochlore
with increasing Ce substitutions [108]. In both studies perovskite was also reported to form
with increased substitutions or when heated under reducing conditions. The ionic radii of
Ca? and Ce* ions in 12-fold co-ordination are equal making this substitution in the
perovskite structure highly energetically favourable. Begg et al. stated that the instability of
zirconolite was directly related to the stabilisation of perovskite when heated under reducing
conditions [97]. This corresponds with the stabilisation of perovskite under the reducing

conditions in the samples generated by the canister walls and Ni powder additions.

Baseline formulation A targeted Ce* substitution on the Ca site and whilst residual CeO, was
seen, perovskite did not form in the bulk. The Ce Ls XANES data revealed some Ce3* was
present but the lack of perovskite showed the Al,O; acted as a sufficient charge compensator
and successfully retained Ce*. Potentially, perovskite was present at the canister interface
region due to the reducing effect of the canister walls, as was demonstrated in Figure 6.4 for
baseline sample D that had the same starting formulation. The canister acts to reduce the
partial oxygen pressure and promote Ce* reduction as was seen in the Ce L3 XANES data.
The reduced levels of Ca in baseline sample A may have discouraged perovskite formation,
providing no excess to form the minor phase. This may also explain why the abundance of
perovskite increased from sample B to C. Due to the Ca site substitution, samples B and C
that targeted Zr substitution, had an excess of Ca in the system and subsequent Zr deficiency.
Sample B targeted Ce3* substitution on the Ca sites as well as the Zr sites within the
zirconolite structure, which reduced the overall Ca excess and need for perovskite formation.
It is possible that the formation of the perovskite occurred after the Ca solubility limit in the
glass was reached, to accommodate the remaining excess and therefore promoted the

reduction of Ce*.

The Ce Ls XANES data confirmed the reduction of Ce*" and revealed a strong correlation
between the Ce oxidation state and the distance from the canister walls. At this small scale,

HIP canisters are known to have a reducing effect on the sample and this was evident through
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the change in microstructure at the interface [97,238,243], the colour gradient to the centre

of the canister and the variation of Ce3* : Ce* through the samples.

Due to the residual CeO, in the baseline samples and the mixed Ce3* and Ce* signals in the
XANES data, it was not possible to robustly determine the valence state of Ce in the
zirconolite phase from the available data. The SEM-EDX data collected at ANSTO allowed for
a more precise compositional analysis and from these data the valence state of Ce was
approximated and appropriate charge compensation mechanisms were proposed. Baseline
sample A was found to contain primarily Ce** with charge compensation provided by APP*
substitution on the Ti site, as targeted by the starting formulation. Samples B and C contained
Ce* with charge compensation provided primarily by the reduction of Ti*. These samples
were targeted for self-charge compensation mechanisms by stoichiometric substitutions,
however due to the preferential Ca site substitution of the Ce, an alternative mechanism was
required. The reduction of Ti for charge compensation has been observed in the literature
and is a potential mechanism in place within these samples [97,238]. Further analysis such
as diffuse reflectance spectroscopy (DRS) could help determine whether or not Ti** is present

within these samples.

Ce is commonly used as an analogue for Pu due to their similar ionic radii allowing them to
be accommodated on the same lattice sites. However, Ce is known to have its limitations as
an analogue due to its higher reduction potential than Pu [244]. Due to its lower redox
potential, the reduction of Pu* will occur less readily. Begg et al. [106] studied the
incorporation of Pu into zirconolite ceramics and reported that the Pu-doped zirconolite-2M
structure transitioned to the zirconolite-4M structure and then to a pyrochlore structure
with increasing dopant levels, as was observed with the Ce work discussed above [97]. Each
structure was only stable for small ranges of dopant levels, with the Pu substitution limit in
zirconolite-2M being 0.15 f.u. and Pu substitutions of 0.6 f.u. on the Zr site resulting in the
pyrochlore structure. Begg et al. also observed the formation of perovskite with increasing
Pu substitution. This implied the presence of trivalent Pu. Some Pu®" should be expected
when processing these glass-ceramic wasteforms but we have shown that it can be
successfully incorporated into a durable ceramic phase preferentially over the amorphous
glass phase. Similarly with controlled oxygen fugacity during consolidation the extent of Pu3*

present can be controlled and minimised.
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6.4.1 Effect of Ni

Due to the small scale HIP canisters used, the reducing effect of the canister walls was highly
prominent in the final samples. On a full scale canister (5— 10 Itr) however, these effects
would be minor compared to the bulk material in the canister. To try and mitigate against
the effect of the canister for a more representative outcome, Ni powder was added during
the packing of the canister. Alternatively, Ni canisters could have been utilised to eliminate
the effects of the stainless steel canisters completely [100]. The presence of bright Ni
hotspots in the SEM confirmed the Ni powder remained active throughout consolidation and
there were no colour gradients through the final samples. In comparison to the baseline
samples, the SEM-EDX revealed a slight increase of Ce in the glass phase. The Ni powder
acted as a reducing agent during consolidation therefore promoted Ce* reduction to Ce®*,
which is more soluble within the glass phase [240]. In agreement with the baseline samples,
the Al charge compensated sample did not form perovskite, despite the reducing conditions,
however, there was again an increase in perovskite formation from sample B to C, when
targeting the Zr site substitution. It was confirmed by SEM-EDX that the Ce was preferentially
incorporated into the ceramic phases within all samples, despite the increased solubility in
the glass phase. This is a promising result when considering the immobilisation of Pu-based

waste-streams.

6.4.2 Effect of CaF.

CaF, was originally present in some CaF; rich Pu-residue wastes. Although these wastes were
later reclassified, CaF, was believed to aid waste digestion thus was incorporated as a
precursor material in later formulations [82,143,147]. However, (a,n)-reactions are heavily
associated with light elements such as °F, which acts as a neutron source [148]. When
a-particles emitted from actinide decay come into contact with the nucleus of the °F ions, a
high energy neutron is emitted. This neutron may go on to cause structural damage through
the material and generate a neutron chain reaction. Metastable isotopes may require
stabilisation through the emission of high energy gamma rays [148,150]. These gamma
emissions increase the risk of worker dose exposures and result in the wasteform package
needing extra shielding during handling and storage. This would significantly increase the

costs incurred for each waste package prior to geological disposal. The long-term effects
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would result in the breakdown of the wasteform structure and long-term integrity due to the
chain reaction of damage through the material. The production of the high energy neutrons
will also contribute towards criticality concerns meaning the overall actinide loading capacity

of the wasteforms will be significantly reduced.

The CaF; additions in the glass-ceramics appeared to successfully improve waste digestion
with no CeO; hotspots present in the final materials unlike the equivalent baseline samples.
The same results were achieved when the amount of CaF, added was halved (0.3 wt. %), thus
the neutron source for (a,n)-reactions was reduced without any detrimental effects to the
waste incorporation. However, the results of milling in a larger volume mill pot achieved
equally successful CeO; incorporation without the addition of CaF,. Sample D attained an
equivalent phase assemblage and microstructure to the other samples and achieved almost
complete digestion of the CeO, without the addition of neutron source terms. These results
are highly promising that excellent waste incorporation into the optimised formulation can
be achieved, as well as reducing the potential occurrence of (a,n)-reactions, thus improving

the longevity of the actinide wasteform.

Calculations were performed at Sellafield Ltd. to estimate the neutron source term from
(a,n)-reactions in Pu loaded zirconolite glass-ceramic wasteforms and highlighted the impact
of lighter elements on the neutron source term of the wasteform compared to a straight
PuO; package [245]. These calculations were conducted using the Los Alamos Source-4C
software [246] and estimated the neutron source term of a straight PuO, package and a
glass-ceramic wasteform package of equal mass with varying levels of Pu incorporated. The
PuO; isotropic composition and the glass-ceramic composition used are given in Table 6.8. It
was found that a 5kg package of the glass-ceramic wasteform with 10 wt. % PuO,
incorporated, had a neutron source term 33 % higher than that of a 5 kg PuO, package. In
addition, the neutron source term scales directly with the overall mass of the package, thus
a 10 kg package with 6 wt. % PuO; was estimated to have a neutron source term 40 % higher

than a 10 kg PuO; package.
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Table 6.8: Isotropic composition of PuO, and baseline glass-ceramic composition used by

Sellafield Ltd. for (a,n) neutron source calculations in the actinide wasteforms [245].

Baseline glass-ceramic
composition with 6
wt. % Pu loading

Pu Isotropic
composition

Nuclide Wt. % Oxide Wt. %
Pu2%8 0.0808 SiO; 25.3
Pu* 76.5 Al,O; 22.8
Pu2%0 20.1 B,0s 5.0
Puz4 0.743 NazO 5.7
Pu242 0.49 Ca0o 6.2
Am?2*4 2.12 Gd,03 4.6

TiO, 9.4
Z2r0O, 10.2
CaF; 4.7
PuO, 6.0
Total 100

The neutron source term of the glass-ceramic composition used in these calculations was
estimated to be 14 times higher, per unit mass of Pu, than in PuO,. The source term for PuO;
is constructed from (o,n)-reactions and spontaneous fission [247] Comparatively, the
glass-ceramic wasteform neutron source term is totally dominated by (a,n)-reactions
between a-particles and light elements, such as O, B and F. It is the larger spread of (a,n)
interactions in the glass-ceramic that results in a larger spectrum of neutron energies, thus

resulting in the need for extra shielding of the wasteform [247].

The baseline compositions used by Sellafield Ltd. were not representative of formulations
considered for the immobilisation of Pu-residues in the UK. Comparatively, the optimised
glass-ceramic formulation developed in this study has a higher ceramic fraction, more
applicable to these waste-streams. In addition to this, the formulation work previously
discussed in Chapter 5 led to the selection of a glass composition that does not contain B,0s,
resulting in a significant reduction of the overall wasteform neutron source term, even if CaF,
remains as a digesting agent. Per atom, !B is approximately twice as effective as an (a,n)
source term than *°F, thus its removal from the starting formulation is twice as effective at

reducing the wasteform source term than removing the CaF; [150].

It was concluded by Sellafield Ltd. that the presence of B and F must have justifiable benefits

in the wasteform to warrant the increased neutron source term and additional safety
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measures for storage and transportation [245]. The results in this project have demonstrated
that both B and F can be significantly reduced / removed and successful waste incorporation
and suitable wasteform structures can still be achieved. Further work into the effect of
different milling parameters and scale up tests should be conducted to further optimise this
stage of consolidation and to ultimately remove the need for CaF, additions as a waste

digestion agent.

6.5 Conclusions

Ce doped zirconolite glass-ceramics were consolidated by hot isostatic pressing to study the
effect of different conditions on the incorporation and partitioning of Ce as a Pu surrogate.
This study has shown that multiple factors can govern the success of waste incorporation
into the glass-ceramic wasteform including, milling parameters, partial oxygen pressure

(p0Oy), formulation and additives.

The importance of milling during the sample preparation process was shown to significantly
affect the waste incorporation into the glass-ceramic. Stronger forces are generated in larger
mill pots that increase the homogenisation of the batch and reduce the overall particle size
to aid the digestion of the CeO; into the melt. Whilst the importance of milling has been
demonstrated at a small research scale and should be considered when scaling up the HIP
technology, it is not expected to be the limiting criteria for waste digestion at an industrial

scale.

A reduction of the partial oxygen pressure (p0O;) inside the canister was shown to increase
the incorporation of CeO,. The HIP canister provided a redox gradient through the sample
and facilitated the reduction of Ce* to Ce**, which was more prominent towards the edge of
the sample. At an industrial scale (5 — 10 Itr), the influence of the canister on pO, and waste
digestion in the glass-ceramic will be less significant, but the pO, may still govern the waste
digestion into the wasteform. The addition of Ni powder demonstrated the increased
incorporation of CeO; into the glass-ceramic, again by promoting the reduction of Ce*". The
increase of Ce* resulted in more Ce in the glass phase and the formation of a Ce-rich
perovskite phase. Whilst Ni can sufficiently reduce the pO; to improve CeO; incorporation, it

is not expected to have the same effect on PuO.. Pu has a higher redox potential than Ce,
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making the Pu* state more stable than Ce** under such conditions. The effect of controlled

pO; on the incorporation of PuO; is discussed in more detail in Chapter 8.

The glass-ceramic formulation had a substantial influence on the phase assemblage and
waste incorporation behaviour of the final wasteform. Whilst it has been demonstrated that
a B,0s3 and CaF; free formulation can successfully digest CeO,, the final wasteform was
affected by both the glass composition (see Chapter 5) and ceramic formulation. The
zirconolite formulation was shown to have a controlling influence on the partitioning
behaviour of Ce in the wasteform. Ce preferentially substituted on the Ca site of zirconolite
in all samples and Al,O3 acted as a sufficient charge compensator for Ce* incorporation.
However, when targeting Zr substitution, Ce reduction was increased and an accessory
perovskite phase formed. The deficiency of Zr and excess of Ca in these systems were
thought to facilitate the perovskite formation, which accommodated the majority of Ce3* in
the system. Due to the preference to immobilise Pu as Pu*, it was promising to observe
successful retention and incorporation of Ce*, as well as the accommodation of Ce3* into
ceramic phases. This study confirms the flexibility of these wasteforms to accommodate

changes in waste composition and requirements.

CaF; was investigated as an additive and was proven to improve waste digestion. Due to the
problematic (a,n)-reactions associated with *°F ions in actinide rich wasteforms, it is hoped
the use of CaF; as a precursor can be avoided. If complete removal of CaF, cannot be
achieved, this study has shown that CaF, can be reduced by 50 % and still obtain full waste
incorporation. By milling in a larger mill pot to achieve better homogenisation of the
powders, complete waste incorporation was achieved without the addition of CaF,. These
results are very promising and require further work to investigate the effect of milling
parameters on waste incorporation to achieve full optimisation of the wasteform and

processing parameters, to ultimately eliminate the need for CaF,.
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7 Chlorine contaminated Pu-residues

Zirconolite glass-ceramics for the immobilisation of Cl contaminated Pu-residues.
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7.1 Introduction

The UK holds the largest stockpile of civil separated Pu, stored as PuO,, which is projected to
exceed more than 140 tons at the end of reprocessing [11]. Current Government policy is
that UK Pu should be reused as mixed oxide (MOx) fuel in civil nuclear reactors, with any
material unsuitable for reuse immobilised and treated as a waste for geological disposal
[10,11]. At present, this policy is challenged by lack of commercial interest in MOx offtake by
reactor operators. In the event that reuse of Pu as MOx fuel cannot be delivered,
immobilisation of the stockpile will be required since regulators require conversion of PuO;

powder into an alternative passive form more suitable for long term storage [11].

Separated Pu unsuitable and uneconomic for reuse includes Pu-residues arising from early
plutonium based research and development, secondary reprocessing wastes and unused
MOx materials [18,82,179]. Powder Pu-residues are contained within PVC (polyvinyl
chloride) packaging, within stainless steel or aluminium containers. Some PVC packaging has

degraded during storage, as a result of radiogenic heating and radiolysis, which has resulted
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in chloride contamination of the PuO, [15,145]. Waste PuO, originating from reprocessing
may also have Cl present as a contaminant from the treatment process (e.g. as PuOCl) [145].
The upper bound of Cl contamination for PuO; residues is estimated at ca. 0.2 wt. %,
although with considerable uncertainty and variation between packages [146]. A zirconolite
glass-ceramic wasteform, manufactured by hot isostatic pressing has been developed as a
flexible wasteform for the immobilisation of Pu-residues and stockpile material
[16,26,100,142,144]. In this wasteform, Pu is targeted for solid solution in the zirconolite
ceramic phase, prototypically CaZrTi,Oy, and the accessory albite glass phase, prototypically
NaAlSis0s, acts to incorporate feed impurities. Zirconolite was selected as the Pu host phase
due to its known chemical durability, radiation tolerance and demonstrable retention of
actinides over geological timescales in mineral counterparts, see e.g. [235] for a
comprehensive review. We have previously demonstrated a formulation and processing
route to vyield zirconolite glass-ceramics, targeting 70 wt. % zirconolite and 30 wt. %
NaAlSisOs, with efficient Pu and Ce surrogate partitioning between zirconolite and glass
phases (100:1 and 20: 1, respectively), and only trace accessory crystalline phases (e.g.

ZrSiO., CaTiSiOs, TiO) [248,249].

Cl contamination of Pu-residues could pose a challenge to the formulated zirconolite
glass-ceramic wasteform. The zirconolite structure is not known to incorporate the chloride
anion, whereas Cl solubility in alkali / alkaline earth aluminosilicate glasses is typically less
than a few weight percent; above this threshold phase separation of an alkali or alkaline
earth chloride occurs [250-254]. In respect of the composition of the current wasteform,
phase separation of NaCl, and potentially PuCls, could be expected since there is no evidence
of solid solution formation [255]; this would clearly be undesirable given the aqueous
solubility of PuCls. In addition, Cl incorporation has been shown to result in a small, but
measureable, increase in aluminosilicate melt viscosity [256—258]. Addition of 1.1 mol. % Cl
(0.6 wt. %) in Na,0O-Ca0-Al,03-SiO> melts was reported to increase viscosity by a factor of 10
in peralkaline melts, whereas addition of 0.6 mol. % Cl (0.3 wt. %) in peraluminous melts was
reported to reduce viscosity by a factor of 3 [259]. In the context of this study, the viscosity
of the glass component will influence the kinetics of diffusion and hence zirconolite

formation.

166



The current conceptual process for HIP immobilisation of plutonium residues incorporates a
heat treatment facility to remove Cl contaminants prior to immobilisation, due to the
uncertainty of Cl behaviour within the wasteform [25]. The technology roadmap for
immobilisation could be significantly derisked if the requirement for a heat treatment plant
could be removed and satisfactory incorporation of the Cl inventory within the wasteform
assured. Consequently, a robust safety case for the wasteform should include determination
of the Cl solubility limit in the glass phase and knowledge of the impact on the desired phase
assemblage. This requires a mechanistic understanding of Cl incorporation at the molecular

scale.

More broadly, the incorporation mechanism of Cl in aluminosilicate melts is of considerable
significance for the global Cl cycle, since magmas transfer Cl from the mantle to the crust and
atmosphere, and dissolved hydrosaline liquids have an important role in subsequent ore
formation [260-262]. ClI solubility in aluminosilicate melts is known to depend on
composition, temperature and pressure [253,254,260,261]. 3Cl magic angle spinning —
nuclear magnetic resonance (MAS-NMR) studies have yielded considerable insight into Cl
incorporation mechanisms in aluminosilicate glasses. These studies have demonstrated
co-ordination of ClI™ by alkali / alkaline earth modifier cations, with no discernible evidence
for significant Al — Cl or Si — Cl bonds [261,263,264]. However, 3*Cl MAS-NMR is challenging
since ¥Cl is a spin 3/2 quadrupole nuclide, with a low resonance frequency and large
quadrupole moment, resulting in relatively broad signals [261,264]. Cl K-edge X-ray
absorption spectroscopy (XAS) has not been extensively applied to understand the speciation
of Cl in aluminosilicate glasses, no doubt due to the low energy of the Cl K-edge (2822.4 eV)
for which there are relatively few tender synchrotron X-ray beamlines. These studies are
typically constrained by the need to utilise fluorescence detection due to prohibitive sample
attenuation in transmission mode, leading to distortion of the signal by self-absorption
effects for concentrated compounds, although this can be corrected for post-measurement.
Nevertheless, Cl K-edge X-ray absorption near-edge spectroscopy (XANES) studies of CaO-
MgO-Al,03-SiO; glasses suggested a mechanism of incorporation involving CI~ co-ordinated
to Mg?* and Ca?* network modifiers [265]. Likewise, a combined XANES and EXAFS (extended
X-ray absorption fine structure) study of borosilicate glasses intended for radioactive waste

immobilisation suggested CI~ co-ordinated to Ca%* [266].
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Here, we investigate the Cl solubility limit in glass-ceramics formulated to yield 30 wt. %
Na,Al,Sis016 glass and 70 wt. % CaZrTi,O; and the effect on the phase assemblage and Pu
surrogate partitioning behaviour. Cl K-edge X-ray absorption spectroscopy (XAS) was applied
to determine the chloride speciation and incorporation mechanisms within the glass phase.
Our results demonstrate a Cl solubility limit in the aluminosilicate glass phase of
0.9 £ 0.1 wt. %, which is a factor of 4.5 times greater than the estimated Cl concentration at
the expected PuO; incorporation rate, based on the upper bound of the Cl inventory.
Consequently, from the perspective of wasteform formulation, a heat treatment plant would
not be required to reduce the Cl contamination prior to immobilisation, as in the current

conceptual process [25].
7.2 Experimental

Prototype glass-ceramics for plutonium immobilisation were formulated to a previously
optimised baseline composition, targeting 30 wt. % glass of composition Na,Al,SisO16 and
70 wt. % ceramic phase CaZrTi,05. Cl was added to the baseline formulation by replacement
of Na,O with 2NaCl, to yield nominal Cl concentrations of 0.3, 0.6, 0.9, 1.7 and 2.5 wt. %. Two
compositions were fabricated with CeO; as a PuO; surrogate, targeting incorporation as Ce*
on the Zr* site of the zirconolite (CaZrogCeoTi»07), to understand the potential association
between Ce and Cl in the phase assemblage. Powder batches to yield 50 g of the
compositions summarised in Table 7.1, were constituted from stoichiometric amounts of
SiO3, Na,Si0s, Al,03, NaCl, CaTiOs, TiO,, ZrO,, Ce0, and NaCl. Powders were milled at 500 rpm
for 30 min in a planetary mill with heptane as the milling medium (in which NaCl is insoluble).
Milled powders were calcined overnight at 600 °C before packing into the HIP canisters. The
canisters were evacuated at room temperature and baked-out at 300 °C before sealing, and

were HIPed at 1250 °C for 4 h under 103 MPa of argon gas pressure.
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Table 7.1: Compositions A — E had the same starting formulation with increasing levels of
NaCl additions. Compositions F—G targeted Ce* incorporation on the Zr site within

zirconolite.

