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Abstract 
Spent nuclear materials can become damaged and degraded, presenting a severe radiological 

hazard and engineering problem. Hence, significant challenges are associated with the 

handling, long term storage and segregation of this material from the biosphere. The UK 

inventory of orphan wastes, defined as non-reprocessable and legacy materials, is reviewed. 

The main UK orphan fuel arisings are from civil operation and development of Magnox, mixed 

oxide light water, and advanced gas-cooled reactors. Secondary orphan waste materials include 

cladding from damaged fuel, backfill or containment structures, post irradiation examination 

waste, and effluent treatment ion exchange materials.  

A wide variety of internationally used, immobilisation and disposal methods are 

critically assessed, as well as novel research wasteforms, to allow for the mapping of 

appropriate treatment options to respective UK degraded fuel streams. Consideration is also 

made for other degraded fuel types such as corium and materials damaged during accident 

scenarios, with assessment of how these could map onto treatment methodologies. A variety 

of pre-treatment schedules are proposed for each of the orphan nuclear material inventory 

streams, mapping the chemistry of such streams onto vitrification and hot isostatic pressing as 

potential thermal treatment and conditioning processes for production of wasteform matrices. 

The review determined that a large proportion of waste feeds could be treated under controlled 

conditions to produce glass-ceramics and multiphase-titanate ceramics, as to allow for good 

compositional flexibility, retention of actinides and fission products, while remaining 

chemically durable under simulated disposal conditions.  

Development of a code for quantitative phase analysis of crystalline and semi-

crystalline multi-phase materials was undertaken to permit accessible, rapid analysis of 

wasteforms during research and development. A suite of phosphate glass and glass-ceramic 

prototype wasteforms were synthesised and assessed for melt solubility and retention of cerium 

oxide as a simulant fuel. Use of a base sodium iron phosphate composition and a refractory 

oxide doped composition, allowed for comparison of the effects on melt behaviour, waste 

loading capabilities and phase assemblage. The refractory doped glass had less aggressive melt 

characteristics and retained more simulant waste than the base glass counterpart. Above 

batched loadings of 16 – 25 mol.% simulant waste, crystallisation of phases occurred, primarily 

cerium monazite and sodium iron phosphate. Above 34 – 35 mol.% loading of simulant, 

significant developments of porosity were observed in wasteforms. Quantification of the phase 

assemblages was carried out with an image analysis code, verified against other quantification 

techniques. The redox state of iron in the bulk materials was found to be approximately 30% 
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Fe(II), with X-ray absorption measurements indicating that iron was present in the phosphate 

glass network as a modifier, partially tetrahedrally coordinated with oxygen. This was 

supported by a Mössbauer spectroscopy study. Chemical durability experiments showed that 

the sodium iron phosphate base composition materials were more resistant to leaching than the 

refractory doped counterparts, although an exception was seen for the 25 mol.% batched 

simulant waste sample with refractory additions, as it retained more cerium oxide than the base 

sodium iron phosphate, while maintaining a comparable range of durability which could be 

indicative of better suitability for long term storage.  

Another thermal treatment method was considered for an inorganic caesium ion 

exchange material. Spark plasma sintering yielded an aluminosilicate glass-ceramic, the rapid 

processing of which aided in retention of exchanged caesium. An accelerated 28-day chemical 

durability study was then undertaken for this wasteform, demonstrating a retention of caesium 

with some minor alteration and dissolution from the glass phase. The results of this study 

indicated that this material could be a suitable potential wasteform for the treatment of 

inorganic ion exchange media, if consideration is made for large scale processing and 

quantitative accountancy of caesium retention. 
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Project Scope 
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1.1 Introduction 

Nuclear power was brought to the centre stage in the latter half of the 20th century, new physics, 

chemistry, and materials innovations were being developed with great frequency. Reactions 

between newly separated, highly energetic materials were harnessed for the first time, 

generating power to meet the growing global needs. Initially there was little consideration for 

the life cycle of the reactors, fuels, and secondary materials. Since development, internationally 

operating  organisations, bodies, and state agencies have been formed to provide considerable 

oversight for nuclear installations, storage of nuclear materials and management of waste [1,2]. 