Nominal Cl wt. %

Composition Glass-ceramic formulation (added as NaCl)

A 30 wt. % Na,Al>Sis016 0.3
70 wt. % CaZrTi, 07 )

B 30 wt. % Na,Al>Sis016 0.6
70 wt. % CaZrTi, 07 )

C 30 wt. % Na,Al>Sis016 0.9
70 wt. % CaZrTi, 07 )

D 30 wt. % Na AlSis016 1.7
70 wt. % CaZrTi, 07 )

E 30wt. % N32A|zsi5015 25
70 wt. % CaZrTi207 )

F 30 wt. % Na,Al>SisO16 0.9
70 wt. % CaZrosCep2Ti 07 )

G 30 wt. % Na,Al>Sis016 1.7
70 wt. % CaZrosCep2Ti2 07 )

Monolithic glass-ceramic specimens were ground and polished to study the microstructure
and elemental distribution using a Hitatchi TM3030 analytical scanning electron microscope
(SEM) and a Bruker Quantax energy dispersive X-ray spectrometer (EDX). Compositional
analysis was performed by powder X-ray diffraction (XRD) using a Bruker D2 PHASER

diffractometer with Cu Ka radiation (1.5418 A) and a Lynxeye position sensitive detector.

X-ray absorption spectroscopy (XAS) data were acquired on the XMAS bending magnet
beamline (BM28) at the European Research Synchrotron Radiation Facility, Grenoble, France.
The XMAS beamline was configured with a fixed exit, double crystal, Si (111)
monochromator; a rhodium coated toroidal mirror of silicon crystal focused the beam to a
spot size of 1 mm. Harmonic rejection was provided by rhodium coated pyrex mirrors [210].
Cl K-edge XAS data were acquired at room temperature in fluorescence mode, using a Vortex
Si drift detector, with the samples orientated at an incidence angle of 45° between the beam

and detector, under a helium atmosphere.

The absolute energy scale was calibrated to the L; absorption edge of a Rh reference foil set
at Ep=3004.0eV [211]. Since the XMAS beamline utilised an optically encoded

monochromator, the energy drift between scans was expected to be negligible and this was
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verified by periodic acquisition of data from the Rh reference foil. A comprehensive full
account of the specifications for soft X-ray absorption fine structure (XAFS) measurements

has been previously published [210].

Samples for XAS analysis were prepared as 6 mm pellets of a homogenous dispersion of
analyte powder in PEG (poly-ethylene-glycol) powder as a binder. Data reduction and
analysis were performed using the Athena, Artemis and Hephaestus softwares [206]. Data
acquisition and analysis were restricted to the near-edge region due to the presence of trace
Ar within the He gas environment and consequent absorption edge at 3207.0 eV [211], which
prevented reliable background subtraction for analysis of the extended X-ray absorption fine
structure. A series of 12 chemically plausible reference compounds were also analysed as
potential standards: afghanite ((Na,Ca,K)s(Si,Al)12024(SO4,Cl,CO3)5.(H,0)), brearleyite
((Ca,Na)12(Al,Fe,Ti)1403,Cly), calcium chloride (CaCl,), calcium chloride dehydrate (CaCl,H40,),
calcium  chlorosilicate  (CaSiOs), davyne  (NaiK;Ca,SisAls024(S0O4)Cly),  ellestadite
(Cas(Si04,P04,S04)3(F,0H,Cl)), eudialyte (NaisCas(Fe,Mn)sZrsSiO(0,0H,H20)3(Siz00)2(Sis027).-
(OH,Cl)2), marialite (NasAlsSis0,4Cl), scapolite ((Na,Ca)a(Al,Si)sSic024(Cl,CO3)), sodalite
(NagAleSis024Cly) and sodium chloride (NaCl).

7.3 Results

7.3.1 Clincorporation in baseline compositions

Phase assemblage and microstructure

Hot isostatic pressing of the baseline compositions in Table 7.1, produced high quality
glass-ceramics with densities above 98 % of theoretical density (Table 7.2). Powder XRD
analysis confirmed zirconolite (CaZrTi,0;) was the major crystalline phase in all samples,
Figure 7.1, with zircon (ZrSiO4), sphene (CaTiSiOs) and baddeleyite (ZrO,) present in trace
quantities (PDF cards: 01-074-0669, 00-006-0266, 01-076-6576 and 01-080-0966,
respectively). The XRD data of compositions D and E, with nominal 1.7 wt. % and 2.5 wt. %
Cl, exhibited the most intense reflection of NaCl at 26 = 31.7° (indexed as (2 0 0), PDF card:
00-005-0628), as shown in the inset of Figure 7.1. This reflection was not present in the XRD
data of compositions A — C, with lower Cl content, implying a Cl solubility of ca. 0.9 wt. % in

the aluminosilicate glass phase.
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Table 7.2: Powder mass and canister volumes before and after processing. Pycnometry

(true density) and water displacement (bulk density) measurements were used to

determine the material densification for the final HIPed materials.

Powder| Canister volume Canister Density .
ificati Density %
Composition| ™25 Before | After [densification| True | Bulk theoretical
@ | (em) | (em?) | %(208) |(g/em?) (gfem’)| ™" T
(+£0.05)| (+0.4) | (+0.4) (+£0.01)| (£0.04)| "~
A 4441 41.9 25.9 38.3 3.57 3.54 99.3
B 34.82 34.6 21.6 37.5 3.56 3.56 99.7
C 46.63 43.3 25.9 40.3 3.57 3.51 98.6
D 45.00 42.8 25.7 39.8 3.55 3.51 99.1
E 44.43 42.8 25.7 39.9 3.51 3.51 99.8
F 49.35 45.6 27.9 38.7 3.66 3.58 97.7
G 48.09 44.0 27.4 37.7 3.58 3.56 99.4
* Zirconolite : 2 3 F ' Had
- 30:70 glass : ceramic, Na,AlSi O, I m
= Baddeleyite -
Sphene
= NaCl . w
N no ;l‘ nz SI‘J :!I“ 3!‘5 3!‘5 N7 s N9
* % % b *k u * e
L2y A W L L * [l % M
Sample E - o
T‘ET I N b ok iy *E ey
Sample D " * .
T_’:"f I Wi JL!J C sk ok % flx o
Sample C - * 4
I DI (T O o % el b8
Sample B . . ~ * ok
P i P 4 NoA_E
Sample A
10 20 30 50 60 70

40
20 (degrees)

Figure 7.1: XRD data showed only minor changes to the relative intensities of minor phases

with changes to the Cl additions. The major NaCl reflection was seen as a shoulder in

sample C and was present as a peak in samples D and E, shown in the inset plot.
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SEM-EDX analysis verified the phase assemblage determined by powder XRD. The
backscattered electron (BSE) micrographs in Figure 7.2 show the microstructures were
comprised of homogeneously distributed crystallites of CaZrTi,0O;, with trace CaTiSiOs,
ZrSiO4, ZrO; and TiO,. As shown in Figure 7.3, bright ZrO, cores were observed in some
ca. 1 um sized CaZzrTi,O; crystallites, whereas some larger, ca. 10 um, crystallites showed
replacement of ZrSiO, by CaZrTi,0;. Thus, two distinctive dissolution — precipitation
reactions are evidently involved in forming CaZrTi,O7 in this system, leading to two different
crystallite sizes governed by that of the ZrO, and ZrSiO, templating phase, with inward

diffusion of Ca and Ti, from the melt (in conjunction with an outward diffusion of Si).

Sample A . e o) . Sample B

Sample C

Figure 7.2: BSE micrographs showing similar microstructures for all samples with increasing

Cl additions.
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Sample D

Figure 7.3: SEM-EDX showing the crystalline elemental distribution. NaCl hotspots are seen
in the Cl signal showing the solubility limit has been exceeded. ZrSiO, crystals surrounded
by CazZrTi,O; imply an outward diffusion mechanism of Si and an inward diffusion

mechanism of Ca and Ti from the glass phase.

To determine where Cl was located within the glass-ceramic, EDX point spectra were
acquired from the zirconolite and glass phases. These analyses, shown in Figure 7.4,
demonstrated that Cl was concentrated in the glass phase, with no evidence for Cl
incorporation in the zirconolite phase. For compositions D and E, with nominal 1.7 wt. % and
2.5wt. % Cl, EDX maps showed isolated, micron sized, association of Na and Cl, in high
concentration, as demonstrated in Figure 7.3. Such an association of Na and Cl was not
observed in compositions A — C, with lower Cl content. These data were consistent with XRD
analysis, which revealed the presence of crystalline NaCl above an apparent Cl solubility limit

of ca. 0.9 wt. % in the glass phase.

Quantitative EDX analysis of the glass phase, for each composition, was performed to
determine the Cl solubility limit. The average compositions of the glass phases are reported
in Table 7.3, determined from at least ten individual point analyses. Figure 7.5 shows the
measured Cl content of the glass phase, as a function of the expected Cl content, in wt. %. A
linear correlation between measured and expected content in the glass phase was apparent
up to 0.9wt. % Cl (see Figure 7.5), above which the measured Cl content remained

independent of the amount of Cl in the batch composition. The Cl solubility limit in the glass
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phase, estimated from the intercept of the plateau, was determined to be 0.9 + 0.1 wt. % Cl,
consistent with the phase separation of crystalline NaCl observed by XRD and SEM-EDX of
compositions D and E, with nominal 1.7 wt. % and 2.5 wt. % Cl. Below the Cl solubility limit,
the measured Cl content in the glass phase was always slightly greater than the expected Cl
content; the origin of this discrepancy is not clear, but could imply a small systematic

inaccuracy in EDX analysis.

7r SEM-EDX spectra I '. 10x zoom I

Ti

Zirconolite - Sample G

Sample E ._,\.,—//\_4

Sample D .,\__r/\w.

Sample C —/\’_‘

Sample B ,._./L

Sample A

T o T o T

1 2 3 4 5 524 26 28
Energy (keV)

Figure 7.4: SEM-EDX spectra of the glass phase confirming retention and incorporation of

Cl in the glass. The side plot isolates the Cl signal with a vertical scale 10x higher than the

main figure.
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Figure 7.5: Measured versus expected Cl signal in the glass phase. A linear dependence is
observed between the measured Cl signal and the expected Cl signal up to 0.9 wt. %
addition. Above this level the measured signal does not increase proportionally to the Cl

additions showing not all Cl is incorporated into the glass phase.
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Table 7.3: SEM-EDX analysed compositions of the glass phase of glass-ceramic compositions A - G.

Composition A

Composition B

Composition C

Composition D

Composition E

Composition F

Composition G

Oxide |\t o x Wt. % x Wt. % x Wt. % x Wt. % + Wt. % x Wt. % x
Na;0 | 104 0.7 10.4 0.7 10.7 0.7 12.1 0.7 11.4 0.7 123 0.7 12.4 0.7
ALO; | 134 0.6 145 0.8 145 0.8 15.6 0.8 16.0 0.8 173 06 14.9 08
s$io, | 52.0 2.1 50.0 1.9 488 2.1 53.5 2.1 53.4 21 58.1 2.1 56.6 1.9
210, 6.1 0.3 6.0 0.3 5.7 0.3 3.1 0.1 3.1 0.1 0.6 0.3 1.2 0.3

cl 0.4 0.1 0.9 0.1 1.0 0.1 1.0 0.1 11 0.1 1.0 0.1 11 0.1
Ccao 6.1 0.3 6.9 0.3 6.9 0.3 6.5 0.3 7.2 0.3 47 0.3 5.1 03
Tio, | 13.0 0.3 12.9 0.3 133 0.3 9.0 0.3 9.2 0.3 47 0.3 6.6 0.3
CeO; - - - - - - - - - - 0.3 0.1 0.1 0.1
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Cl K-edge X-ray Absorption Near — Edge Spectroscopy

Figure 7.6, Figure 7.7 and Figure 7.8 show the merged, background subtracted, and

normalised Cl K-edge XANES data for the glass-ceramic samples and selected reference

compounds; a three point smoothing algorithm was applied to each data set. All data from

reference compounds were corrected for self-absorption using the FLUO algorithm [267].

For reference compounds with relatively dilute Cl concentration (e.g. ellestadite, eudialyte,

sodalite, and afghanite), the impact of this correction on the relative intensity of the white

line features was marginal.
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Figure 7.6: Plot showing the normalised Cl K-edge XANES data for glass-ceramic

compositions A — E (bottom — top, respectively).
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Figure 7.7: Plot showing the merged, background subtracted and normalised Cl K-edge

XANES data for binary Cl standards.
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Figure 7.8: Plot showing the merged, background subtracted and normalised Cl K-edge

XANES data for aluminosilicate Cl reference materials.
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The XANES features of the glass-ceramics were typically damped compared to those of the
crystalline reference compounds, as shown in Figures 7.6, 7.7 and 7.8, from which we infer
that Clis located in one or more disordered environments within the amorphous glass phase,
consistent with interpretation of SEM-EDX data. Random phase coherence of scattering
paths is known to attenuate XANES features in disordered materials, relative to crystalline

counterparts [268].

The Cl K-edge XANES data of the reference compounds and glass-ceramics, shown in Figures
7.6, 7.7 and 7.8, all exhibited Eo in the range 2825.6 — 2826.8 eV, with precision + 0.2 eV
(determined as the maximum of the first derivative). Since Cl is known to be speciated as the
chloride anion in the reference compounds, the same characteristic Eo implied speciation as
CI” in the glass-ceramic materials. The XANES data of the glass-ceramics showed a small but
systemic increase in Eo with increased Cl content, from 2825.6 eV for nominal 0.3 wt. % Cl to
2826.0 eV for 2.5 wt. % Cl. Furthermore, with increased nominal Cl concentration in the
glass-ceramics, a subtle change in the white line profile was apparent in the XANES data. At
low Cl concentrations (< 0.9 wt.%), the white line was clearly composed of two distinct
features, associated with maxima at ca. 2827.9 and 2828.6 eV. Whereas, at high Cl
concentrations (> 1.7 wt.%), this distinction was no longer apparent and the features merged
to give a single maximum at 2828.6 eV. These observations suggested a subtle change in Cl
environment as a function of increasing Cl concentration. An additional, relatively sharp,
feature was apparent at 2839.1 eV in the XANES data of the glass-ceramics with nominal
1.7 wt. % and 2.5 wt. % Cl, together with two additional subtle features in the range
2833.6 — 2835.2 eV. These features were also apparent at the same energy intervals in the
XANES of the NaCl reference, from which it was inferred that a distinctive NaCl like
environment was present in these compositions. This is consistent with the analysis of XRD
and SEM-EDX data, which demonstrated phase separation of crystalline NaCl above the

solubility limit of 0.9 £ 0.1 wt. % Cl in the glass phase.

Comparison of the Cl K-edge XANES data of the glass-ceramics with those of the binary
chlorides, Figure 7.6 and Figure 7.7, did not reveal correspondence of similar characteristic
features. In addition, the Eq of the binary chlorides was typically 0.5 —1.0 eV higher than that
determined for the glass-ceramics. In contrast, the E; determined for the aluminosilicate
reference compounds, Figure 7.8, was determined to be in the narrow range

2825.5 — 2825.8 eV, comparable with that determined for the glass-ceramic materials.
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Comparison of the XANES features of aluminosilicate reference compounds and
glass-ceramic materials, demonstrated that no individual aluminosilicate compound was a
unique fingerprint for the Cl environments in the glass-ceramics. However, the XANES data
of the glass-ceramic materials evidently tracked through the XANES features of eudialyte,
sodalite, and afghanite, see Figure 7.9. This suggested that the Cl environments in these
aluminosilicate reference compounds could be plausible models for those in the
glass-ceramic materials. Furthermore, the white lines of the XANES of the aluminosilicate
reference compounds were composed of two distinct features, similar to those observed in
the glass-ceramic compounds with low nominal Cl concentration, as described above.
Overall, from this comparative interpretation of the XANES data of glass-ceramics and
reference compounds, it was concluded that Cl was incorporated as CI~ anions in the
aluminosilicate glass phase, below the Cl solubility limit, with a distribution of Cl
environments which could be approximated by a combination of those characteristic of

eudialyte, sodalite, and afghanite.
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Figure 7.9: Cl K-edge XANES data for glass-ceramic composition C (0.9 wt. % Cl) compared
against the XANES data for aluminosilicate reference materials eudialyte, sodalite and
afghanite. The glass-ceramic data had features similar to those in the reference materials

data, which implied similar Cl environments.

180



Combinatorial linear combination analysis was applied to the Cl K-edge XANES data of the
glass-ceramic materials, with the aim of identifying and quantifying representative model Cl
environments. An energy window of 2805 — 2850 eV was utilised for fitting a library of XANES
data from 12 chemically plausible reference compounds: afghanite
((Na,Ca,K)s(Si,Al)12024(S04,Cl,CO3)5.(H20)), brearleyite ((Ca,Na)i2(Al,Fe,Ti)1403,Cl;), calcium
chloride (CaCly), calcium chloride dehydrate (CaCl;H40,), calcium chlorosilicate (CaSiOs),
davyne (NaiKyCasSisAls024(S04)Cly), ellestadite (Cas(SiOs,P04,S04)3(F,0H,Cl)), eudialyte
(NaisCas(Fe,Mn)3ZrsSiO(0,0H,H,0)3(Siz09)2(Sis027)2(0OH,Cl);),  marialite  (NasAlsSis024Cl),
scapolite ((Na,Ca)(Al,Si)sSic024(Cl,CO3)), sodalite (NagAleSis024Cl;) and sodium chloride
(Nacl).

Evaluation of all possible 2'? combinations of reference data was achieved using the
combinatorial fitting tool in the Athena software [206]. The fitted weighting factors of the
reference spectra (w;) were constrained to the range 0 < w; < 1. Since it could not be assumed
that the reference library would fully account for all Cl environments in the glass-ceramic
materials, the sum of the weighting factors was not constrained to unity. The goodness of fit

was evaluated using the R-factor defined in Athena as (Equation 11):

R = ¥, (ui(obs)—py(calc))® Eq. 11
¥, (milobs))

Where N is the number of data points in the XANES spectrum, p; is normalised absorption,

and obs or calc refer to the observed and calculated p; values, respectively, at each point.

The Hamilton R-factor ratio test was applied to compare the fit with lowest R-factor to each
fit with progressively higher factors, applying a significance level of 0.05 [269]. This analysis
afforded a subset of between 4 and 20 fits which were not significantly different in terms of
goodness of fit at the 95% confidence level. The subset of fits was combined to produce a
mean weighted fit of component reference data with associated uncertainties. The resulting
mean weighted fits were characterised by four common contributions: eudialyte, sodalite,
ellestadite, and afghanite, plus NaCl for the glass-ceramics with nominal 1.7 wt. % and
2.5wt. % Cl. All other contributions, with a weighting factor much smaller than the

associated uncertainty, were not considered significant. Figure 7.10 shows the derived mean
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weighted contributions of XANES data from reference compounds used to fit the

glass-ceramics data, with associated uncertainties.

1.2

03w Swt.% Cl 1.7wt.% Cl B ac
. . WL .
0.5wt.% Cl ’ 25wt% Cl Afghanits
1.0 - T = Ellestadite
1 + Sodalite
_I_ T T + [ Eudialyte
0.8 - T
g I
$ 061 T T
] T
=
0.4 -
0.2
OO = v T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Nominal Chlorine Content (wt.% ClI)
Figure 7.10: The mean weighted contributions of XANES data from reference compounds
NaCl, afghanite, ellestadite, sodalite and eudialyte, which were used to fit the

glass-ceramics data.

Figure 7.11a and Figure 7.11b show the linear combination fits with the lowest R factor for
the glass-ceramics with nominal 0.9 wt. % and 1.7 wt. % Cl. Inspection of the fit and
difference profile showed that, although the sum of the four weighted reference data sets
(plus NaCl) provided a reasonable fit to the observed data, one or more additional
components were evidently required for a complete description. Consequently, our
interpretation of the model Cl environments present in the glass-ceramics is incomplete,
however, the adequacy of the fit enables consideration of the relative proportion of model

Cl environments, though absolute values should be treated with due caution.

Figure 7.10 shows a systematic evolution in Cl environments within the glass-ceramics with
increasing Cl concentration. At low nominal Cl concentration (< 0.9 wt. % Cl), the major
environment is described by eudialyte, with minor contributions from sodalite, afghanite and
ellestadite. At higher concentrations, the Cl environments are described by approximately
equal proportions of eudialyte, ellestadite, and sodalite, with a minor contribution from

afghanite and NaCl. The contribution of NaCl was present only in glass-ceramic compositions

182



where the nominal Cl content exceeded the solubility limit of 0.9 £ 0.1 wt. % Cl in the glass
phase, leading to phase separation of crystalline NaCl, as detected by XRD and SEM-EDX (see
section 7.3.1). The contribution of NaCl in fitting the XANES data of these compositions was
also consistent with the appearance of relatively sharp and characteristic XANES features
attributed to crystalline NaCl, and the small observed increase in Eo, due to the significantly
higher edge shift of NaCl (2826.8 eV) relative to the glass-ceramics with lower Cl
concentration (ca. 2825.6 eV). Thus, the NaCl environment identified from combinatorial
linear combination analysis is considered to be associated with crystalline phase separated

NaCl, to first order.
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Figure 7.11: Linear combination fits with the lowest R factor for glass-ceramic compositions
C and D (0.9 wt. % and 1.7 wt. % Cl, respectively). The fits show that one or more
additional, unknown Cl contributions are present in the Cl K-edge XANES data, thus, a

complete fit could not be obtained from the available data.

It should be stated that some caution should be taken when interpreting combination fits,
which can easily be over analysed. Some limitations include the difficulty in selecting and
sourcing correct standards and to know if all relevant standards have been considered. For
these materials it is also difficult to know what features are indicative of crystalline sites or

sites within amorphous regions.

7.3.2 CeO: incorporated glass-ceramic compositions

Phase assemblage and microstructure

Two glass-ceramic compositions were fabricated targeting Ce* incorporation on the Zr*

sites within zirconolite (CaZrosCeo2Ti,07). These compositions (F and G) were formulated
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with Cl content of 0.9 wt. % and 1.7 wt. % Cl, straddling the Cl solubility limit of 0.9 £ 0.1 wt.%
in the glass phase determined for the baseline compositions (A —E). Figure 7.12 and Figure
7.13 show the XRD and SEM-EDX data for the two Ce containing samples, respectively. These
data show the glass-ceramic phase assemblage and microstructure to be unchanged by
addition of CeO; to the formulation. Zirconolite (CaZrTi,O;) was obtained as the major
crystalline phase with minor accessory phases zircon (ZrSiO.), sphene (CaTiSiOs), baddeleyite
(ZrO3) and perovskite (CaTiOs, PDF card: 01-077-8911) present. The XRD data of composition
G with nominal 1.7 wt. % Cl exhibited additional reflections characteristic of NaCl, which
were not observed in the XRD data of composition F with nominal 0.9 wt. % Cl. SEM-EDX
analysis again demonstrated the partitioning of Cl exclusively to the glass phase with no
evidence of incorporation in the zirconolite phase, within precision. EDX maps revealed
phase separation of NaCl in the microstructure of composition G with nominal 1.7 wt. % Cl,
but not composition F, with nominal 0.9 wt. % Cl, in agreement with XRD data. The Cl content
of the glass phase was determined to be 0.9 + 0.1 wt.% for compositions F and G,
respectively (Table 7.3), consistent with the Cl solubility limit of 0.9 + 0.1 wt. % established
for the glass phase in the baseline compositions, and observed phase separation of NaCl

above this threshold.
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Figure 7.12: XRD data for Ce substituted CaZrTi,O; glass-ceramics with 0.9 wt. % and
1.7 wt. % Cl additions. The formation of a perovskite phase showed some Ce reduction had

taken place and is in good agreement with results for Cl-free samples [248].
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Sample F

Figure 7.13: SEM-EDX of samples F and G showing the elemental distribution. Ce was

preferentially incorporated in a perovskite phase and the zirconolite.
Cl K-edge X-ray Absorption Spectroscopy

Figure 7.14 and Figure 7.15 show the merged, background subtracted and normalised Cl
K-edge XANES data for glass-ceramics incorporating Ce as a Pu surrogate, and, separately,
data for CeOCl, CeCl; and CeCls.7H,0 reference compounds; a three point smoothing
algorithm was applied to each data set. All data from reference compounds were corrected

for self-absorption using the FLUO algorithm [267].
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Figure 7.14: Cl K-edge XANES data for the Ce-incorporated glass-ceramic samples, either
side of the identified Cl solubility limit, compared against the equivalent Ce-free

glass-ceramics.
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Figure 7.15: Plot showing the merged, background subtracted and normalised Cl K-edge

XANES data for Ce-Cl reference materials.
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The Cl XANES data of the Ce-free and Ce-incorporated glass-ceramics were very similar, as
demonstrated by the comparison in Figure 7.14, for comparable nominal Cl content. The Eo
of Ce-incorporated glass-ceramics was within the range 2825.6 —2826.8 eV, previously
established for the Ce-free glass-ceramics. The similar XANES features and Eo of the Ce-free
and Ce-incorporated glass-ceramics implies a common primary Cl speciation as the Cl™ anion
within the aluminosilicate glass phase, in agreement with SEM-EDX analysis (Table 7.3).
Nevertheless, close comparison of the XANES features of Ce-free and Ce-incorporated
glass-ceramics showed some subtle differences that suggested potentially different

proportions of component Cl environments in the counterpart materials.

Combinatorial linear combination analysis was applied to the Cl K-edge XANES data of the
Ce-incorporated glass-ceramic materials, with the aim of identifying and quantifying
component model Cl environments. The same methodology was applied as summarised in
section 7.3.1. This analysis utilised a library of XANES data from 8 reference compounds,
comprising: the four common reference compounds determined to fit the data of the Ce-free
glass-ceramic materials, namely eudialyte, sodalite, ellestadite, and afghanite; plus, NaCl,
CeOCl, CeCls, and CeCls.7H;0. Figure 7.16 shows the derived mean weighted contributions
of XANES data from reference compounds used to the fit the glass-ceramic data, with

associated uncertainties, according to the methodology described in section 7.3.1.

Figure 7.16 compares the weighted of reference compound contributions fitted to the Cl
XANES data of Ce-free and Ce-incorporated glass-ceramics. The major environments are
again of eudialyte, ellestadite, and sodalite, with a minor contribution from afghanite and
NaCl. The contribution of NaCl was present only in composition G with nominal 1.7 wt. % Cl,
for which phase separation of crystalline NaCl was detected by XRD and SEM-EDX (see
section 7.3.2). For composition F, with nominal 0.9 wt. % Cl, a minor contribution of CeCls
and trace contribution of CeOCl were required to adequately fit the XANES data, implying a

small fraction of Cl environments associated with Ce nearest neighbours.

Figure 7.17a and Figure 7.17b show the linear combination fits with the lowest R factor for
the glass-ceramics with 0.9 wt. % Cl + Ce and 1.7 wt. % Cl + Ce. Inspection of the fit and
difference profile showed that, although the sum of the 6 — 7 weighted reference data sets
provided a reasonable fit to the observed data, one or more additional components were

evidently required for a complete description. Consequently, our interpretation of the model
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Cl environments present in the glass-ceramics is incomplete, however, the adequacy of the
fit enabled consideration of the relative proportion of model Cl environments, though

absolute values should be treated with due caution.
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Figure 7.16: Comparison of the Ce-incorporated and Ce-free mean weighted contributions
of XANES data from reference compounds CeOCl, CeCls, NaCl, afghanite, ellestadite,

sodalite and eudialyte, which were used to fit the glass-ceramics data.
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Figure 7.17: Linear combination fits with the lowest R factor for glass-ceramic compositions
F and G (0.9 wt. % Cl + Ce and 1.7 wt. % Cl + Ce, respectively). The fits show that one or
more additional, unknown Cl contributions are present in the Cl K-edge XANES data, thus,

a complete fit could not be obtained from the available data.
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7.4 Discussion

Our combined XRD, SEM-EDX and XANES data demonstrated that Cl partitions exclusively to
the aluminosilicate glass phase of the zirconolite glass-ceramic formulations, below a
solubility limit of 0.9 £ 0.1 wt. % Cl. Above this threshold, phase separation of NaCl occurs,
as micron sized crystalline inclusions within the microstructure. In this study, NaCl was used
as the Cl source, although NaCl is not considered representative of the contaminant Cl
species in Pu-residues, although yet to be identified; however, its use as a Cl source is
considered justified for the purpose of establishing the Cl solubility limit in the accessory
glass phase. The phase assemblage and microstructure of the glass-ceramic formulation
proved tolerant to Cl incorporation, with zirconolite formed as the dominant phase and trace
zircon, sphene, rutile and baddeleyite present as accessory phases, independent of the Cl
content. The addition of Cl to the formulation had no impact on Ce incorporation in the
glass-ceramic materials, with Ce partitioning effectively to the zirconolite phase as intended;
Ce also partitioned to the perovskite accessory phase present in these formulations. This
behaviour is in agreement with Ce partitioning behaviour in glass-ceramic formulations

reported previously, without Cl addition [248].

Our preliminary study of PuO; incorporation in the zirconolite glass-ceramic wasteform
demonstrated that CeO, is an effective surrogate, achieving comparable partitioning
between glass and ceramic phases [249]. The expected upper limit of Cl contamination in
Pu-residue feedstock, would translate into a Cl concentration of ca. 0.4 wt. % in the
aluminosilicate glass phase, well below the solubility limit established here. The current
conceptual process for HIP immobilisation of plutonium residues incorporates a heat
treatment facility to remove Cl contaminants prior to immobilisation, due to the uncertainty
of Cl behaviour within the wasteform [25]. However, the results of this study imply that Cl
contaminated Pu-residues should not require heat treatment prior to immobilisation, since
the Cl inventory can be accommodated within the aluminosilicate glass phase, even at the
upper limit of expectations. As such, this research could contribute to the wasteform safety
case and improve the chances of these wasteforms obtaining a letter of compliance (LoC) for
treatment of Pu-residues, in accordance with RWM guidelines, by providing conservative

flexibility for accommodating changes in the waste feed and Cl solubility [270,271].
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Processing by HIP minimises the release of volatiles to those observed during the front end
pre-treatments, as the high temperature consolidation is performed in a hermetically sealed
container. This must be considered when designing and optimising the front end system in
order to minimise and accommodate the release of such volatiles [15]. Stewart et al. used
HCl and PVC as sources of Cl and reported mass losses of 50 % during a 750 °C calcination
and that these losses were both temperature and time dependant [146]. Stewart et al.
determined a Cl solubility limit of 1.4 — 1.5 wt. %, but it was not clear whether or not this
accounted for the volatile losses incurred. The glass-ceramic formulation studied by Stewart
et al. utilised a higher glass fraction of 50 wt. %. Whilst the solubility limit appeared higher
than that discussed in this study, the Cl solubility to glass fraction ratio between the two
studies were very similar; a 0.8 wt. % Cl solubility in 30 wt. % glass fraction is ca. 3 % Cl
incorporation and a 1.5wt. % Cl solubility in 50 wt. % glass fraction is also ca. 3% Cl
incorporation. This confirms excellent agreement between the results in this study and the

solubility limits reported in the literature.

These results were also in agreement with other work reported by Stewart et al. whom
performed similar experiments on zirconolite glass-ceramics and full ceramics [42,146].
Stewart et al. added Cl impurities up to 1.86 wt. % with no detrimental effects on the
wasteform structure or Ce incorporation and concluded that the expected Cl levels in the

Pu-residues would not inhibit the incorporation of Pu into the wasteform [146].

Interpretation of Cl K-edge XANES data showed Cl to be speciated as the CI™ anion, primarily
co-ordinated to Na and Ca, within the aluminosilicate glass phase, with co-existence of
several model environments characteristic of eudialyte, sodalite, ellestadite and afghanite
(plus CeCl; and CeOCl). Figure 7.10 showed an increase in sodalite and ellestadite
environments, with increased Cl concentration, at the expense of eudialyte and afghanite
environments. Below the Cl solubility limit, the dominant Cl environment is described by
eudialyte, in which Cl is co-ordinated (primarily) to 3 x Na cations, encapsulated by a
framework comprised of corner sharing SiO4, ZrOs and MO, polyhedra (n =4, 5, 6, depending
on M = Fe, Mn, Nb) [272,273]. The eudialyte structure is known to be highly flexible toward
isomorphic substitution, for example; Ca for Na, Al for Si, and Ti for Zr [272,273]. Thus, the
local Cl environment in eudialyte is a plausible model for that in the aluminosilicate glass

phase. Above the Cl solubility limit, the Cl environment is described by approximately equal
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proportion of eudialyte, sodalite and ellestadite environments. In sodalite, Cl is co-ordinated
to 4 x Na cations at the centre of tetrahedral clusters, encapsulated in an aluminosilicate
cage [274]; whereas, in ellestadite, Cl is co-ordinated to 3 x Ca cations, within a one
dimensional tunnel formed by corner sharing (5i,5)04 and CaOs polyhedra, with one short
Cl - Cl contact along the tunnel axis [275]. A minor afghanite contribution was determined
for all Cl concentrations; in the afghanite structure, there are three unique Cl environments
located within the channels of the aluminosilicate framework, each comprises Cl
co-ordinated to 2 x Ca cations [276]. These data imply the presence of four potential
environments within the aluminosilicate glass phase of the glass-ceramics, with Cl
co-ordinated to: a) 3 x Na (similar to eudialyte); b) 4 x Na (similar to sodalite); c) 2 x Ca (similar
to afghanite); and, d) 3 x Ca plus 1 Cl (similar to ellestadite); however, we cannot rule out the
presence of mixed Na / Ca environments, since these are not represented in our reference
library. From Figure 7.10, we estimate Cl is co-ordinated, on average, to 3 * 1 cations,
independent of Cl concentration (within precision). This analysis suggests Cl has an apparent
preference for co-ordination to Ca over Na, given the ratio Na,O / CaO = 1.5 on a molar basis
in the glass phase, from EDX analysis. Thus, we may conclude that Ca plays an important role
in the solubility mechanism of Cl in the glass phase, through formation of Ca — Cl bonds. At
low Cl concentrations, below the Cl solubility limit in the glass phase, the major eudialyte
environment is correlated with the highest concentration of ZrO, and TiO; in the glass phase.
The formation of sodalite and ellestadite environments at the expense of eudialyte
environments, above the Cl solubility limit, is associated with the lowest concentration of
Zr0O; and TiO; in the glass phase. Thus, the presence of network forming ZrO, and TiO; in the
glass phase also appears to be important in the solubility mechanism of Cl at low
concentration, by effectively templating the local glass network to form a eudialyte like
environment of corner sharing SiOa, ZrOs and TiO> polyhedra, encapsulating (ideally) a NasCl
cluster. The increase in sodalite environments close to and above the Cl solubility limit,

suggests that formation of NasCl clusters may be the prelude to phase separation of NaCl.

The Cl environments determined in this study are in reasonable agreement with those
identified in previous 3°Cl MAS-NMR and Cl K-edge XAS studies of aluminosilicate and
aluminoborosilicate glasses [261,263,264]. Stebbins and Du investigated Cl speciation in
sodium aluminosilicate glasses by 3°Cl MAS-NMR, including the composition NaAlSisOs +

1.5 wt. % NaCl (approximately between ideal glass composition C and D in this study) [264].
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The 3>Cl chemical shift was determined to be intermediate between NaCl and sodalite, which
was interpreted as evidence for between 4 — 6 Na nearest neighbours for Cl. Sandland et al.
reported a 3°Cl MAS-NMR study of Na,0-Ca0-SiO, glasses, and concluded from analysis of
chemical shift and quadrupolar coupling parameters, the presence of Cl environments with
Na, Ca and both Ca and Na neighbours [261]. Baasner et al. investigated Cl speciation in
peralkaline and peraluminous Na,0-Ca0-Al,0s-SiO; glasses using 3**Cl MAS-NMR [263]. For
the peralkaline compositions, most relevant to this investigation, they determined the
presence of Cl environments with Na, Ca and mixed Ca and Na neighbours, with a slight
preference of Cl for Na over Ca [263]. McKeown et al., applied Cl K-edge XAS to investigate
Cl speciation in complex aluminoborosilicate glasses, for radioactive waste immobilisation
[266]. Analysis of both XANES and EXAFS data suggested the dominant Cl environment to be
similar to that in the mineral davyne, with Cl co-ordinated to two Ca cations; an additional
CaCl, like environment, with Ca co-ordinated to 3 x Ca cations, was inferred, in compositions
with high CaO content [266]. The glass compositions studied by McKeown had

Na,O / CaO > 2.0, which implies an apparent strong preference for Ca over Na.