The UK was an early adopter of nuclear technologies, contributing to some of 

the developments and improvements of power generation efficiency through its assortment of 

installation designs: from fuel piles to early Magnox power stations [3], then progressing to the 

age of advanced gas-cooled (AGR) and fast breeder reactors [4,5], through to the 21st century 

where pressurised water reactors are set to gradually become the primary fission power source 

[6]. Through this history of advances and development: materials, systems, and processes have 

evolved; each component had to be prototyped and tested, often so thoroughly that it could not 

be used again. This generated a unique stream of orphan nuclear materials, now considered to 

be waste. During early implementations, any failures or terminated development schemes 

would also give rise to waste material which did not have a life in the existing nuclear fuel 

cycles. Such an inventory has remained within interim storage solutions, some for decades, 

leading in many cases, to a significant degree of further degradation and damage [7]. Secondary 

materials can be generated through the handling and processing of nuclear fuel, such as the 

cladding that it can be in persistent contact with, becoming heavily irradiated and activated 

during reactor operation [8]. The water that passes between fuel channels and cooling systems 

on nuclear sites can gradually dissolve contaminants, itself becoming a form of waste. To 

reduce the volume of this contamination, this can be separated and concentrated with water 

treatment facilities utilising ion exchange materials [9,10]. With this growing volume of waste 

and long-lived isotopes that pose a radiological risk to our biosphere, simple surface level 

storage is not adequate. Consideration must be made for making the waste stable for long 

enough that the radiological hazard can diminish over thousands of years, while reducing the 

space the material occupies [11]. 

Thermal treatment technologies have been demonstrated to change the chemical 

make-up and structure of hazardous materials and high-level waste (HLW), the material 

streams of which are often very well defined for a particular fuel processing campaign, 
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treatment facility or decommissioning activity. Thermal treatment has been used for 

conditioning, consolidating, and immobilising such materials into glass [12], crystalline 

ceramics [13–15], cements [16–18], polymers [19] and metallic wasteforms [20]. Application 

of these methods is subject to the condition and composition of the waste feed, and the resulting 

wasteform should meet desirable properties for safe long-term storage: minimal radiological 

releases during high activity lifetime, mechanical stability, resistance to damage by self-

irradiation, chemical durability in the atmosphere and groundwater conditions that could arise 

during storage. 
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1.2 Research aims and projects 
This body of research set out to approach the engineering and scientific challenge of applying 

thermal treatment technologies to UK orphan nuclear materials. Accordingly, at 

commencement the aims set were: 

• To determine what the ‘legacy’ and ‘orphan’ materials are, in the context of the UK 

civil nuclear sphere through review of archival literature and collaboration with the 

Nuclear Decommissioning Authority and National Nuclear Laboratory. 

• To consider and assess the suitability of a suite of matrices for hosting said orphan 

materials under proposed UK geological disposal facility (GDF) conditions. 

• To synthesise prototype glass, ceramic and glass-ceramic wasteforms. 

• To study the formation of different phases under a variety of thermal treatment 

options. 

• To evaluate the thermal behaviour, assemblage, structure, chemistry, and chemical 

durability of prototypical wasteforms, with consideration of other degradation 

mechanisms. 

 

With the disruption of the pandemic, a particular focus of scope was made to sodium iron 

phosphate glass and glass-ceramics for thermal treatment of fuel materials including further 

aims: 

• To study the redox behaviour of iron in the bulk phosphate glass and glass-ceramics 

using a suite of spectroscopic techniques. 

• To develop and validate methodologies for rapid quantitative analysis of multi-phase 

materials, such that they could be easily implemented in an industrial setting. 
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1.3 Thesis outline 
The review of the UK orphan nuclear material inventory is featured Chapter 2, further 

discussing potential routes for breaking down those material streams into constituent parts for 

blending or homogenisation. A host of material structures and matrices for immobilisation of 

nuclear waste are then evaluated, with consideration for coupled thermal treatment techniques, 

culminating in an overall selection of credible waste feeds, host matrices and treatment options 

for orphan nuclear materials. 

Chapter 3 focuses on the key methodologies used for projects featured in this 

thesis and PhD research outputs. Material synthesis routes are discussed and described with an 

overview of the techniques used for thermal treatment, including that of a titanate ceramic 

material featured in a brief publication, see Appendix 1. Characterisation methods are 

discussed, with explanations of the spectroscopic techniques and chemical durability testing 

methods used. This chapter also features an outline of the motivation and development for a 

quantitative image analysis code, using information from electron microscopy images to 

determine relative phase proportions automatically. This is also featured as a research output 

in Appendix 3, with the latest version of the code available from Appendix 4. 

Chapter 4 is the primary results and discussion body of work concerning 

sodium iron phosphate glass and glass ceramics for thermal treatment of nuclear fuel materials. 

This section features an insight into the behaviour and characteristics of prepared glass melts, 

the Mössbauer and X-ray absorption spectroscopy (XAS) studies, phase assemblage of 

prototype wasteforms and applied methods of quantification therein. Additionally, a review of 

the microstructural developments of crystalline phases is included with a final chemical 

durability investigation via leaching experiments. 

Chapter 5 concerns a project for thermal treatment of a secondary orphan 

nuclear material, inorganic caesium ion exchange media, as used for water treatment facilities 

at Sellafield, UK and Fukushima, Japan. A further minor review of organic and inorganic ion 

exchange materials is included. A resistive heating and pressing method, spark plasma sintering 

is used, with additional material generated from processing parameters optimised during trials. 

This material was characterised and prepared for a 28-day accelerated chemical durability 

study. The work here was featured as a research output article, see Appendix 5. 

Chapter 6 covers the overall conclusions for project work with reference to 

research aims and discusses proposed further work. 
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2.1 Introduction  
‘Orphan’ is a term used here to encompass an inventory of civil-use nuclear materials which do not 

have a re-processing, treatment, or disposal route following their economically useful lifetime. A 

large aspect of this is from legacy stores of spent nuclear fuel (SNF), orphaned due to properties 

such as: unique research designs, degradation, damage (intentional during testing or through 

failure), abnormal fuel chemistry or burnup conditions. Damaged and degraded orphan fuel 

presents a severe radiological hazard, hence significant challenges are associated with the handling, 

long term storage and segregation of this material from the biosphere. Initial scoping of which 

materials and their relative quantities would qualify for such an inventory proved onerous with the 

early resources available. A great deal of progress was made partly through talks and meetings with 

representatives from the UK National Nuclear Laboratory (NNL) and spent fuel management 

teams. Further information was garnered through review of a 2017 report from the Nuclear 

Decommissioning Authority (NDA), discussing radioactive materials not reported in the 2016 

national inventory [1]. Details on reactor and fuel type design, typical burnups, failure modes and 

compositions were uncovered through public domain literature review where possible, though due 

to the nature of the still in-service nuclear technology and redefinition of inventory during end of 

reprocessing at the time of writing, some information was still restricted.  The UK orphan inventory 

of non-reprocessable and legacy nuclear materials include fissile fuels such as those used in 

Magnox, mixed oxide, and advanced gas-cooled reactors. A possible approach to finding solutions 

for treatment and sequestration of these materials, is to review a wide variety of internationally 

used examples for storage, immobilisation, and disposal methods. A critical assessment of these 

approaches can allow for the mapping of appropriate treatments to respective UK orphan material 

streams. Consideration can also be made for other degraded fuel types such as corium (partially 

melted fuel complexing with cladding and structural components) and materials damaged during 

accident scenarios such as the Windscale Pile No.1 fire [2] in Sellafield, UK, or further afield in 

support of international collaboration on remediation of fuel-damage and fuel-melt accidents  

[3–6]. Inclusion is made for high heat generating secondary orphan wastes such as effluent 

treatment ion exchange materials, as they too can have a significant radiological inventory but do 

not have a well-established treatment route. 

 

2.1.1 Spent nuclear fuel – typical case 

Fuel materials for nuclear fission typically have a significant content of fissile uranium or plutonium 

in the form of fuel pellets or bars, these are stacked inside sealed metallic pins or elements, which 

are welded together to form a fuel assembly [7,8]. During reactor operation and start-up, fuel 
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assemblies are loaded into a grid pattern with a moderator, poisons, control rods and other 

components to form the core. After several years of operation in a reactor, the fissile isotopes in the 

fuel become depleted to the point where burn-up efficiency decreases below a threshold value. 