Our data are consistent with presence of Cl co-ordination by both Na and Ca in the
aluminosilicate glass phase of glass-ceramics, as determined by 3*Cl MAS-NMR studies of
simple Na,0-Al,03-Si0; and Na,0-Ca0-Al,03-Si0; glasses [261,263,264]. We cannot explicitly
confirm or exclude the presence of Cl co-ordination by both Ca and Na, which is not an
environment characteristic of our library of reference compounds; however, the consensus
of 3°CI MAS-NMR studies suggests this is likely. In contrast to the conclusion of these Cl
MAS-NMR studies, this investigation points to an apparent preference for Cl co-ordination
to Ca over Na in the aluminosilicate glass phases. The aluminosilicate glass phase in this
investigation also incorporates significant adventitious ZrO, and TiO,, which require charge
compensation by Na,O. Consequently, the apparent preference of Cl for co-ordination to Ca
over Na may arise from the limited availability of Na,O as a result of the requirement to
charge balance the incorporation of ZrO, and TiO.. Such a mechanism could also explain the
apparent strong preference of Cl for co-ordination to Ca rather than Na observed by
McKeown et al. [266], since the complex waste glass compositions also contain B,0; and

minor oxides which would similarly require charge compensation by Na,O.
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The addition of Ce to the glass-ceramic formulation did not change the Cl environments
determined to be present in the glass phase, although some minor variation in the
proportion of environments was observed, consistent with changes in minor oxide
concentration, see Table 7.3. The inference of a minor component of CeCl; environments
below the Cl solubility limit is intriguing. Given that association of Ce and Cl was not observed
by SEM-EDX, in contrast to phase separated NaCl, this implies Cl association with Ce within
the aluminosilicate glass phase. In CeCls, Cl is co-ordinated to 3 x Ce cations at the apex of a
flattened tetrahedron [277], whereas, in CeOCl, Cl is co-ordinated to 5 x Ce cations at the
corners of a square pyramid [278]. The contribution of the eudialyte environment for the
Ce-incorporated glass-ceramics was relatively low and consistent with the lower
concentration of ZrO, and TiO; in the glass phase (see Table 7.3). The significant contribution
of the ellestadite environment for Ce incorporated glass-ceramics again demonstrated that
Ca plays an important role in the solubility mechanism of Cl in the glass phase, through
formation of Ca — Cl bonds, consistent with the presence of minor Ca0 in the glass phase (see
Table 7.3). No significant contribution of CeCl; or CeOCl environments was required to fit the
XANES data of the Ce-incorporated glass-ceramic composition with 1.7 wt. % Cl, which is

consistent with lower Ce content in the glass phase (see Table 7.3).

Ponader et al. applied Ln L; edge XAS to investigate the interaction of lanthanides (Ln = La,
Gd, Yb) with halogens (Cl or F) in albite, sodium trisilicate, and peralkaline glasses (ideally,
NaAlSiz0s, Na,Sis07, and Nas 3AlSi;017, respectively) [279]. In fluoride containing glasses, Ln-F
complexes were formed, whereas no evidence was found for Ln-Cl complexes in chloride
containing glasses. As demonstrated by Ponader et al., the extended X-ray absorption fine
structure (EXAFS) is sufficiently sensitive to differentiate LnOg and LnClg species, due to the
large difference in phase shift arising from O and Cl backscattering atoms. Although EXAFS
data could be fitted using models involving mixed Ln-O/Cl co-ordination, the goodness of fit
was significantly lower than models involving only Ln-O co-ordination. The proportion of
Cl — Ce environments determined in our study, ca. 15 % of total, is consistent with dominant
Ln — O co-ordination in chloride bearing aluminosilicate glasses, in agreement with Ponader
et al., and is expected to be at the margin of significance in analysis of Ln L3 EXAFS data

acquired from such disordered materials.
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7.5 Conclusions

The fabrication and characterisation of glass-ceramics with Cl additions has been successfully
demonstrated and a Cl solubility of 0.9+0.1wt.% was determined within the
aluminosilicate glass phase. This solubility limit was substantially greater than the maximum
Cl levels expected in the contaminated PuO, wastes, thus confirmed that the Cl contaminants
could be sufficiently accommodated within the aluminosilicate glass matrix of the

glass-ceramic wasteform, without the requirement of waste pre-treatment.

Whilst XRD confirmed the Cl did not affect the crystalline phase assemblage of the
glass-ceramic, SEM-EDX confirmed the CeO; incorporation and partitioning behaviour was
also unaffected. SEM-EDX analysis confirmed the overwhelming partitioning of the Cl into
the glass phase, which, when coupled with the partitioning of actinides into the ceramic
phase, confirmed the stabilisation of Cl and Pu in separate phases is possible within the
wasteform. This is important to ensure the long term integrity and radionuclide retention
properties of the actinide wasteform, and further work should include leach tests to

determine if there is any effect on the samples durability as a result of the Cl present.

The Cl K-edge XANES data was consistent with the XRD and SEM-EDX data by highlighting the
presence of Cl environments similar to NaCl above the 0.9 £0.1 wt. % solubility limit.
Through combinatorial linear combination fittings against multiple reference compounds, it
was found that Cl was predominantly associated with Na and Ca within the aluminosilicate
glass matrix. This was in excellent agreement with the literature, which also reports Cl
association with Na and Ca together. Whilst such environments could not be confirmed or
denied, it was suggested that Ca-—Cl environments were preferential to Na-Cl
environments as a result of Na,O stabilising ZrO, and TiO, within the glass. These results were
in excellent agreement with previous studies and prove promising that Cl impurities will not

affect the immobilisation of Pu in these glass-ceramic wasteforms.
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8.1 Introduction

Due to the hazards associated with working with Pu and the cost of fabricating and

characterising these Pu-bearing materials, it was important to gain as much information as
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possible on the waste incorporation behaviour of the glass-ceramics through surrogate
studies, before fabricating the PuO; samples. Whilst it is essential practice to utilise inactive
actinide surrogates in research, all surrogates have their limitations. Ce has a higher
reduction potential than Pu and reduces more readily than Pu under waste processing
conditions [244,280]. Similarly, U can obtain U>* and U®" oxidation states in conditions
experienced in nuclear wasteforms, however, Pu would only obtain these oxidation states
under highly oxidising conditions [280,281]. As a result, surrogates do not always provide an
accurate representation of Pu behaviour within the target wasteform. When progressing
from inactive surrogates, such as CeO,, UO, is often used as a radioactive surrogate. This
chapter discusses the fabrication and characterisation of U-bearing HIP samples that
investigated waste incorporation and charge compensation mechanisms when targeting

different stoichiometric substitutions, before the characterisation of PuO, doped samples.

Three U doped samples were fabricated with stoichiometries chosen based on the results of
the Ce incorporation experiments discussed in Chapter 6. The samples targeted U*
substitution on either the Ca or Zr sites with appropriate charge compensation mechanisms.
One sample also included Ce0O; and targeted Ce3* incorporation. The results from Chapter 6
revealed the preferential formation of a Ce-rich perovskite phase over the incorporation of
Ce* into the zirconolite or glass phases. The CeO, was included in the U experiments to

assess the potential of Ce3* (as a Pu®* surrogate) to trigger perovskite formation.

The results from the U samples allowed for an informed decision on the choice of
composition for fabrication of the Pu samples. Before progressing to the Pu-doped HIP
samples, a cold-press and sinter sample was fabricated and characterised to evaluate the
reactivity of the PuO,. These results provided a suitable test bed of data to confirm successful

reactions and waste digestion.

The Pu HIP samples discussed are part of a five sample matrix that investigate the
fundamental mechanism of Pu partitioning in the glass-ceramic under controlled oxygen
fugacity. The same formulation will be utilised for all five Pu samples, which are to be
fabricated with different redox agents and canister materials. Whilst it is known that
glass-ceramics immobilise actinides by partitioning them into the ceramic phase, the effect
of redox conditions on the behaviour of the Pu and this partitioning mechanism, has not

been studied in detail. A recent paper by Zhang et al. discussed a similar set of Pu doped HIP
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samples, however the starting formulations utilised CaF, as a waste digesting agent [143].
Such samples were prepared via a sol gel route as opposed to the dry oxide route utilised
throughout this thesis. Zhang et al. studied the Pu valence and incorporation behaviour when
under controlled oxygen fugacity by adding Ni / NiO and Fe / FeO buffer systems [143]. The
samples discussed in this chapter are part of a bigger matrix that investigates the effect of
Ni/ NiO, Fe/FeO and Ti/TiO reducing agents and different waste loadings, on a
glass-ceramic system more suitable for Pu disposition (high ceramic fraction prepared via a
dry oxide route) and that does not contain CaF,. The work of Zhang et al. will provide an
almost direct comparison to see if there are any major discrepancies when utilising the
different preparation method and when not using CaF, as a waste digestion agent. In this

chapter, the first two Pu HIP samples of the whole five sample matrix are discussed'

8.2 Experimental

8.2.1 Uranium samples

The inactive starting precursors; CaTiOs, TiO, ZrO,, SiO,, NaySiOs; and Al,0s, were dried at
200 °C overnight prior to batching. The starting compounds were the same as those used for
all inactive samples fabricated at the UoS in order to maintain consistency. Three uranium
samples were fabricated with target stoichiometries listed in Table 8.1. Each sample was
batched at 100 g and milled in a 500 ml volume, ZrO; lined, stainless steel mill pot using a
Retsch PM 100 planetary mill. Each batch was milled with 70 ml of isopropanol for 30 min at
500 rpm with 3 min intervals every 5 min. After drying overnight, the powders were sieved

ready for transfer to the Material Fabrication Bay (MFB) where the U305 was added.

Vi The samples discussed in this chapter were consolidated and analysed during the placement at
ANSTO. The collaboration with ANSTO continues to fabricate and characterise the remaining samples
of the whole matrix.
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Table 8.1: Target stoichiometries for the U containing samples. All samples were

formulated with 30 wt. % glass of target composition Na,Al,Si¢O1e.

Mass for 100 g
Sample Ceramic Target Stoichiometry Precursors batch (g)
(£0.005)

CaTiOs 25.683

Zr0; 18.623
TiO, 15.088
SW-1803 CaZrogUo2Ti 07 U30s 10.606
SiO; 17.185

Na,SiOs; 6.983

Al,03 5.833

CaTiOs 20.443

ZrO, 23.162
TiO; 12.010

SW-1804 Cao,gUo,zeri1_5A|o,407 U303 10.553
SiO; 17.185

Na,SiOs; 6.983

Al,0; 9.666
CaTiOs 24.374

Zr0; 18.605

TiO, 15.827

. UsO0g 7.947

SW-1805 | (Cao.ssCeo.0s)(Zro.sUo.15Ce0.05)Ti207 CeO, 3248
SiO, 17.185

Na,SiOs 6.983

Al,0; 5.833

Us0g was selected as the uranium source due to the low reactivity of the available UO,

source. The UO; inventory at ANSTO had undergone high temperature heat treatments

making the UO; structure very stable and unreactive. The PuO; stockpile and Pu-residue

materials that we are trying to represent, have not undergone any high temperature heat

treatments and are thus highly reactive. It was therefore decided to use the Us0s compound

for its higher reactivity to assist incorporation within the glass-ceramic matrix. As such, dense

UO, pellets were voloxidised in a furnace at 700 °C for 8 h. Voloxidation is a dry heat

treatment process commonly used to separate spent fuel pellets from cladding and create a

free flowing powder [282]. The voloxidation step resulted in oxidation of the UO; pellets,

which broke down into a powder of U30s. Figure 8.1 and Table 8.2 show the Us;0g before and

after this process and the mass change observed.
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U0, pellet U,;04 powder

700°C for 8hr

Figure 8.1: UO; pellet before and after voloxidation at 700 °C for 8 h resulting in the UsOg

powder.

The U30s was weighed out for a 50 g sample and added to half of the precursor batches
(totalling 50 g of each batch). The U30g was gently mixed into the batch until a uniform colour
was achieved and the powder was transferred into ball mill pots. Each batch was ball milled
with 300 g of milling media and a sufficient amount of cyclohexane to produce a slurry during
milling. The samples were ball milled overnight for approximately 18 h. The milled powders
were washed out of the pots with more cyclohexane and were dried in a fume hood on
hot-plates set at 80 °C. The dried powders were calcined at 700 °C for 3 h under a 3.5 % Hx/N>
reducing atmosphere to convert the reactive UsOg back to UO; to obtain the U* oxidation
state, representative of Pu*. Table 8.3 summarises the mass loss observed during the

calcination process.
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Table 8.2: Increase in mass during voloxidation of the UO; pellets to Us0s. UO, pellets were heated at 700 °C for 8 h.

sample M_ass of empty Mass of pellet c:-t:)cti:II:]f:Zﬁ‘;t c:tﬁ:ti:II?-l-a:Zﬁ‘;t Mass of powder | % Mass incre:‘ase (+0.2)
crucible (g) (+0.05) (g) (£0.05) before (g) (£0.05) | after (g) (+0.05) after (g) (+0.05) (expected increase)
A 94.49 28.29 122.78 12391 29.42 3.6 (3.95)
B 75.74 30.46 106.20 106.89 31.15 2.3 (3.95)
C 67.35 26.07 93.42 94.45 27.10 4.0 (3.95)
Total 84.82 87.67

Table 8.3: Mass loss observed during the calcination step of the uranium batches. Powders were calcined at 700 °C for 3 h under 3.5 % H,/N; reducing

atmosphere. Ti powder was added after the calcination, before packing the HIP canisters.

. Mass of crucible + | Mass of powder | Mass of crucible + Mass of % Mass Loss (+0.2) | Addition: 2 wt. %
Mass of crucible .
Sample (2) (40.05) powder before (g) before (g) powder after (g) | powder after (expected Ti powder (g)
ENED. (+0.05) (+0.05) (40.05) (g) (+0.05) increase) (40.05)
SW-1803 75.72 118.87 43.15 117.38 41.66 -3.5(-3.95) 0.83
SW-1804 67.35 115.31 47.96 113.54 46.19 -3.7 (-3.95) 0.92
SW-1805 94.49 140.58 46.09 138.98 44.49 -3.5(-3.95) 0.89
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The HIP canisters were fabricated from 304 stainless steel and had 316 stainless steel filters.
Three 10 g pellets were pressed and inserted into each HIP canister. Loose powder was
packed around each pellet to minimise the annular gap between the pellet and the canister
wall. The welded canisters were evacuated simultaneously at 100 °C before increasing the
bake-out temperature to 300 °C"". After cooling overnight the canisters were crimped and
sealed. The total evacuation and bake-out period was 48 h with a final vacuum pressure of

20 mTorr achieved.

The canisters were loaded into an alumina crucible placed inside ANSTO’s Activity
Containment Overpack (ACOP) designed to contain any free radioactive powders in the event
of a ruptured canister [283,284]. The ACOP (discussed in Chapter 9) was loaded into the
centre of the molybdenum furnace. The HIP used was an AIP10-30H model with a working
zone of 15 x 30 cm. The structure of the HIP and loading / unloading process was the same
as the smaller HIP at UoS except with an automated top-loader to lift the top screw head.

The samples were HIPed at 1250 °C under 100 MPa of pressure for 4 h.

Analysis

Figure 8.2 shows a U HIP canister before and after consolidation and Table 8.4 summarises
the dimensional changes and densifications achieved. The HIP canisters were sectioned on a
slow saw using a low concentration diamond blade to retrieve monolith samples for SEM and
XRD. XRD samples were prepared to a P500 grit finish for a flat and uniform finish. Each
sample was characterised on a BRUKER D8 Advance diffractometer between 10° < 28 < 80°
for 20 h, with Cu Ka radiation (1.5418 A). SEM samples were cold mounted in epoxy resin
and set at 35 °C overnight. The sample was ground and polished from a P500 grit SiC paper,
15 um diamond paste on a hard Pellon polishing cloth, 3 um diamond paste on a silk polishing
cloth and a 1 um diamond paste finish on a synthetic velvet cloth. Each polishing step was
done with a non-polar Chemlube lubricant for 5 min at 150 rpm with 20 N of force. The

samples were carbon coated before SEM analysis. SEM data were collected on a Zeiss

Vi The 100 °C was standard bake-out procedure at ANSTO whilst the higher 300 °C bake-out condition
was consistent with the optimised procedure utilised throughout this project. Starting at the lower
temperature would not impact the final sample quality as all volatiles were removed as the
temperature was increased, but it may have increased the total bake-out period to remove the
volatiles.
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Ultraplus microscope using 15 kV accelerating voltage, at a 14 mm working distance. A
built-in Oxford Instruments X-Max 80 mm? silicon drift detector was used for semi-

guantitative compositional analysis.
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Figure 8.2: U HIP canister before and after consolidation at 1250 °C, 4 h under 100 MPa of pressure.

Table 8.4: Summary of canister dimensions before and after HIPing and the calculated densifications.

loaded HIP samples. Samples SW-1811 and SW-1812 are Pu loaded HIP samples.

Samples SW-1803, SW-1804 and SW-1805 are U

Mass . Middle Volume Mass , Middle Volume Canister
Height . . Height after . . .

Sample | before (g) before (mm) diameter displacement | after (g) (mm) diameter displacement | densification

(40.05) before (mm) | before (g/cm3) | (+0.05) after (mm) | after (g/cm3) %

SW-1803 103.43 42.9 (+0.4) 30.5(+0.2) 27 (+0.5) 103.47 37 (+1.6) 24 (+1.5) 18 (+0.5) 33 (+1)
SW-1804 104.44 42.8 (+0.3) 30.6 (+0.1) 27 (+0.5) 104.47 36 (+0.6) 23 (+1.5) 18 (+0.5) 33 (+1)
SW-1805 101.42 42.9 (+0.2) 30.5(+0.1) 27 (+0.5) 101.44 36 (+1.0) 24 (+3.2) 16 (+0.5) 41 (+1)
SW-1811 30.09 27.4 (£0.2) 17.0 (£0.1) 6.3 (£0.2) 30.10 24 (£1.4) 13.3 (£0.8) 3.9 (+£0.3) 39 (£1)
SW-1812 30.66 27.4 (£0.2) 17.0 (£0.1) 6.4 (£0.2) 30.66 13 (+1.4) 24.1 (1+0.8) 5.2 (£0.3) 18 (+1)
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8.2.2 Plutonium samples

The precursor batches were prepared in the same way as for the U batches described above.
15 g batches were prepared and milled with 12 ml of isopropanol. The dried, homogeneous
batches was weighed out for 10 g samples, to add the PuO, directly to the precursor mix.
The powders were transferred to the actinide suite for addition of the PuO; and for canister
packing, evacuation and sealing. Two waste loadings were investigated, first 5 wt. % PuO;
targeting 0.1 f.u. substitution and second, 10 wt. % PuO; targeting 0.2 f.u. substitution, see
Table 8.5.

Table 8.5: The target stoichiometry and mass of oxide precursors for a 10 g Pu doped batch,

targeting two waste loadings.

TargeF Ca(zro,9PUQ,1)TizO7 Ca(zro,gpuO,z)Tizo7
formulation:
Precursors Mass for 10g (g) (+0.005) | Mass for 10g (g) (+0.005)

SiO; 1.719 1.719

Na,SiOs 0.698 0.698
Al;03 0.583 0.583

CaTiOs 2.690 2.582
TiO; 1.558 1.517
ZrO; 2.194 1.872
PuO, 0.536 1.029

The PuO; was added to the precursors as a dry oxide powder and was mechanically stirred
to achieve homogeneity. The powders were calcined at 750 °C for 3 h in an argon
atmosphere before being pressed into pellets. A total of 5.0 g and 5.9 g of powder was used
to fill the canisters, of approximately 4 ml internal volume. The canisters were evacuated at
room temperature and at 300 °C before sealing. The canisters were sealed and
decontaminated before removal from the glovebox. The Pu samples were contained within

ANSTO’s ACOP [283,284] and HIPed at 1250 °C for 4 h under 100 MPa of pressure.

Plutonium sinter

To verify the PuO; reactivity, 0.5 g of the remaining batch material was pressed into a pellet

and sintered in a muffle furnace at 1250 °C for 4 h in an air atmosphere. The sintered sample
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was analysed by SEM and XRD, to gain information on the PuO, reactivity before processing

the larger scale HIP samples.

Analysis

Figure 8.3 shows a Pu HIP canister before and after consolidation and Table 8.4 summarises
the dimensional changes and densifications achieved. Sectioned samples were analysed by
SEM and XRD. A carbon coated, resin mounted sample, polished to a 1 um finish, was
analysed on a JEOL 6300 scanning electron microscope with a 15 kV accelerating voltage. A
Tracor Northern TN5502 energy-dispersive X-ray detector was used for semi-quantitative
compositional analysis. X-ray diffraction was conducted on a BRUKER D8 diffractometer with
Cu Ka radiation (1.5418 A). The patterns were collected over 20 h between 10° < 26 < 80°

with a 0.02° step size.

Before |

LS

Figure 8.3: Pu HIP canister before and after processing at 1250 °C for 4 h under 100 MPa of

pressure.
8.3 Results
8.3.1 Uranium samples

Powder X-ray diffraction confirmed complete voloxidation of the UO; pellets to UsOs powder
as shown in Figure 8.4. The diffuse scattering at lower angles was a result of the domed lid

used to contain the powder and avoid contamination of the XRD machine.
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Confirmation of U O, powderl

U0, PDF-card: 00-031-1424
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Figure 8.4: XRD data confirming single phase Us0z was achieved after heating at 700 °C for

8 h.