Following this, the fuel is now to be considered SNF [7]. In the process of refuelling or defueling, 

the spent fuel assemblies are carefully removed from the reactor and placed into deep, water-filled 

cooling ponds [9,10].  

Of those currently in operation at the time of writing, 85% of commercial reactors 

globally are a form of light water reactor (LWR) [11]. In this case, the nuclear fuel is ceramic pellets 

of uranium dioxide, UO2 (sometimes with smaller quantities of PuO2) [12], usually sintered to 1 cm 

height and 1 cm diameter, see Figure 2.1.1.A. These pellets are stacked 4-5 m high and sealed inside 

fuel pin cladding, which is usually a zirconium alloy (zircaloy) or a type of stainless steel [7]. Fuel 

pins are manufactured with a narrow gap between the pellets and the cladding walls, this is to allow 

for the swelling of pellets during reactor operation [13,14]. Microscopic studies of spent fuel 

samples, considered a form of post irradiation examination (PIE), have been highly informative in 

describing the development of microstructural features during reactor burn-up. The grains of 

ceramic UO2 fuel have a fluorite type crystal structure, hence only some of the actinide fission 

products (FPs) can successfully substitute uranium in the structure [15–17]. Bubbles of gas form in 

pores of the ceramic fuel, these are usually the most volatile of FPs such as Kr, Xe and I. 

Development of metallic alloy precipitates, sometimes termed as ε–particles, can be caused by FPs 

such as Mo, Ru and Rh. Volatile components such as Cs and Tc, migrate to the boundaries between 

grains, while oxides of Rb, Ba and Nb form near the pellet rim, with some trans-uranic elements 

Figure 2.1.1.A – Sketch demonstrating the features of undamaged spent LWR 

fuel, not to scale. Figure adapted from Shoesmith (2000), Buck et al. (2004) and 

Bruno et al. (2006) [15–17]. 
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being generated through neutron capture. The geometry of the fuel means that more of the uranium 

will be ‘burned-up’ near the pellet rim, causing a significant increase in the concentration of Pu in 

these grains of fuel [15–17].  
   
 
2.1.2 Spent nuclear fuel – damaged or degraded case 

 During manufacture, handling, operation and storage, defects can develop in the cladding material. 

Micron-sized pinholes allow for the release of fission gas, and substantial cladding failures could 

permit the ingress of air, moisture, and coolant water. Grain boundary precipitates such as Cs or Tc 

will readily dissolve in contact with water, fouling cooling systems and potentially causing 

contamination during fuel drying. If temperatures of about 20-50 °C [10] and coolant cover are 

maintained, the alloy ε particles and oxide fuel structures still will corrode, albeit at a significantly 

slower rate than Cs and Tc precipitates, see Figure 2.1.2.A.  In-grown actinides present in the fuel 

can have very long half-lives, for example 237Np  has t1/2 = 2,100,000 years [18], hence damaged 

spent fuel presents a long-term significant radiological hazard for emission of radionuclides into the 

environment. Some less common fuel and cladding materials have a significantly higher propensity 

for oxidation and hydrolysis, having been found to be severely corroded during surveys of pond 

storage, see Section 2.2. These legacy fuel wastes are unsuitable for typical treatments or separation 

techniques due to a high content of volatile radionuclide species such as Kr, I and Te, which diffuse 

from the fuel matrix forming gaseous products during heating [19], necessitating additional 

considerations for off-gas scrubbing systems. Additional  unsuitability for treatment and separation  

can be due to irregular geometries (bent or damaged pins), heavy contamination through corrosion 

or high contact dose rates. Other legacy materials include novel fuel materials from development 

research.  

Another example of heavily damaged and degraded spent fuel is the material formed 

during partial core damage and meltdown accidents such as the aforementioned Windscale Pile 

No.1 in 1957 (Sellafield, UK), Three Mile Island Reactor 2 (Pennsylvania, USA) in 1979, 

Chernobyl No.4 (Pripyat, Ukraine) in 1986 and Fukushima Daiichi Units 1-3 (Okuma, Japan) in 

2011 [2–5]. In all cases, parts of the reactor cores far exceeded standard operating conditions, 

creating pressures and temperatures whereby fuel and cladding components melted and combined 

into a heterogeneous multi-phase material which is variously termed corium, lava or fuel-containing 

material (FCM). In the case of the Chernobyl accident, there were significant breaches of the reactor 

building by the molten oxide fuel- zirconium cladding mass, subsequently materials such as graphite 

moderators, shielding concrete and suppression boron were incorporated with the corium[4,20,21]. 

In contrast, the Windscale pile incident resulted in combustion and melt of uranium metal fuel, 
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aluminium cartridges and graphite moderator, with further degradation caused by oxidation in air 

and steam [2,22]. 

The International Atomic Energy Agency (IAEA) has strictly defined damaged spent 

fuel as “Any SNF that requires non-standard handling to demonstrate compliance with applicable 

safety, regulatory or operational requirements” [23]. For this review, non-conforming and non-

standard fuel types which also require specialised handling, are considered alongside degraded 

fuels. In order to meet domestic and international waste acceptance criteria such as chemical 

durability and radiation tolerance, suitable treatment methodologies need to be determined and used 

to segregate damaged fuels from causing potential radiological and radiotoxic hazards [24]. 

 

  

  

Figure 2.1.2.A - Sketch showing a ruptured cladding section, corroded pellet 

surface, contamination, and dissolution of FPs. Figure adapted from 

Shoesmith (2000), Buck et al. (2004) and Bruno et al. (2006) [15–17]. 
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2.2 Taxonomy of UK orphan nuclear materials 
In line with the IAEA, the UK defines ‘damaged nuclear fuel’ as a situation where an element has 

a significant nonconformity from the standard fuel pin shape, such as a ruptured cladding. The 

Office for Nuclear Regulation has recommended that such materials should be managed with 

specialised handling equipment and isolated from intact fuel [23]. Fuel materials categorised as 

such may have structural damage (from cutting, processing and post irradiation examination); 

development of corrosion products (resulting from failed storage containers); unique fuel assembly 

and alloy designs (including novel fuel chemistries). Henceforth, these materials will be referred to 

as ‘orphan fuels,’ unless specified otherwise. 

 

2.2.1 Magnox clad fuel types 

Building upon the technical knowledge, experience and fissile material accumulated during the 

early 1950’s by the establishment of the Windscale plutonium piles and UK weapons programmes 

[2], construction began on the UK’s first commercial nuclear reactors. The first civil facility was 

Calder Hall, which opened in 1956 with four Magnox reactors, a type of graphite moderated, CO2 

cooled design that uses natural uranium metal in magnesium alloy cans as fuel, see Figure 2.2.1.A. 

Over the following decades a further 22 Magnox reactors were commissioned across the UK, with 

a combined total capability for 4.2 GW of generation [25].  

Magnox orphan fuels fall into two key categories: ex-reactor and legacy inventories, 

see Table 2.2.A. The ex-reactor fuel is currently the most significant component of the inventory, 

resulting from the operation and decommissioning of Magnox reactors over during their operational 

lifetimes. These materials are composed of irradiated natural U metal (0.7% 235U before use) base 

fuel, clad in Magnox Al 80 (0.7 mol.% Al, 0.01 mol.% Be, Mg balance.) – with geometries of pins 

and cooling fins varying according to the reactor they were used in, see Figure 2.2.1.A.  The 

quantity of this  fuel considered as orphan material is dependent on the success of the final 

reprocessing campaign conducted at Sellafield, but still constitutes tens of tonnes of corroded fuel 

pins from pond storage [26,27]. Legacy Magnox fuel describes the materials that resulted from the 

development and optimisation of Magnox technology, the fissile material was the same as used for 

later ex-reactor fuels, with some experimental Al clad pins made. The stores of legacy Magnox 

consist of de-clad fuel bars, cutting wastes, deformed cans, see Figure 2.2.1.B, scraps in stainless 

steel cans backfilled with cement and other highly contaminated products from corrosion such as 

such as UO2 and Mg(OH)2 [26–28]. Pre-processing of ex-reactor Magnox to facilitate 

immobilisation would ideally start by drying and de-cladding followed by chemical dissolution, or 