SEM and XRD showed zirconolite was the major crystalline phase in all three U doped
samples. XRD confirmed zirconolite (CaZrTi,05), rutile (TiO,) and a magneli phase (Ti3Os) were
common to all three samples (PDF-cards: 00-054-1132, 04-008-7849, 01-082-1137,
respectively). In addition, SW-1804 had minor phases; albite (NaAlSisOs), sphene (CaTiSiOs)
and uraninite (UO,) (PDF cards: 01-071-1150, 01-085-0395, 01-073-1715, respectively) and
SW-1805 had minor phases; sphene, baddeleyite (ZrO,) and perovskite (CaTiOs) (PDF-cards:
01-085-0395, 01-089-9066 and 01-089-0056, respectively).

Further study of the zirconolite peaks led to the conclusion that the zironolite-3T structure
had formed rather than the monoclinic zirconolite-2M structure. The absence of reflections
at low angles implied a lack of the zirconolite-2M structure and the presence of the
diagnostic reflection at 26 = 15.8 ° matched the zirconolite-3T PDF-card (00-054-1132). It
must be noted that due to the lack of available refined data on the structure of zirconolite-3T,
this PDF-card was only quality marked blank. That said, from the lack of peaks at low angles,
and after review of the literature [106,110,112], it was concluded that the trigonal structure

was obtained as a result of the U substitutions.
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SW-1803

Zirconolite-3T PDF card: 00-054-1132
Rutile PDF card: 04-008-7849
Magneli - Ti305 PDF card: 01-082-1137
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Figure 8.5: XRD plot of SW-1803. Major phase zirconolite-3T with minor phases; rutile

(TiO2) and magneli phase (TizOs) (PDF cards: 00-054-1132, 04-008-7849 and 01-082-1137,

respectively).

[SW-1 804'

Zirconolite-3T PDF card: 00-054-1132
Albite PDF card: 01-071-1150
Rutile PDF card: 04-008-7849

UO, PDF card: 01-073-1715
Magneli - Ti]O5 PDF card: 01-082-1137
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Figure 8.6: XRD plot of SW-1804. Major phase zirconolite-3T with minor phases; albite
(NaAlSis0g), rutile (TiO,), sphene (CaTiSiOs), uranium dioxide (UO;) and magneli phase
(TisOs) (PDF cards: 00-054-1132, 01-071-1150, 04-008-7849, 01-085-0395, 01-073-1715 and

01-082-1137, respectively).
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SW-1805)

Zirconolite-3T PDF card: 00-054-1132
Rutile PDF card: 04-008-7849

Magneli - Ti,O, PDF card: 01-082-1137

Baddeleyite PDF card: 01-089-9066
Perovskite PDF card: 01-089-0056

20 (degrees)

Figure 8.7: XRD plot of SW-1805. Major phase zirconolite-3T and minor phases; rutile
(TiO,), sphene (CaTiSiOs), magneli phase (Tiz0s), baddeleyite (Zr0O:) and perovskite (CaTiOs)
(PDF cards: 00-054-1132, 04-008-7849, 01-085-0395, 01-082-1137, 01-089-9066 and 01-
089-0056, respectively).

SEM / SEM-EDX revealed zirconolite grains uniformly distributed throughout sample
SW-1803. Large TiO; particles were observed, indicative of oxidised Ti-metal particles that
were added for redox control. Amongst the zirconolite, smaller grains of TiO, were also
identified. It was presumed that small Ti-metal particles were incorporated into the
glass-ceramic melt and precipitated as TiO; (rutile) during cooling. Such precipitation was
observed and discussed in Chapter 5. From the BSE micrographs in Figure 8.8 and EDX maps
in Figure 8.9, it was clear, excellent U incorporation was achieved (CaZro sUo.2Ti,07), with only

minor bright spots of UO, observed in some zirconolite crystals.
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SW-1803 &

Figure 8.8: BSE micrographs for SW-1803 (CaZrosUo..Ti,07). Zirconolite crystals were
uniformly distributed as the major crystalline phase, with minor TiO; crystals distributed
amongst the zirconolite grains as well as large TiO; particles from the Ti-metal added for

redox control.

Figure 8.9: SEM-EDX elementals map for SW-1803 showing clear partitioning of the U into

the zirconolite phase.

When targeting U*" substitution on the Ca site (SW-1804), AI** acted as the charge

compensator on the Ti sites. The BSE micrographs in Figure 8.10 clearly show excellent U
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incorporation, although inferior compared to sample SW-1803. The bright hotspots at the
centre of zirconolite grains, identified as UO, by SEM-EDX, were both larger and more
abundant. A few large UO, particles were also seen. These large grains are thought to be
artefacts of the voloxidation process when preparing the UsOs powders. Although XRD
confirmed the UO; pellets had been fully converted to U3Osg, one pellet still contained coarse,
hard particles that were crushed with a pestle and mortar. It is possible, some of these coarse
grains were included in the HIP sample. The effect of waste particle size on the success of
incorporation into zirconolite glass-ceramics was studied by Maddrell [154] who showed
coarser waste particles inhibited their digestion into the matrix. It should be noted however,
that the number of these large particles was few and far between thus do not give a fair

representation of the waste incorporation into the glass-ceramic formulation.

The grain size of the zirconolite crystals in SW-1804 was smaller than samples SW-1803 and
SW-1805, with some zirconolite grains sub-micron in size. Coupled with the slightly reduced
U incorporation, this indicates slower reaction kinetics in the melt. Due to the already highly
refractory glass composition (NaAlSisO16), the additional Al O3 made the melt more
refractory and resulted in an increase in viscosity. This inhibited the diffusion of elements
through the melt as well as crystal growth, thus, resulting in a finer grain size and reduced
waste digestion. SEM-EDX analysis also revealed variations in the glass phase composition.
This is further evidence that the additional Al,O3 led to reduced kinetics and diffusion rates

through the melt, resulting in a heterogeneous glass phase.
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SW-1804

Figure 8.10: BSE micrographs for SW-1804 (Cao.sUo.2ZrTi16Alo.407). Zirconolite was the major
crystalline phase and have a very fine grain size. UO; hotspots were identified showing

incomplete waste digestion.

Figure 8.11: SEM-EDX elemental maps showing residual UO; hotspots.

The microstructure and crystallite size of SW-1805 (Cao.esCe0.05Zr0.sUo.15Ce0.0sTi207) was very
similar to SW-1803. Zirconolite was again the major phase distributed uniformly throughout,
with TiO; present as a minor phase and large particles indicative of the Ti-metal additions.

SEM-EDX identified sphene as an accessory phase, which had incorporated the bulk of the

213



Ce. A minor peak in the XRD data was identified as perovskite but this was not observed in

the SEM.

SW-1805

Figure 8.12: BSE micrographs of SW-1805 (Cao.05Ce0.05Zro.sUo.15C€0.05Ti207). Zirconolite was
uniformly distributed throughout the glass-ceramic with minor phases, rutile and

Ce-doped sphene.

Figure 8.13: SEM-EDX elemental maps showing the partitioning of U into the zirconolite
phase and incorporation of Ce ceramic phases sphene and zirconolite, preferentially over

incorporation into the glass phase.
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SEM-EDX data was collected for the zirconolite and glass phases in each sample, as well as
the sphene phase in SW-1805. From the EDX data, semi-quantitative compositional analysis
was done for the zirconolite phase and actinide partitioning ratios were determined between
the ceramic and glass phases. It was found that in all three samples, the U had preferentially
substituted on the Ca site. Table 8.6 summarises the calculations from the averaged
measured data and gives the final zirconolite compositions determined. Table 8.7 shows the
effective partitioning of the actinide surrogates between the glass and zirconolite phases.
Due to the small grain size in SW-1804, some Na and Si were detected in the zirconolite EDX
signal. These were assumed to be from the surrounding glass phase and were disregarded
for the compositional analysis. Oxygen is often overestimated by SEM-EDX due to the
limitations of the technique when detecting elements lighter than Na [187]. As a result of
the strongly reducing atmosphere during calcination and consolidation of the samples, it was
highly unlikely interstitial 0% ions were present in the ceramic phase. Thus, O, was assumed
to be equal to the maximum stoichiometric formula unit and the additional signal was the
associated error of the analysis technique. Due to the strongly reducing conditions during
processing, we are confident that all the U was reduced to U* and the Ce was fully reduced

to Ce*.

From the calculated compositions it was clear the U had substituted on the Ca site within the
zirconolite structure in all three samples, despite SW-1803 and SW-1805 targeting Zr site
substitution. The primary charge compensation mechanism for all three samples was
determined to be the reduction of Ti** to Ti**. Compared to SW-1803, SW-1804 incorporated
more APP* as targeted in the starting formulation, thus required less Ti** for complete charge
compensation. SW-1805 had an equal amount of Ti to SW-1803 but the lower U substitution
necessitated less Ti** charge compensation. The semi-quantitative compositions implied
possible cation vacancies present in zirconolite due to the cation A-sites not equalling the
stoichiometric A;B,0; (see Table8.6). Whilst, cation vacancies are possible, the measured

vacancies were very low and within experimental errors.
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Table 8.6: SEM-EDX compositional analysis for the U doped samples. Given in at. %. Errors

were calculated at 3x standard deviation of the raw SEM-EDX data.

SW-1803
Ca? u+ Zr Ti* Ti®* AB* 0% | Valence
(+0.56) | (+0.66) | (+1.05) | (£0.70) | (+0.70) | (£0.42) | (+0.25) | check
averaged raw data 0.55 0.28 0.88 1.73 0.04 6.52
scaled for Tiz.00 0.62 0.32 0.99 1.95 0.05 7.37
scaled oxygen error| 0.62 0.32 0.99 1.95 0.05 7.00
charge calc. 1.24 1.27 3.98 7.82 0.14 |-14.00| 0.45
Ti%* charge balance | 0.62 0.32 0.99 1.51 0.45 0.05 7.00
charge calc. 1.24 1.27 3.98 6.03 1.34 0.14 |-13.99 0
Final composition: | 0.62 0.32 0.99 1.51 0.45 0.05 7.00
SW-1804
Ca2+ U4+ Zr4+ Ti4+ Ti3+ A|3+ 02- Valence
(£0.64) | (+1.72) | (+1.66) | (+2.30) | (+2.30) | (+0.94) | (+1.44) | check
averaged raw data 0.52 0.28 0.89 1.59 0.15 6.58
scaled for Tiz.00 0.60 0.32 1.02 1.83 0.17 7.56
scaled oxygen error| 0.60 0.32 1.02 1.83 0.17 7.00
charge calc. 1.20 1.29 4.09 7.31 0.52 -14.00| 0.40
Ti®* charge balance | 0.60 0.32 1.02 1.43 0.40 0.17 7.00
charge calc. 1.20 1.29 4.09 5.73 1.19 0.52 |-14.00| 0.00
Final composition: | 0.60 0.32 1.02 143 0.40 0.17 7.00
SW-1805
ca2+ Ce3+ U4+ Zr4+ Ti4+ Ti3+ A|3+ 02- Valence
(+0.26) | (+0.82) | (+0.31) | (+0.21) | (+0.58) | (+0.58) | (+0.19) | (+0.09) | check
averaged raw data | 0.58 0.05 0.19 0.9 1.78 0.04 6.47
scaled for Tiz.00 064 | 0.05 | 0.21 | 0.99 | 1.96 0.04 | 7.11
scaled oxygen error| 0.64 0.05 0.21 0.99 1.96 0.04 7.00
charge calc. 127 | 0.16 | 0.84 | 3.96 | 7.82 0.13 |-14.00| 0.19
Ti%* charge balance | 0.64 0.05 0.21 0.99 1.77 0.19 0.04 7.00
charge calc. 127 | 0.16 | 0.84 | 396 | 7.08 | 0.56 | 0.13 |-14.00| 0.00
Final composition: | 0.64 | 0.05 | 0.21 | 0.99 | 1.77 | 0.19 | 0.04 | 7.00

Final stoichiometric compositions

SW-1803 (Cao.62U0.32)Zro.00(Ti* 1.51Ti%*0.45Al0.05) O7
SW-1804 (Cao.60U0.32)Zr1.02(Ti*1.43Ti%*0.40Al0.17) O7
SW-1805 (Cao.6aCe0.05U0.21)Zr0.99(Ti* 1.77Ti3*0.10Al0.04) O7
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Table 8.7: The measured partitioning ratios of the actinide surrogates.

Sample Zirconolite Glass Sphene | RatioZ:G | RatioZ:G:S
SW-1803 u 2.82 0.06 100:2

SW-1804 u 2.84 0.06 100:2

SW-1805 u 1.85 0.07 0.20 100:4 100:4:11
SW-1805 Ce 0.47 0.00 4.27 100:0 10:0:100

The SEM-EDX analysis revealed an overwhelming partitioning of U into the target zirconolite
phase. Both SW-1803 and SW-1804 achieved an average U partitioning ratio of 100 : 2
between the zirconolite and glass phases. SW-1805 only achieved a 100 : 4 average ratio,
which was thought to be a result of the additional Ce present and the formation of sphene.
When the sphene phase was included in the calculation, it was found that more U was
present in the sphene phase than in the glass phase. Thus, whilst the incorporation of U in
zirconolite was slightly lower than the other two samples, it was still preferentially

incorporated into the secondary ceramic phase over the amorphous glass phase.

The Ce present in SW-1805 overwhelmingly partitioned into the ceramic phases and was
predominantly incorporated into the secondary sphene phase. No Ce was detected in the
glass phase despite the reducing atmosphere, which gave partitioning ratios of 100:0
ceramic : glass and 10 : 90 zirconolite : sphene. It was interesting that the sphene phase
formed to incorporate the Ce3* and not perovskite as was observed in the Ce doped samples

in Chapter 6.

8.3.2 Plutonium sinters

XRD and SEM of Pu sinter sample Pu317-01, conducted on a polished monolith specimen,
confirmed excellent reactivity of the PuO; and precursor materials, shown in Figure 8.14 and
Figure 8.15. Zirconolite was obtained as the major crystalline phase and complete digestion
of the PuO; was achieved. The diffuse scattering was a result of the glass phase and domed
containment during characterisation to avoid contamination of the XRD equipment. The XRD
of sample Pu317-01 in Figure 8.14 shows that zirconolite-2M (PDF card: 04-007-6895) was
identified as the major phase, however reflections at low angle (26 = 15.8° and 26 = 28.8°)
were identified to be indicative of the zirconolite-3T structure (PDF card: 00-054-1132).
Minor phase NiTiOs (PDF card: 01-076-0336) was identified and was a direct result of the

oxidising atmosphere that led to the oxidation of the Ni particles during heating. Rutile (TiO;)
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may have been present as a trace phase but the (h k) reflections overlapped with other

peaks in the XRD pattern, thus could not be accurately identified.

| Pud17-01 sinter: CaZr, Pu, Ti,0, |

Zirconolite-2M PDF card: 04-007-6895
Zirconolite-3T PDF card: 00-054-1132
NiTiO, PDF card: 01-076-0336

20 (degrees)
Figure 8.14: XRD of sintered sample Pu317-01 showing zirconolite-2M as the major
crystalline phase and minor phases, zirconolite-3T and NiTiOs. (PDF cards: 04-007-6895, 00-
054-1132, 01-076-0336, respectively).

Figure 8.15: BSE micrographs of Pu sinter sample Pu317-01.

Compositional analysis of the zirconolite and glass phases confirmed preferential
incorporation of Pu into the target ceramic phase. SEM-EDX data, summarised in Table 8.8,
showed Pu substituted on the Ca site with approximate composition,

Cao.76PU0.11Na0.10Zr1.04Ti1.79Al0.04Nio.1507. It was assumed the measured Si signal was associated
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with the glass phase and was thus removed from the compositional analysis. There was a
small overall negative charge on this composition that may have been a result of
experimental error. The scanning electron microscope and EDX detector used were both very
old, which, coupled with the radiation effects of the Pu and small grain size of the
glass-ceramic, may have contributed to an accumulated experimental error. Due to the

oxidising atmosphere oxygen vacancies were very unlikely.

As a result of the oxidising atmosphere, it was assumed the Pu obtained a Pu** oxidation
state [285]. The Ni powder added for redox control would have oxidised at low temperatures
as a result of heating in air, thus was unlikely to have any influential reducing properties
within the sample. It was also unlikely that reduction of Ti** to Ti** would have occurred, so

Ti was assumed to be Ti*".

Table 8.8: SEM-EDX data for zirconolite phase in Pu317-01 sintered sample. The at. % data
was averaged and scaled to remove the Si that was assumed to be cross-contamination of
the glass phase. Semi-quantitative compositional analysis was conducted assuming Pu®

oxidation state. Errors were calculated as 3x standard deviation of the raw SEM-EDX data.

Pu317-01

Ca | Pu* | Na* r* Ti* ARt | Ni%* Si* 0% | Valence
(£0.62) | (£1.00) | (+0.91) | (£0.33) | (£1.43) | (+0.56) | (+0.64) | (+0.62) | (+0.36) | check

Zirconolitel | 7.19 | 098 | 0.64 | 9.28 | 16.68 | 0.19 | 1.33 | 0.23 | 63.47

Zirconolite2 | 6.86 | 0.99 | 096 | 9.55 (1637 | 042 | 1.21 | 0.21 | 63.43

Zirconolite3 | 6.69 | 1.02 | 1.12 9.4 |1555| 0.65 | 1.71 | 0.66 | 63.2

Average 691 | 1.00 | 0.91 | 9.41 | 16.20 | 0.42 | 1.42 | 0.37 | 63.37

Averaged raw

o 6.94 | 1.00 | 0.91 | 9.44 | 16.26 | 0.42 | 1.43 63.61
“aT';z‘iof“ 076 | 0.11 | 0.10 | 1.04 | 1.80 | 0.04 | 0.15 7.03
sca'eedrr‘:;yge“ 076 | 011 | 0.10 | 1.04 | 1.80 | 0.04 | 0.15 7.00

chargecalc. | 1.52 | 0.44 | 0.10 | 4.16 | 7.20 | 0.12 | 0.30 -14 -0.16
Final 0.76 | 0.11 | 0.10 | 1.04 | 1.80 | 0.04 | 0.15 7.00

composition:

Cao.76PUo.11N0.10Zr1.04Ti1.80Al0.0aNi0.1507
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8.3.3 Plutonium HIP sample

Results of the Pu HIP sample SW-1811 were in excellent agreement with the sintered sample.
The XRD pattern in Figure 8.16 showed zirconolite as the only crystalline phase. Due to the
lower loading of Pu at 0.1f.u., the zirconolite-2M structure was the primary polytype
stabilised and the two low angle reflections indicative of the 3T structure were present as
well. In comparison to the sintered sample (Pu317-01), the HIP sample does not contain
NiTiOs. This was a result of the reducing atmosphere during processing, which inhibited the

oxidation of the Ni powder.

SW-A811: CaZr, Pu, Ti.0 ]

Zirconolite-2M PDF card: 04-007-6895
Zirconolite-3T PDF card: 00-054-1132
Ni PDF card: 04-010-6148

20 (degrees)
Figure 8.16: XRD of the Pu HIP sample SW-1811 showing zirconolite-2M to be the major
phase with a low amount of zirconolite-3T present as well. Compared to the sinter sample
of equal composition, the NiTiO; is absent as a result of processing under reducing

conditions.

SEM confirmed a homogeneous microstructure with the single crystalline phase, zirconolite,
uniformly distributed throughout the glass matrix and large Ni particles randomly
distributed, see Figure 8.17. No PuO, hotspots were observed, thus confirming complete
incorporation of the waste oxide. SEM-EDX compositional analysis was performed on the
zirconolite phase, but due to the very fine grain size of the zirconolite, it was difficult to avoid

phase overlap. Table 8.9 summarises the semi-quantitative compositional analysis process
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from the SEM-EDX raw data and gives the resultant zirconolite composition,
Cao.80PUo.10Nao.0sZro.95Ti1.82Al0.17Ni0.0107. From the SEM-EDX data, there was an overall
negative charge to the given composition, but the results indicated that the level of Pu
substitution was in agreement with the starting formulation at 0.1 f.u., substitution took
place on the Ca site as with the previous U samples, and that charge compensation was

provided by AI** substitution on the Ti sites.

SW-1811 SW-1811

2_3um
SW-1811 SW-1811

Figure 8.17: BSE micrographs for Pu HIP sample SW-1811. Zirconolite was the only
crystalline phase identified and no PuO: hotspots confirmed complete waste

incorporation.
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Table 8.9: SEM-EDX data for the zirconolite phase in SW-1811e. The data was averaged and

scaled to remove the Si that was assumed to be cross-contamination of the glass phase.

Semi-quantitative compositional analysis was conducted assuming Pu** oxidation state.

Errors were calculated as 3x standard deviation of the raw SEM-EDX data.

SW-1811
Ca** | Pu** | Na* r* Ti* APt Niz* Si** 0% | Valence
(£0.64) | (£0.43) | (£0.44) | (£0.74) | (£0.93) | (£0.50) | (+0.22) | (+1.50) | (+0.26) | check
Zirconolite1 | 6.99 | 1.05 | 059 | 8.42 |15.75| 1.21 | 0.13 | 2.06 | 63.79
Zirconolite2 | 6.83 | 0.78 | 0.94 | 7.89 [ 15.00| 1.60 | 0.17 | 3.18 | 63.60
Zirconolite 3 | 6.48 | 0.72 | 0.70 | 7.90 | 15.49 | 1.52 | 0.00 | 3.05 | 63.78
Average | 6.77 | 0.85 | 0.74 | 8.07 | 15.41| 1.44 | 0.10 | 2.76 | 63.72
A"er:fi: aW| 696 | 0.87 | 0.76 | 8.30 | 15.85 | 1.48 | 0.10 65.53
Scﬂfz'i:“ 0.80 | 0.10 | 0.09 | 0.95 | 1.82 | 0.17 | 0.01 7.52
Sca'e:rr‘;"ryge” 0.80 | 0.10 | 0.09 | 0.95 | 1.82 | 0.17 | 0.01 7
charge cale. | 1.60 | 0.40 | 0.09 | 3.80 | 7.28 | 0.51 | 0.02 114 | -0.30
Final 080 | 0.10 | 0.09 | 095 | 1.82 | 0.17 | 0.01 7

composition:

Cap.50PUo.10Na0.09Zr0.95Ti1.82Al0.17Ni0.0107

The second Pu-bearing HIP sample targeted a higher waste loading. Sample SW-1812

targeted 0.2 f.u. Pu substitution on the Zr site; CaZrosPuoTi,O; and was again fabricated with

4wt.% Ni for controlled oxygen fugacity. The XRD data in Figure 8.18, confirmed

zirconolite-2M as the major polytype, with the zirconolite-3T (h k I) reflections at 26 = 15.8°

and 28.8° present as well. Minor phases sphene and zircon were present, unlike in sample

SW-1811 and a minor reflection at 20 = 28.4° could be attributed to PuO,. This implied

incomplete waste digestion at the higher waste loading, however, no PuO, hotspots were

observed by SEM. The SEM-EDX data again confirmed Pu incorporation into the zirconolite

phase and correlated with the higher waste loading, such that 0.22 f.u. were substituted on

the Ca site, see Table 8.10.
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SW-1812: CaZr, Pu  Ti Ot

Zirconolite-2M PDF card: 04-007-6895
Zirconolite-3T PDF card: 00-054-1132

Zircon PDF card: 01-070-7133
PuQ, PDF card: 00-041-1171

Ni PDF card: 04-010-6148

LIS B B L B L L L L L B L L B B L N B B

10 20 30 40 50 60 70
20 (degrees)

Figure 8.18: XRD of the Pu HIP sample SW-1812 showing zirconolite-2M to be the major
phase with a low amount of zirconolite-3T present as well. Compared to sample SW-1811,

additional minor phases were also present; sphene, zircon, Ni metal and PuO.,.

223



Table 8.10: SEM-EDX data for zirconolite phase in SW-1812 HIPed sample. The data was
averaged and scaled to remove the Si that was assumed to be cross-contamination of the
glass phase. Semi-quantitative compositional analysis was conducted assuming Pu*

oxidation state. Errors were calculated as 3x standard deviation of the raw SEM-EDX data.

SW-1812

Ca* | Pu* | Na* | zr* | Ti* | AP | Ni* Si* 0% | Valence
(£1.49) | (£0.73) | (£0.87) | (£1.73) | (£3.91) | (£1.00) | (£0.42) | (+4.69) | (+0.42) | check

Zirconolitel | 479 | 2.03 | 0.65 | 8.15 |15.19| 132 | 0.30 | 3.15 | 64.42

Zirconolite2 | 6.00 | 1.51 | 0.07 | 7.07 | 15.26 | 1.06 0 4.58 | 64.45

Zirconolite3 | 5.53 | 2.02 0 8.40 |17.99 | 0.52 0 0.79 | 64.73

Average 544 | 1.85 | 0.24 | 7.87 | 16.15| 0.97 | 0.10 | 2.84 | 64.53

Averaged raw

o 527 | 1.80 | 0.23 | 7.63 | 15.65 | 0.94 | 0.10 62.55
ScaT'fz‘jmf“ 0.63 | 0.22 | 0.02 | 092 | 1.88 | 0.11 | 0.01 7.51
Sca'e:rr‘;"ryge“ 063 | 022 | 002 | 092 | 1.88 | 0.11 | 0.01 7
charge calc. | 1.26 | 0.88 | 0.02 | 3.68 | 7.52 | 0.33 | 0.02 114 | -0.29
Final 063 | 022 | 002 | 092 | 1.88 | 0.11 | 0.01 7

composition:

Cao.63PUo.22Na0.02Zro.92Ti1.88Al0.11Ni0.0107

Due to the very fine grain size of the zirconolite in both SW-1811 and SW-1812, the actinide
partitioning ratio was found to be inconclusive. Calculations from the SEM-EDX data
suggested a 2 : 1 partitioning ratio between the zirconolite and glass phases in each sample,
however, significant phase overlap within these data meant a robust determination could

not be achieved.

8.4 Discussion

The U samples were fabricated and characterised to confirm the behaviour of the
glass-ceramic system with an active Pu surrogate before progressing to the PuO, samples.
Due to the radiological and safety hazards associated with working with PuO,, as well as the
expense of material and facilities, it was essential the U work was first conducted to better

ensure successful consolidation and waste incorporation with the PuO..

The three U doped samples were very successful, with almost full waste incorporation into

the glass-ceramic. As a baseline, SW-1803 achieved excellent waste incorporation into the
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zirconolite phase and a uniform microstructure throughout the glass-ceramic. Sample
SW-1804 targeted U* substitution on the Ca site with additional AlLOs; for charge
compensation. The heterogeneous glass phase, sub-micron grain size and residual UO; in the
final wasteform suggested slower kinetics during consolidation. This result was believed to
be caused by the additional Al,Os3, a refractory material that increases glass connectivity and
viscosity [47,230]. This increased viscosity was pertinent to the reduced kinetics of the melt,
which inhibited grain growth and waste digestion. Whilst the viscosity impeded waste
digestion, the SEM-EDX data proved it did not affect the partitioning of the U into the
zirconolite phase. The zirconolite SEM-EDX data was in agreement with that of SW-1803,

with a partitioning ratio of 100 : 2 between the zirconolite and glass phases.

The CeO; in sample SW-1805 was primarily incorporated into an accessory phase, sphene
(CaTiSiOs). SW-1805 had a similar microstructure and waste digestion results to sample
SW-1803, with the addition of the Ce-rich crystalline phase. The SEM-EDX data confirmed
the Ce was preferentially incorporated into the sphene phase, with low levels detected in
the glass and zirconolite phases. Whilst the U partitioning ratio between zirconolite and glass
was slightly lower than samples SW-1803 and SW-1804, the U was still preferentially

incorporated in the durable crystalline phases rather than the glass phase.

All three U samples stabilised the zirconolite-3T polytype. Zirconolite undergoes a phase
transition with increased U substitution within the lattice. Under oxidising conditions, the
monoclinic 2M structure is reported to transition to the 4M polytype at substitutions around
0.4 f.u. [106]. Under reducing conditions, the 3T structure is reported to form around 0.3 f.u.
substitutions [106,112]. Whilst there are very limited refined data available on the 3T
structure, it is believed to have a higher degree of symmetry compared to the 2M polytype
and consists of two Ca sites rather than one [110,112]. The SEM-EDX data confirmed
sufficient U incorporation had occurred to maintain the stabilisation of the 3T polytype and
implied that the substitution took place on the Ca sites. Coupled with the XRD data that had
diagnostic 3T reflections at 26 = 15.8° and 28.8°, and a lack of low angle reflections indicative
of the 2M polytype, the phase transition was confirmed and was in excellent agreement with

the literature [91,97,106,108,110,112].

Multiple charge compensation mechanisms have been discussed in the literature pertaining

to zirconolite including cation vacancies, B-site substitutions and Ti reduction [238,286]. The
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stoichiometries of each sample targeted charge compensation by either stoichiometric
substitution or APP* substitution on the Ti-sites. Due to the strongly reducing conditions
during calcination and consolidation, it was assumed sufficient conditions were exhibited to
ensure U* and Ce** valence states. The SEM-EDX data confirmed some AI** substitution and
suggested low levels of cation vacancies (< 0.1 f.u.). The combined effect of the AlI** and
cation vacancies was not enough to charge balance the full actinide inventory, thus another
mechanism must have been in effect. From the SEM-EDX compositional data it was
concluded that charge compensation was provided primarily by the reduction of Ti** to Ti*'.
This was supported by diffuse reflectance spectroscopy (DRS) where the intended U
valence(s) was unidentified due to a strong Ti®* signal that dominated any U signals present.
The low levels of cation vacancies suggested by the SEM-EDX data were within experimental
error and further analysis would be required to determine if the cation vacancies were

present or not.
8.4.1 Plutonium samples

The results from the Pu sinter sample were in excellent agreement with the HIPed samples
and proved that small scale, ambient pressure trials can be utilised to gain representative
information of HIP products before progressing to the larger scale experiments. It should be
noted that the sintered sample was highly porous due to the lack of applied pressure, but
achieved a representative phase assemblage and microstructure of the HIP samples despite

the oxidising atmosphere.

The sintered sample Pu317-1 and HIP sample SW-1811 had lower PuO; loadings than the U
samples and stabilised the zirconolite-2M structure. This was again in agreement with the
literature that the level of Pu incorporation was below that expected for the 3T structure to
be stabilised [106]. The two (h k) reflections at 26 = 15.8° and 28.8° indicative of the 3T
polytype were present in the XRD data, which indicated that the 3T polytype was present in
smaller quantities. The 4M polytype was not observed in the sintered sample despite the

oxidising conditions.

The successful consolidation of the PuO; sample SW-1811 allowed for progression to a higher
PuO; waste loading (0.2 f.u.) and the fabrication of HIP sample SW-1812. Whilst a minor peak

at 26 = 28.4° in the XRD data suggested some residual PuO, was present, no Pu hotspots
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were observed by SEM. The successful incorporation of the higher waste loading led to the
decision that all further samples would be fabricated with the higher loading to better

determine how different redox conditions affect the digestion of the PuO,.

Due to the fine microstructure of the HIPed samples, it was difficult to obtain accurate
compositional data for the zirconolite phase. The data obtained correlated well with the
expected Pu levels in the ceramic, but overlap with the glass phase made quantitative
analysis problematic. The proposed compositions had an overall negative charge, which may
have been a normalisation error. If the Ni and / or Na were not present in the ceramic, their
detection would have incorrectly adjusted the normalisation of the SEM-EDX data and
decreased the atomic percentages of higher valence elements. Further analysis on these
samples is expected to take place at ANSTO pending the arrival of a new scanning electron

microscope in the actinide facility to obtain more accurate readings.

Interestingly, from the compositional data obtained so far, there was no suggestion of charge
compensation by Ti reduction. This was in agreement with Zhang et al. who did not observe
Ti reduction in similar samples [143]. Zhang et al. processed Pu doped zirconolite
glass-ceramics by HIP under Ni / NiO and Fe / FeO reducing conditions and reported charge
compensation by AI** substitution on the Ti sites and low levels of cation vacancies [143].
The SEM-EDX data for the PuO, HIP samples discussed here also suggest cation vacancies
and Al** substitution. Thus, irrespective of the glass overlap and residual negative charge, the
HIP samples appeared to be in agreement with the literature. It is possible the Ti* charge
compensation observed in the U samples was a result of the Ti / TiO buffer system applied,
or was a discrepancy related to the actinide surrogate. The PuO, HIP samples are part of a
five sample matrix investigating the effect of partial oxygen pressure (pO,) on the
incorporation and partitioning behaviour of Pu in the glass-ceramic wasteforms.
Consolidation of the remaining samples in this matrix, which will utilise Fe / FeO and Ti / TiO
reducing atmospheres, is underway at ANSTO and will give more information with regards
to the effect of pO, on PuO; incorporation and the charge compensation mechanisms in

place within these wasteforms.

From the Ellingham diagram, Figure 8.19, it was not expected that the Ni powder would
create a pO, low enough to reduce Pu* to Pu** within the HIP samples [241,285,287]. The

Ellingham diagram is used to determine the conditions at which compounds will reduce at
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certain temperatures. According to Atlas et al. [288] (taken from [285]), at 1300 °C a pO, of
1022 atm would result in the formation of 0.1 f.u. of oxygen vacancies in PuO, (PuOiJ),
representing a reduction of 0.02 f.u. of Pu** to Pu3* (Pu*5.9sPu30.0201.9) [285]. The Ellingham
diagram shows that Ni will oxidise to NiO at pO, of ca. 107atm at 1300 °C, thus will undergo
oxidation before the reduction of PuO,. Whilst Fe is more reducing than Ni, it is also expected
to oxidise at pO, levels above 103 atm, thus may not reduce Pu [241,287]. That said,
variations of Pu valence between Ni / NiO and Fe / FeO buffered systems have been reported
in the literature [17,144]. Day et al. saw an increase in Pu®* from Ni / NiO controlled systems
to Fe / FeO controlled systems [17,144]. The results confirmed more Pu®* in the glass phase
of the Fe / FeO controlled samples, which had a direct impact on the extractability of the
actinide from the glass-ceramic [144]. These results suggest that pO; is not the only factor
controlling Pu valence and that some variation between the Ni/ NiO and Fe / FeO samples
will be observed in the sample matrix underway. It is hoped this sample matrix will give a

better understanding of how pO; affects the behaviour of Pu in these wasteforms.
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Figure 8.19: The Ellingham diagram showing the stability of different compounds in

relation to temperature and atmospheric conditions (Taken from [289]).
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8.5 Conclusions

Through the consolidation and characterisation of U and Pu doped HIP samples, this work
has demonstrated successful PuO, incorporation into the selected glass-ceramic
formulation. The use of surrogate studies was proven to give representative information on
the incorporation behaviour of actinides into glass-ceramic wasteforms, and the sintered
sample was found to produce a phase assemblage and microstructure indicative of the HIPed

wasteforms.

This work is a key advancement of the current UK experience on HIP research for Pu
disposition. Currently, the UK does not have the infrastructure to perform radioactive HIP
research, which is a major hold-up for the development of this technology for treating
radioactive wastes. This research has not only demonstrated the ability of these materials to
incorporate PuO,, it has shown that the HIP technology can be designed and operated to

successfully handle radioactive materials.
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9 Nuclearisation of a research HIP facility

During this PhD project Stephanie M. Thornber invested a significant amount of time to
upgrade and commission the University of Sheffield’s (UoS) hot isostatic press facility as the
first such research facility in the UK suitable for processing radioactive samples. This chapter
details the challenges and considerations involved and details the safety measures and
procedures implemented for safe and efficient operation. A brief timeline is given of events

that led to the approval to operate the radiological HIP facility.

Author Contribution: Stephanie M. Thornber facilitated and managed the AFIC project.
Stephanie initiated the collaborations with AIP Inc., GeoRoc Ltd. and AMEPT and contributed
to the grant proposal that secured the project funding. Stephanie co-ordinated all parties
throughout the project, drew up the costings, wrote the initial safety procedures and
documentations, sourced all items purchased and ensured all equipment was suitable for
application. Stephanie was fundamental to the delivery of this project; the installation and
commissioning of the UK’s first research HIP facility capable of processing radioactive

materials.

The nuclearisation of the research HIP facility was in collaboration with American Isostatic
Press Inc. (AIP) whom designed and manufactured the Active Furnace Isolation Chamber; a
first of a kind activity containment device that ensures complete containment of loose

radioactive material, in the event of ruptured canisters during HIPing.

Full acknowledgement must be given to; AIP/AMEPT team for the design and manufacture
of the AFIC and HIP canisters (Sam Moricca’ 3, Reggie Persaud?, Jeff Moller?, Simon Cheung?
and Michael Hatheier3); Sam Moricca® ® and Paul Heath*# installed and commissioned the
AFIC; John Lowndes” installed the second evacuation line; Laura Gardner*and Amber Mason*
for their contributions and inputs on all health and safety documentation; Martin Stennett?,
Millie Gillatt* and Neil Hyatt* as acting Radiation Protection Officers who approved all
documentation and procedures in place. The HIP upgrade was funded in-part by EPSRC under

grant EP/L014041/1 - Decommissioning, immobilisation and storage solutions for nuclear

waste inventories (DISTINCTIVE).
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IAIP Inc. 1205 South Columbus Airport Road, Columbus Ohio, 43207, USA
2GeoRoc Limited, Unit 1- Building 3, Advanced Manufacturing Park (AMP), Rotherham, S60 5WG
3AMEPT, 4/50 Campbell Street, Woonona, NSW, 2517, Australia

“Immobilisation Science Laboratory, Department of Materials Science & Engineering, The University of Sheffield,
Sir Robert Hadfield Building, Mappin Street, Sheffield S1 3JD, UK

Timeline of AFIC installation and radioactive commissioning of UoS HIP

e February 2014: Management approval granted to pursue radioactive HIP.

e August 2015: Facility maintenance requirements set out by UoS Radiation Protection
Officer.

e January 2016: Work certificate granted for uranium HIP work.

e  April 2016: Funding awarded by DISTINCTIVE EPSRC. Maintenance work to the HIP
area took place including floor resurfacing and sealing of gaps.

o October — December 2016: Purchase of all PPE, welding extraction system, HIP
canisters and AFIC furnace. Installation and commissioning of second vacuum line,
welding extraction system, and ancillary equipment.

e June 2017: Final approval of all health and safety documentation — risk assessments,
standard operating procedures, COSHH forms, spill training and transport of
radioactive material.

e July 2017: Installation of AFIC furnace and official sign-off for radioactive HIP
operation.

9.1 The risks and the implemented safeguards

There are many challenges associated with the commercialisation of HIP for nuclear waste
immobilisation. One of the major challenges is ensuring reliable containment of radioactive
materials in the event of a canister rupture during processing. Demonstrating this ability and
producing an effective operating procedure at a research scale, is a positive step towards
improving the TRL of HIP technology for nuclear waste disposal. When developing the
radiological HIP facility at the UoS it was important to ensure all risks and hazards were
mitigated to ensure the risks to operators, other laboratory users, future service engineers

and equipment were as low as reasonably achievable (ALARA).
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9.1.1 Contamination

The key risks when processing radioactive materials are the inhalation of a-particles and the
spread of contamination. At the UoS, radioactive samples are prepared in the controlled
radioactive laboratory facility on M-floor of the Sir Robert Hadfield Materials Science &
Engineering building. The samples are then transported to C-floor where the HIP facility is
located in the Quarrel Laboratory. It was important to limit the movement of radioactive
material to minimise the risk of inhalation and spread of contamination from M-floor to

C-floor, as well as during canister packing, welding, evacuation, sealing and processing.

The first level of security against contamination is provided by handling all loose radioactive
powders in a designated glovebox in the M-floor active laboratory. The batched powders are
pressed into pellets with a diameter approximately equal to the inside diameter of the HIP
canisters. By pressing pellets, no loose powder is present inside the canister or at any
subsequent stage of the HIP cycle. This helps to minimise unwanted transportation of loose

radioactive particles during the rest of the canister preparation process.

The second barrier is the HIP canister itself. Thanks to AMEPT and AIP, a new straight walled
HIP canister design has been provided to the UoS. The canisters are designed so the lids lock
into place without welding. As a result, the canister provides the first sealed containment for
transportation and allows the active samples to be treated as sealed sources after removal

from the glovebox.

The location of the UoS HIP facility means radioactive samples are transported through the
building before welding the canister lid. It was essential that all possible measures were
taken to ensure safe transportation so there was no risk to other building users and members
of the public. As already mentioned, the canister design ensures the canister lid locks into
place. For safe transportation the locked canisters are carried in an up-right position, within
a closed container. Obvious care must be taken when transporting the samples, but the
double containment strategy reduces the risk of powder release in the event the sample is

dropped to be as low as reasonably achievable.

The standard operating procedure (SOP) requires that the locked canister must not be

removed from the transport container until the operator is ready to weld. In the event of a
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failure during welding that means the sample cannot be HIPed, the canister is to be returned
to the transport container and returned to the M-floor active laboratory for suitable storage

and waste disposal.
9.1.2 Inhalation

When working with powders there is always a risk of dust inhalation. By filling the HIP
canisters with pressed powders in a glovebox, the risk of inhalation is significantly reduced.
During welding, there is potential for volatilisation or spread of powders due to the high
energy and temperature. A triple filtered welding evacuation system was put in place to draw
the welding fumes away from the operator (Figure 9.1). The triple layer filter system allows

for easy maintenance and disposal by replacement of individual layers.

HIP sample preparation station

L

|| Triple filtered
| fume extractor

Figure 9.1: Key components of the HIP sample preparation station including the triple filter

extraction unit and active evacuation line.

During welding the operator must be accompanied by a suitably qualified person (SQP) and
both must wear full personal protective equipment (PPE). PPE for radioactive HIP work is
stored away when not in use and consists of overalls, safety shoes, welding gloves, respirator
for the SQP, welding visor for the SQP and a welding visor with a built-in Adflow air-flow
respiratory system for the operator (Figure 9.2). The Adflow air-flow system supplies clean

air to the operator to eliminate the risk of inhaling the welding fumes.
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Active welding PPE
Welding visor

Safety shoes |

Figure 9.2: Operator PPE for welding radioactive HIP samples includes; welding visor with
built-in Adlfow air-flow respiratory system, protective overalls, welding gloves and safety

shoes.

9.1.3 Workstation / equipment contamination

A second evacuation line was installed on the sample preparation station for active samples
only (Figure 9.1). The original evacuation line remains inactive and is to be used for all other
samples. By having separate lines, cross-contamination of radioactive material between
samples is mitigated against and allows for easy maintenance of the inactive line. The active
line and vacuum pump, may, if required, be disposed of as contaminated materials at the
end of its service life. Integrated into the active evacuation line are sintered metal filters to
capture any particles in the line to mitigate against contamination of the vacuum pump oil.
The HIP canisters themselves also contain built-in sintered metal filters to again minimise the

risk of radioactive powder entering the evacuation line or damaging the vacuum pump.

Throughout all stages of canister preparation, wet-wipes are available for cleaning and
contamination monitoring at regular intervals during welding, evacuation, bake-out,
crimping and sealing. Before and after any active work takes place at the sample preparation

station, the surface should be wiped and monitored to ensure it is clear from contamination.
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The operator must be accompanied by a SQP during canister welding. The SQP should
monitor the operators’ hands after welding to ensure no spread of contamination across the
work bench. The SQP is also present to assist the operator in the event of an emergency or
radioactive spill incident. A fully stocked radioactive spill clean-up kit is to be present at the

HIP facility and should be accessible during all radioactive work.

After processing, HIPed samples are removed from the pressure vessel but maintained inside
the AFIC. The AFIC is then transported in a sealed container to the M-floor active laboratory
for opening in a fume hood. The HIP canisters are sectioned on a Buehler Isomet™ 1000 high
speed saw. The saw is for active samples only and is located in the M-floor active laboratory
for safe operation. Canisters are sectioned using either high concentration or low
concentration diamond blades, depending on the hardness and density of the wasteform
material inside. The monolith samples are then cold mounted in epoxy resin and ground and

polished, either manually or on active-only polishing apparatus.
9.1.4 Signage

When working with radioactive materials it is important to maintain radiation safety
standards. All measures implemented and discussed in this chapter act to minimise and
eliminate the risks associated with working with radioactive research scale HIP samples in a

University environment.

Clear, signage must be displayed warning other laboratory users of the radiological hazard
present at all times. Transport and storage containers must be labelled and clear signs must
be displayed around the HIP facility when radioactive sample preparation and HIP operations
are taking place. Once the radioactive material is returned to M-floor the signage should be
removed to indicate the area has been monitored, is clear of contamination and that the

radiological hazard is no longer present.

To minimise user dose uptake, three principles can be implemented; time, distance and
shielding. The HIP canister itself provides suitable shielding from a-irradiation. Minimising
the time around the radiation source minimises dose uptake. As such, during canister
evacuation and bake-out, it is safe practise to minimise time spent around the sample by

leaving the near vicinity. The SOP states to ensure the preparation station is in a safe and
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tidy manner, to display clear signage warning other laboratory users of the radiological
hazard present, cordon off the area and vacate. All radioactive canisters are engraved with a
serial number and the radiation trefoil symbol so that clear identification can be made and

an inventory of the material and radiation source inside can be determined.
9.1.5 Training

Only fully trained HIP users are authorised to conduct any radioactive HIP work and all work
must be authorised by a SQP. Additional training for active HIP work must include: all UoS
online radiation safety courses, full laboratory induction and relevant equipment training for
the UoS M-floor active laboratory and UoS radiation spill handling safety course. It is
imperative that no radioactive welding takes place without two people present, full PPE is

employed and a complete radioactive spill kit is present.
9.2 Active Furnace Isolation Chamber (AFIC)

All radioactive HIP samples are contained in the Active Furnace Isolation Chamber (AFIC)
during consolidation. The AFIC is designed to ensure full containment of radioactive powders
in the event of ruptured canisters during HIP processing. The O-ring sealing system is located
in the cold zone of the furnace, so does not experience high temperatures during the HIP
cycle. As a result, the O-ring seal does not degrade with each operation and provides a
reliable seal each and every time. The sealing mechanism of the AFIC ensures a tight and
secure seal that will not fail during processing and will withstand accidental dropping of the

chamber itself.

The AFIC has a two layered filter house system that captures loose powder particles, whilst
allowing gas flow in and out of the chamber. The gas flow is essential to consolidate the HIP
canister inside and not the AFIC itself. If gas cannot flow inside the chamber, the chamber
acts as a sealed vessel thus would undergo compaction / deformation, rendering it
nonoperational for further radioactive work. If gas cannot flow out of the chamber, the AFIC
would become a highly pressurised vessel that could be very dangerous and unsafe to handle
due to the risk of sudden high pressure release. The two layered filter house system is highly
effective at ensuring safe containment of loose radioactive powders but also efficiently

allows suitable gas flow in and out of the chamber, thus ensuring these events do not occur.
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The filter house is also located in the cold zone of the furnace thus does not observe
temperatures high enough to undergo oxidation. Gradual oxidation of the filters would
increase the risk of a blockage that could inhibit the gas flow through the chamber. As a
result of the innovative AFIC design, such an event is highly unlikely to occur and additional

safety measures are built-in to ensure safe and reliable operation.

The HIP canister sits inside a boron nitride crucible, which is easily removed and replaced if
required. A top cap sits over the canister and allows the chamber to be laid horizontally, or
vertically inclined, whilst keeping the HIP canister secure and avoiding damage to the crimp
seal. This enables us to insert the AFIC into a glovebox if required and also protects the

canister during transportation.

The AFIC components are protected and contained inside the chamber cover that slides over
the O-ring seal and is locked into place ready for HIPing. Figure 9.3 is a picture of the whole
AFIC system with the major components labelled. The UoS was supplied with two chamber
covers; one fabricated from 310 stainless steel suitable for temperatures up to 1150 °C and
a second made of APMT alloy (advanced powder metallurgical Fe-Cr-Al-Mo alloy) suitable for
temperatures up to 1300 °C. Both chambers are certified for operations up to 200 MPa of

argon gas pressure.
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Chamber lid

HIP canister
Crucible
Filter house

O-ring seal

Figure 9.3: Image showing the major components of the AFIC system.

The assembled AFIC sits in the centre of a specially designed Mo furnace. The schematic in
Figure 9.4 demonstrates the loading of the AFIC and the subsequent location of the HIP
canister during the HIP cycle. AIP Inc. have designed the AFIC to be user friendly, making
loading and unloading simple for operation in radioactive environments (fume hood or

glovebox) and easy disassembly for decontamination and maintenance.

Therm
Barrier

Figure 9.4: Schematic of the AFIC loading process into the HIP furnace. (Courtesy of AIP

Active
Furnace
Isolation

Chamber

Furnace

Inc.)
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To ensure safe operation of the AFIC, the cycle recipes for active HIP cycles at the UoS are
more conservative than the standard cycles used for inactive samples to date. Short
intermittent dwell(s) during the ramp to temperature are included to allow for pressure and
temperature equilibrium between the pressure vessel, furnace and AFIC. The delay for the
AFIC to achieve the set-point conditions is not of huge concern and these dwells are not
essential for successful operation, however, their incorporation into the UoS standard active
HIP cycle recipe was to avoid unnecessary damage to the AFIC and to ensure the samples
experience the target processing conditions. Such dwells are only included for high

temperature (< 900 °C) or high pressure (< 50 MPa) HIP cycles.
9.3 Radioactive test sample

A UO; bearing glass-ceramic sample was fabricated following the standard operating
procedure. The formulation of the glass-ceramic targeted U** incorporation on the Zr site,
CaZrosUo,Ti207, with 30 wt. % of Na,Al:SisO16 glass. A total batch of 30 g was prepared in six
individual 5 g batches, summarised in Table 9.1. The batch was milled in three lots of 10 g

since the maximum mill pot size available for radioactive samples was 45 ml.

Table 9.1: Batch summary for the UO; bearing sample. A 30 g batch was prepared insix5 g

batches.
Oxide Mass for 30 g batch (g) Mass for 5 g batch (g)
(+0.005) (£0.005)
CaTiOs 7.749 1.292
TiO; 4.553 0.759
2r0; 5.619 0.937
uo; 3.079 0.513
SiO, 5.155 0.859
Na,SiO3 2.095 0.349
Al,0s 1.750 0.292
Total 30.000 5.000

The UO,; was weighed out and added to the inactive precursors, in the mill pot, inside a
glovebox. The 10 g batches were milled in 8 g of IPA for 30 mins at ca. 500 rpm. After drying
the powders at 80 °C, the mill pot was returned to the glovebox where the batch was
carefully removed from the milling media and mill pot. The whole batch was calcined at

700 °C for 3 h under 3.5 % H»/N, atmosphere.
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The powder was pressed into pellets and inserted into the HIP canister (Figure 9.5). A total
of 18.31 g of powder was used to fill the HIP canister. For this test sample, the annulus
around the pellets was left unfilled to observe the maximum canister deformation with just
the pressed powder. To avoid inserting loose powder inside the canister, stainless steel
collars provide an alternative method for filling the void to reduce the level of canister

deformation during HIPing.

Once packed, the canister rim was decontaminated before fixing the lid in place. The sealed
source was then decontaminated and removed from the glovebox for welding. The welded
canister was evacuated at room temperature and at 300 °C, using the radioactive vacuum

line, before crimping and sealing.

Figure 9.5: Powders were pressed into pellets inside the glovebox. The HIP canister was
packed, decontaminated and removed from the glovebox for welding, evacuation,
bake-out and sealing. Pellet press procedure: 1) Set-up of all equipment inside the
glovebox, 2) Powder added to the die through a funnel, 3) Pellet pressed under a 2 tonne
force, 4) Die inverted for pellet removal, 5) Pellet removed from the die. Canister packing
procedure: 1) Pellet transferred from the die to the HIP canister, 2) The pellet inside the
HIP canister, 3) Decontamination of the canister, 4) Canister lid fitted, 5) Final HIP canister

after evacuation and welding, ready for HIPing.

The final sealed canister was loaded into the AFIC as shown in Figure 9.6. The active furnace

was loaded into the HIP before inserting the AFIC chamber. Figure 9.7 summarises the
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applied HIP cycle recipe that had an additional 30 min dwell at 700 °C and 13.8 MPa
(2000 psi), before ramping to the final dwell conditions of 1250 °C, 103 MPa (15,000 psi) for
4 h. The 700 °C dwell was included as a conservative step, to ensure the centre of the AFIC
chamber observed the set-point temperature before ramping to the higher temperatures.
This was a conservative step made to ensure the sample received the target processing

conditions and that no damage was inflicted to the AFIC.

Figure 9.6: The HIP canister was loaded into the AFIC, which was then loaded into the
furnace inside the HIP. 1) HIP canister inserted into the crucible, 2) Lid placed over HIP
canister to keep secure, 3) Chamber lowered over the assembly, 4-5) Locking of the
chamber to engage the O-ring seal, 6) The locked and sealed AFIC ready for HIPing, 7)
Lowering of the AFIC into the furnace inside the HIP pressure vessel, 8) AFIC secured in the

furnace inside the HIP pressure vessel.
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Figure 9.7: Schematic representation of the HIP cycle showing the additional 30 min dwell
at 700 °C, 13.8 MPa (2000 psi). The final dwell conditions were 1250 °C for 4 h under
103 MPa (15,000 psi).

Figure 9.8 shows the unloading process inside a fumehood and Table 9.2 summarises the
canister dimensions before and after processing. The sample was sectioned on a Buehler
Isomet™ 1000 high speed saw using a HC diamond blade at 975 rpm with a 500 g load. The
SEM sample was cold mounted in epoxy resin and ground and polished, by hand, toa 1 um
finish before carbon coating. SEM data was collected on a Hitachi TM3030 microscope with
an accelerating voltage of 15 keV at a working distance of 8 mm. A 1.5 mm thick cross-section
was taken from the centre of the canister and was crushed in a pestle and mortar for powder
XRD. The XRD data was collected on a Bruker D2 PHASER with Cu Ka radiation (1.5418 A)

between 10° < 20 < 70°, with a 0.02° step size, over 3 h.
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AFIC unloading procedure

Figure 9.8: The AFIC was transported from the HIP in a sealed container and was opened inside a fumehood in a controlled area. Regular monitoring was

performed during the unloading process. 1) Unlocking of the AFIC to disengage the O-ring seal, 2-3) Chamber carefully lifted and removed from the AFIC

assembly, 4) The HIP canister after processing.

Table 9.2: Canister dimensions before and after HIPing.

. Middle Volume . Middle Volume .
Mass Height . . Height . . Canister
diameter displacement | Mass after diameter | displacement e .
Sample | before (g) | before (mm) 3 after (mm) 3, | densification
(40.05) (40.02) before (mm) | before (g/cm®) | (g) (+£0.05) (40.05) after (mm) | after (g/cm?) % (+0.1)
- - (+0.02) (£0.05) - (£0.05) (+0.05) A=
A 104.38 45.32 25.99 22.20 104.45 41.30 20.15 15.16 68.3
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9.3.1 Results

The canister dimensions before and after consolidation confirmed successful densification
of the sample. The large, 68 %, volume reduction was partly a result of the annular gap
around the pellets and confirmed the canister design was suitable for operation. Regular
monitoring was conducted throughout the sample preparation process and no
contamination was detected at any stage. On opening of the AFIC, a fibrous residue was
present inside that covered the crucible and lid. The residue was not radioactive and was a
result of organic compounds decomposing from structural components that experienced the
high temperatures for the first time. The residue was not found inside the filter house or
outside the AFIC chamber, which, although not radioactive, confirmed successful

containment during the HIP cycle.

The HIPed canister was sectioned successfully and was analysed by SEM and XRD. The BSE
micrographs in Figure 9.9 show the fine microstructure of the glass-ceramic, representative
of previous samples. Coupled with the XRD data, zirconolite (CaZrTi,0;) was identified as the
major crystalline phase, with minor phases; sphene (CaTiSiOs), baddeleyite (ZrO,), rutile
(TiO,) and unincorporated uranium dioxide (UQ;). Zirconolite-2M was the main polytype
stabilised and two low angle reflections, at 26 = 15.8° and 28.8°, in the XRD data indicated
the presence of the zirconolite-3T polytype as well. UO; reflections in the XRD pattern
confirmed incomplete waste digestion and SEM revealed small particles of UO; throughout

the glass-ceramic.
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Figure 9.9: BSE micrographs showing the microstructure of the HIPed sample.
Zirconolite-2M (CaZrTi.O;) was the major crystalline phase, with minor phases;
zirconolite-3T (CazrTi.0;), baddeleyite (ZrO), rutile (TiO;), sphene (CaTiSiOs) and

unincorporated uranium dioxide (UO3).

*Zirconoliie2M AFIC test sample: CaZr, U  Ti,O

u Zirconolite-3T 0.8 0
@ Sphene

# Uranium Dioxide
= Baddeleyite

W w30 w0 o 10
20 (degrees)
Figure 9.10: XRD data confirmed zirconolite-2M was the main polytype stabilised with
minor phases; zirconolite-3T (CaZrTi.0;), sphene (CaTiSiOs), baddeleyite (ZrO,) and
uranium dioxide (UO:) (PDF cards: 04-007-6895, 00-054-1132, 01-085-0395, 01-089-9066,
01-078-0664, respectively). The UO, present confirmed complete waste incorporation was

not achieved. The SEM data revealed rutile (TiO,) was also present, but was not identified

in the XRD pattern due to peak overlap.
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SEM-EDX analysis of the zirconolite and glass phases allowed for an estimated U partitioning
ratio to be established. Despite the incomplete waste digestion, the SEM-EDX confirmed
preferential incorporation of the U into the zirconolite phase at a ratio of 100: 3,
zirconolite : glass. This was in agreement with the U samples fabricated and characterised at

ANSTO in Chapter 8.

For compositional analysis, the glass forming components were disregarded and the Ca, U,
Zr and Ti data were used to determine an approximate cation stoichiometry for the ceramic
phase. By scaling all elements for an ideal B-site stoichiometry (Tix where x=2), the cation
ratio was in line with that of zirconolite CaZrTi,0-, see Table 9.4, with a total of 3.73 cations.
The small cation deficiency was thought to be a result of the analysis method and the
assumption that no Al was present. From previous results discussed in Chapters 6 and 8, it
was assumed the cation deficiency corresponded to Al. Thus, a resultant composition of
Cao.g7Zro.70U0.16Ti2.00Al0.2707 was determined. The composition implied the U substitution took
place on the Zr site, with a near 1:1 ratio between Ca and (Zr + U), and charge balance

calculations gave an average U valence state of 4.1 (see Table 9.4).

Table 9.3: The U partitioning ratio between the zirconolite, glass and sphene phases,

calculated from the averaged at. % SEM-EDX data.

Sample Zirconolite | Glass | RatioZ:G
A u 0.37 0.01 100:3

247



Table 9.4: SEM-EDX compositional analysis of the zirconolite phase. The cation ratio
determined suggested U substitution on the Zr site to achieve a 1 : 1 ratio between Ca and

(2r + U) and an average U valence state of 4.1.

Sample A
Ca** U+ r* Ti* Na* APt Si** 0% Valence
(£0.18) | (+0.20) | (+0.43) | (+0.45) | (+0.15) | (+0.06) | (+0.12) | (+11.73) | check
A‘:farfage 203 | 037 | 164 | 469 | 126 | 050 | 1.05 | 88.45
203 | 037 | 164 | 4.69
scaled |\ 597 | 0.16 | 0.70 | 2.00
for Ti2.00
087 | 0.16 | 0.70 | 2.00 0.27
CL‘:Ircge 1.74 280 | 8.00 0.81 -14.00 | -0.65
charge | 124 | 065 | 2.80 | 8.00 0.81 -14.00 0
balance

Cap.s7Zr0.70U0.16Ti2.00Al0.2707

9.3.2 Discussion

A UO; containing HIP sample was fabricated and analysed following the new SOP and safety
procedures for conducting radioactive HIP work at the University of Sheffield (UoS).
Successful fabrication and consolidation of the HIP sample was achieved and no
contamination was detected throughout the entire procedure. Not only did this confirm the
SOP was sufficient for maintaining a safe and practical operating procedure, this
demonstration provided a significant advancement of the HIP technology for processing
radioactive waste. The AFIC is a first of its kind containment device for consolidating
radioactive material in a HIP that ensures a reliable seal with repeated operation. An earlier
method of containment, known as the Activity Containment Overpack (ACOP), was designed
at ANSTO (by Salvatore Moricca) for single use operation [283,284]. The ACOP utilises a flat
flange-to-lid surface seal where a gasket is bolted secure in-between. This provides the seal
for the internal chamber of the ACOP during processing. The lid has one or more built in
filters that allow gas flow in and out of the ACOP for consolidation of the sample inside.
Whilst the ACOP design is more suitable for single use operation, it cannot be assured for a
reliable, repeatable seal each and every time. The design utilises a gasket and metal thread
seals that are located in the hot zone of the HIP and experience the full conditions of the HIP

cycle. This results in a gradual degradation of the gasket and threads with each operation.
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Overtime, a build-up of oxidation on the metal threads and sintered metal filters may render
the seal and air flow insufficient for safe operation. The ACOP design relies on human
operation to achieve the seal when affixing the lid with bolts and there is no measurable way

of determining whether or not a secure seal is achieved before processing.

In comparison, the AFIC is designed such that the filter house and O-ring seal are located in
the cold zone of the furnace, thus do not experience the high temperatures of the HIP during
processing. Thus all the seals and filters remain within (and never exceed) the design limits
as certified by the manufacturer. This minimises the degradation of the seal and filters during
operation to maintain their efficiency. The location of the filters in the cold zone of the
furnace means oxidation degradation does not occur and blockages are highly unlikely. There
are multiple layers to the filter system, such that if a blockage was to occur, the AFIC
performance would not be inhibited and there is no risk of a blockage sealing in high
pressures. The locking procedure of the AFIC ensures a complete and reliable seal, which
minimises the influence of human error when engaging the O-ring seal. The overall design of
the AFIC makes it simple and easy to operate within radioactive facilities and fits inside a
glovebox. The assembly allows for easy decontamination of all components, as well as easy

maintenance and replacement of individual parts.

The UO; test sample achieved a similar phase assemblage and microstructure to samples
discussed throughout this thesis, but did not achieve the same level of waste incorporation,
as was observed in the U samples fabricated at ANSTO (Chapter 8). The equivalent sample,
CaZrosUo,Ti, 07, fabricated at ANSTO, achieved near complete waste incorporation and single
phase zirconolite, except for accessory phases TiO; and Ti3Os that resulted from the Ti metal
powder (Figure 8.5). The incomplete waste digestion observed in the UoS sample discussed
here, may have been a result of insufficient milling or a less reactive starting reagent. The
milling equipment available for active samples could only accommodate small mill pots
(45 ml). The importance of milling for successful waste incorporation has been previously
discussed (Chapter 6) and it is possible that the forces required for complete waste digestion

were not achieved in the smaller mill pots and therefore inhibited the UO; incorporation.

In Chapter 8, the UO, was voloxidised to UsOs to increase the reagent reactivity and maximise
its incorporation into the glass-ceramic. The UO; here was not voloxidised, which may have

limited its reactivity and consequently, its incorporation into the glass-ceramic. The use of
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U30s in Chapter 8 may have facilitated the incorporation of the U by increasing its solubility
into the glass melt. Whilst the U3Os was calcined under reducing atmosphere to regain the
U* oxidation state, the degree of success of this heat treatment was not confirmed by XRD.
If the waste incorporation mechanism takes place by first incorporating the U into the glass
melt, the UO, will have a lower solubility compared to Us0g [290,291]. It is possible, despite
the reducing atmosphere during calcination, that UsOs was still present in the ANSTO
samples and was first incorporated into the glass melt, before the Ti metal acted to reduce
the U to U*. At this point the solubility of the U would decrease, resulting in the U* being
kicked out of the glass and incorporated into the zirconolite ceramic. In order to determine
if this is the case, or if the milling conditions inhibited the waste digestion, further

investigations must be conducted.

9.4 Conclusions

In collaboration with AIP and AMEPT, the first of a kind Active Furnace Isolation Chamber
(AFIC) has been installed at the University of Sheffield. The AFIC is a significant advancement
of the HIP technology for processing radioactive waste materials in the UK, by providing safe
and reliable containment during processing. It is envisaged that the research conducted in
the Immobilisation Science Laboratory at The University of Sheffield will provide useful
information on the operation and performance of the AFIC, to enable AIP and AMEPT to
further develop this innovative piece of equipment and further the technology readiness

level of hot isostatic pressing for the treatment of radioactive waste.
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10 Conclusions

This thesis was focused on the development of zirconolite glass-ceramics for the
immobilisation of the UK’s Pu-residues inventory and for the potential future treatment of
the civil separated PuO, stockpile material. The success of this study has been clearly
demonstrated in the progression of this research, through process and formulation
optimisation, inactive and low activity surrogate studies, the fabrication of PuO, loaded HIP
samples and the nuclearisation of a research HIP facility. The relevance and impact of this
work to the UK’s current plutonium management strategic plan is significant and will
contribute fundamentally to the development of HIP technology for the treatment of Pu

wastes in the UK.

The main aim of this thesis project was “to develop a high fraction zirconolite glass-ceramic
wasteform, consolidated by hot isostatic pressing, for the disposition of Pu-based higher
activity wastes within the UK”. The glass-ceramic system needed to achieve suitable waste
incorporation levels and actinide partitioning ratios, whilst reducing the overall neutron
source term of the wasteform matrix. Throughout this thesis the results have been discussed
within each chapter and this chapter will provide an overall summary of the main findings

and propose areas for further investigation.

This study has demonstrated multiple factors that govern the quality, phase assemblage and
waste incorporation behaviour of zirconolite glass-ceramic wasteforms, including;
formulation, milling parameters, pO,, and additives. To underpin the relationship between
the glass composition and glass-ceramic phase assemblage, a sample matrix was fabricated
varying both the glass composition and glass fraction. The dependence of the crystalline
phase assemblage on the glass composition was clearly demonstrated and highlighted the
sensitivity of these glass-ceramic systems to variations in the formulation. Whilst this
sensitivity can provide flexibility to the wasteform, it must be robustly understood in order
to define a suitable operational formulation window. Without this understanding it may not
be possible to build a safety case for these materials or gain the required international,
regulatory approval for these wasteforms to be accepted. That said, the flexibility of these
systems allows for minor variations in formulation to accommodate changes in waste feed

composition. It is proposed that, with sufficient waste characterisation, this would allow
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glass-ceramic formulations to be customised in order to accommodate waste variations and
impurities on a case by case basis. This might be facilitated by increasing or reducing the glass
fraction to accommodate more or less impurities, or alternatively to accommodate lower or

higher actinide loadings.

The work in this thesis led to the conclusion that the phase assemblage is largely controlled
by the glass and that certain phases act as intermediates whilst others precipitate during
cooling. The hypothesis proposed was that the phase assemblage is largely controlled by
changes to the glass structure, whereby additions of B,Os; reduced the connectivity of the
glass network thus increased the solubility of Zr. The hypothesis was supported by EPMA
compositional data that showed a reduction of Zr solubility with reduced levels of B,Os in the
formulation. To further underpin crystalline phase formation and the relevant mechanisms
involved, in-situ high temperature neutron diffraction experiments are scheduled to observe
the melt behaviour and stages of crystalline phase formation with increased time resolution.

These experiments will take place at the Oak Ridge National Laboratory (ORNL).

With an optimised formulation that maximised the yield of zirconolite and minimised the
presence of accessory phases, CeQO; incorporation experiments were conducted to
investigate the waste incorporation behaviour of the glass-ceramic. Previous formulations
have utilised CaF, to aid waste digestion, however, °F acts as a neutron source for
(a,n)-reactions within the wasteform. This thesis aimed to minimise or eliminate the need
for the CaF; in order to reduce the neutron source term of the wasteform precursor. Initial
CeO; samples did not achieve full waste incorporation and small CaF; additions were shown
to improve the digestion of CeO,. Despite the high Al,03 glass composition in the new
glass-ceramic formulation, full waste incorporation was achieved with just 0.3 wt. % CaF,
additions. This was a 50 % reduction of the CaF, compared to previous trials performed at
NNL. However, equivalent results were obtained without CaF, by milling in a larger mill pot.
The implementation of a 250 ml mill pot provided sufficient milling for complete waste
digestion. These results showed that alternative methods can improve waste digestion
without increasing the neutron source term for (a,n)-reactions. These results could remove
the need for CaF, as a digestion agents and help keep the neutron source term as low as

reasonably practical, without inhibiting the waste incorporation.
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It has also been discussed that B can act as a neutron source for (a,n)-reactions and can lead
to higher worker dose exposures, without the implementation of extra shielding. The new
baseline glass-ceramic formulation did not include B,0s, as its removal from the glass
formulation yielded better formation of zirconolite in the HIPed products. This result also led
to the subsequent elimination of the B source term for (a,n)-reactions. Results so far have
provided promising evidence that the need for CaF; could be eliminated, however, if further
research deems the advantages of CaF, out-weigh the contributing (a,n) effects, then the
removal of B,0s will still have significantly reduced the overall neutron source term of the
wasteform. In addition, the results in this thesis have demonstrated that full waste
incorporation can be achieved in the B,0; free formulation with 50 % less CaF, than has been
previously reported, thus further reducing the effective source term of the wasteform

precursor.

Effective glass-ceramic wasteforms will ideally partition actinides into the ceramic phase. The
partitioning ratios achieved throughout this thesis were found to be comparable to those
reported in the literature. The elimination of CaF, and application of a more intensive milling
regime did not inhibit the actinide partitioning into the ceramic phase, which proved that
alternative measures and process parameters can be implemented for complete waste

digestion and effective actinide partitioning.

A significant portion of Pu waste materials are identified as being Cl contaminated, due to
the degradation of PVC packaging during storage. NaCl was added to the glass-ceramic
baseline formulation to determine the Cl solubility limit within the aluminosilicate glass
phase. NaCl was chosen to minimise the effects of volatilisation during these studies and
allowed for maximum Cl incorporation in the glass to be achieved. Results identified a
solubility limit of 0.9 £ 0.1 wt. % Cl, which was substantially greater than the conservative,
maximum levels of Cl expected in the wastes. Through Cl K-edge XANES analysis, the Cl was
found to be preferentially speciated with Ca and Na in the aluminosilicate glass.
Combinatorial linear combination fits against multiple binary and aluminosilicate based
reference materials, revealed multiple Cl environments present within the glass and that
eudialyte environments were most abundant below the Cl solubility limit. The literature was
in excellent agreement with the XANES data presented and confirmed preferential

association of Cl with Ca and Na within aluminosilicate glass matrices.
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SEM-EDX confirmed the overwhelming incorporation of the Cl into the glass phase and that
the contaminant did not affect the incorporation of Ce into the ceramic phases, thus showing
that it is possible to stabilise Cl and Pu in separate phases within the wasteform. This is
preferential within these wasteforms for radionuclide retention properties during long-term

storage and disposal.

The importance and impact of inactive surrogate work is well known and accepted, however,
each surrogate has its limitations. The utilisation of Ce and U surrogates throughout this
project provided a detailed suite of data on the waste incorporation behaviour of the glass-
ceramic, in order to progress to PuO; incorporation. The Ce work provided confirmation that
the new glass-ceramic formulation was in-line with previous formulations reported in the
literature, with regards to waste incorporation behaviour, actinide partitioning and phase
assemblage. It was shown that Ce®* promoted the formation of a Ce-rich perovskite phase,
which was favourable over the incorporation of Ce in the glass. Whilst not all the Ce was
incorporated into the zirconolite the formation of perovskite is considered highly
advantageous for an actinide bearing wasteform over the Ce being present in the glass. The
reduction of Ce* to Ce® is a known limitation of Ce as a Pu surrogate. Pu is less likely to
reduce under equivalent conditions thus the results with the Ce may not be representative
of Pu behaviour in the wasteform. In order to confirm or deny this, the consolidation and

characterisation of PuO, loaded samples was required.

Before progressing to the Pu work, U samples were first investigated. The U samples were
highly successful at incorporating the waste into the zirconolite phase and provided clear
distinction between the small variations in stoichiometry and the degree of waste digestion
and U partitioning. The added Al,0; for charge compensation reduced the reaction kinetics
of the melt resulting in a smaller grain size and less effective waste digestion. Al,03 has been
commonly used as a charge compensator in glass-ceramic systems, however, these results
show that with the new glass formulation NaAlLSicO1s, AlLO; impedes the waste
incorporation and growth of the ceramic phase. The SEM-EDX results for the other U samples
confirmed Ti** charge compensation. Further work may look into targeting Ti** charge
compensation in the starting formulation as a way to optimise and maximise the waste

incorporation into the zirconolite.
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Fabrication of PuO; loaded HIP samples was an important advance within this project. The
UK does not currently have the facilities to perform radioactive HIP research of this kind,
thus, outside of the BNFL — ANSTO collaboration on the Pu-residues HIP project, no PuO; HIP
research had been achieved within the UK at this scale. The PuO, samples here were hugely
successful and achieved full waste incorporation at 10 wt. % actinide loading. At 5wt. %
loading only single phase zirconolite was identified by SEM and XRD and only minor changes
to phase assemblage were observed at the higher loading. Unfortunately, due to the fine
grain size, limited microscopy facilities and time available, accurate actinide partitioning
ratios could not be attained. Further work to characterise these samples should aim to obtain
SEM-EDX data for compositional and partitioning analysis, DRS will give insight into the
oxidation state of Pu within the glass-ceramic matrix and PCT / MCC-1 dissolution studies will
give insight into the actinide retention properties of these wasteforms. The samples here are
part of a five sample matrix investigating the effect of partial oxygen pressure (p0O,) on the
oxidation state and incorporation behaviour of Pu in the glass-ceramics. The remaining
samples to this matrix are currently being fabricated and characterised at ANSTO and will
give an insight to how the incorporation of Pu changes with changes to the atmospheric

conditions inside the HIP canister.

Itis hoped the results presented will contribute to current information / knowledge available
for determining a suitable operation and formulation window for treatment of Pu-residues
and civil separated PuO; stockpile material. Throughout this thesis the same HIP conditions
and standard HIP cycle recipe were used that were consistent with previous work at NNL.
The HIP cycle can have significant impact on the deformation of HIP canisters and provides
the operator with significant control over what forces the canister is subjected too and how
it deforms. Similarly, the HIP cycle may be optimised for sample quality, energy efficiency,
safety cases and longevity. Unfortunately time did not allow for different HIP conditions and
HIP cycle recipes to be investigated but for commercialisation of this technology, further
work should be done investigating the effects of individual processing steps and HIP

parameters, to determine an optimised process and suitable operating window.

In collaboration with AIP, the Active Furnace Isolation Chamber was installed at the
University of Sheffield to enable the processing of radioactive research samples. This furnace
is a first of its kind containment device for repeated use in a HIP facility and makes UoS the

first research HIP facility suitable for processing radioactive materials in the UK. This provides
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a unique facility for radioactive research to support industrial projects and advancements of

the HIP technology readiness level for treating radioactive waste.

Itis hoped the results presented in this thesis will add to the current framework of knowledge
and understanding of glass-ceramic materials for the immobilisation of actinide wastes. The
UK is developing hot isostatic pressing for the potential treatment of the Pu stockpile
material and there is a significant amount of industrial interest in developing the HIP
technology to a maturity level suitable for building pilot demonstration plants. The
radioactive wasteform work in this thesis demonstrates that at a laboratory scale, HIP can
be used to safely process low levels of active material, whilst the installation of the active
furnace isolation chamber and nuclearisation of Sheffield’s HIP facility is a huge step forward
in demonstrating this technology to industrial, governmental and regulatory bodies within

the nuclear industry.
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Appendix C: List of Equations

Eq.1

Eq. 2

Eq. 3

Eq. 4

Eq.5

Eq. 6

Eq. 7

Eq. 9

Eq. 10

Eq. 11

F +a > 2Na" + in; 2Na+y (1528 keV)
F 4 q D 2Ne' + gp; 2ZNe +y (1275 keV)
B+ > BN + §n
1B+ a > ¥N+gn

2
p=2t
r

Cay_xZry_yCeyiyTiz_pxAlpx07 + NayAly4,B1-,Si6016
70 wt. % Cay_yZr;_yCeyyyTiz 07 + 30 wt. % Na,Al,Sig046
nl = 2dsin6

_mapr

*omg—my

CaZrTi, 0, + 2[Si0,] = ZrSi0, + CaTiSiOs + TiO,

_ TN (i(obs) — py(eale))’

R 2
YiL, (1i(obs))
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Appendix D: List of Abbreviations

< - Lessthan

> - More than

a - Alpha

Y - Gamma

AFIC - Active Furnace Isolation Chamber

AIP - American Isostatic Presses

AMEPT - Advanced Materials Engineering and Processing Technologies
AMPT - Advanced Powder Metallurgical (Fe-Cr-Al-Mo) Alloy
ANL - Argonne National Laboratory

atm - atmospheres

BEIS - Department of Business, Energy and Industrial Strategy
ANSTO - Australian Nuclear Science and Technology Organisation
BNFL - British Nuclear Fuels Limited

BO - Bridging Oxygen

BSE - Backscattered Secondary Electron

ca. - approximately

cip - Cold Isostatic Pressing

CRN - Continuous Random Network

csl - Co-ordination Stabilisation Index

DRS - Diffuse Reflection Spectroscopy

DTA - Differential Thermal Analysis

EDX - Energy Dispersive X-ray spectroscopy

EPMA - Electron Probe Micro-Analysis

EXAFS - Extended X-ray Absorption Fine Structure

f.u. - formula units

GDF - Geological Disposal Facility

HC - High Concentration

HIP - Hot Isostatic Pressing

HLW - High Level Waste
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HPTE
ILwW
INL
IPA
LaBS
LC
LLNL
LLw
LoC
MAS-NMR
MRN
MS
NBO
NNL
ONR
PIP
PLC
PNNL
pO:
PPE
PSD
PUREX
RWM
SE
SEM
SNF
SOP
sQpP
SR
SRTC
SynRoc
TGA

High Performance Thermoplastic Elastomer
Intermediate Level Waste

Idaho National Laboratory
Isopropanol

Lanthanide BoroSilicate

Low Concentration

Lawrence Livermore National Laboratory
Low Level Waste

Letter of Compliance

Magic Angle Spinning - Nuclear Magnetic Resonance
Modified Random Network

Mass Spectroscopy

Non-Bridging Oxygen

National Nuclear Laboratory

Office of Nuclear Regulation
Plutonium Immobilisation Project
Programmable Logic Controller
Pacific Northwest National Laboratory
Partial Oxygen Pressure

Personal Protective Equipment
Particle Size Distribution

Plutonium and Uranium Extraction
Radioactive Waste Management
Secondary Electron

Scanning Electron Microscopy

Spent Nuclear Fuel

Standard Operating Procedure
Suitably Qualified Person

Synchrotron Radiation

Savannah River Technology Centre
Synthetic Rock

ThermoGravimetric Analysis
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TRL
UHQ
UoS
VLLW
WINCO
XANES
XRD

Technology Readiness Level

Ultra-High Quality

University of Sheffield

Very Low Level Waste

Westinghouse Idaho Nuclear Company
X-ray Absorption Near Edge Spectroscopy
X-Ray Diffraction

298



Notes

299



300