total dissolution of fuel and cladding for both ex-reactor and legacy stores. Both routes would 
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generate a fuel liquor rich in U and small quantities of Pu and FPs, with total dissolution liquors 

containing Mg from cladding and other storage material contaminants (Ca, Si, Fe, Al). Although it 

is pyrophoric, metallic uranium can also be processed into uranium oxides prior to a dry-way 

thermal treatment [29]. The establishment of the Sellafield Magnox reprocessing plant in 1964 has 

allowed for recovery of Pu from spent fuel using the chemical process plutonium uranium redox 

extraction (PUREX) [30], with segregation of minor actinide FPs into a high level waste (HLW) 

stream [31].  

 

Figure 2.2.1.A – Variations of Magnox fuel can geometries. Figure from Hastings 

et al. 2007 (Rights obtained from Elsevier) [32]. 

  

Figure 2.2.1.B - Photographs of damaged fuel examples, from left to right: irradiated 

Magnox pin with deformed fins from torsion (top and profile view, Speight, et al. 1966 – 

reproduced with permission), slightly corroded AGR fuel pin end-cap (profile view, 

Hambley 2016 – reproduced with permission) and LWR assembly subjected to 5 m drop

test (Tepco 2013) [13,52,61]. 
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Table 2.2.A - Approximate UK civil inventory of exotic legacy fuels, defining 

fuel type in tonnes of heavy metal (tHM) and feasibility (Yes/with significant 

Caveats/No) of proposed pre-processing options. Applicability for pre-processing 

was determined using information supplied by UK NNL and the author’s opinion. 

Residue Type 

Approx. 
Inventory 

tHM 

Pre-processing Route Property 
and 

Chemistry 
References 

De-clad 
Fuel 

De-clad Fuel 
(Chemical 

Dissolution) 

Fuel & 
Cladding 

(Total 
Dissolution) 

Magnox      

Ex-reactor Up to 500 N C Y [26,27] 

Legacy Up to 200 N N C [26–28]  

Stainless Steel 
 

     

DFR Breeder 
Material 32 N C Y [8,33] 

WAGR  30 Y Y Y [34,35]  
PFR MOx  

- Intact & Failed 
8 & 
< 1 

Y 
N 

Y 
C 

Y 
Y [35–38] 

Zircaloy 
 

     

LWR MOx <100 Y Y Y [39–42] 
MOx and PuO2  

Residues 40 N/A Y N/A [43,44]  

SGHWR 4 Y Y Y [40,45]  

Carbide & 
Corium 
 

     

Carbide (PFR & 
WAGR) 

2 & 
< 1 

C 
Y 

C 
Y 

Y 
Y [1,36,46]  

Corium and FCM N/A N N C [20,47] 
 

2.2.2 Stainless steel clad fuel types 

Following a white paper published in 1964 [48], the advanced gas-cooled reactor (AGR) design 

was selected for efficiency and safety improvements over Magnox. While still graphite moderated 

and CO2 cooled, AGR fuel consists of low enriched uranium oxide ceramic pellets, clad with 

stainless-steel [49], see Figure 2.2.2.A. The first trial of the technology took the form of a 

Windscale advanced gas-cooled reactor (WAGR) unit constructed c.1963 [50]. A further total of 
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seven dual unit power stations were constructed across the United Kingdom between 1965-1989, 

with 10 power reactor units still in an operational condition at the time of writing [51]. A significant 

quantity of ex-reactor AGR fuels has also undergone some degree of corrosion during medium term 

storage [52], see Figure 2.2.1.B. The Dounreay fast reactor (DFR) programme for breeding of 

plutonium isotopes was operational between 1959-1977, initially introduced to bridge a 

technological gap for development of UK reactor technology [53]. The breeder blanket material, 

while not considered to be fuel, is primarily irradiated natural U metal. Another campaign 

conducted at the Dounreay site was for the prototype fast reactor (PFR) which operated between 

1975-1994. PFR used mixed oxide (MOx) ceramic fuel pellets with a mixture of uranium and 

plutonium oxides clad with nickel-iron and stainless-steel alloys [37].  

 

 

Figure 2.2.2.A - Drawings showing main representative UK orphan fuel types, 

with cladding and fissile material notes. Figure adapted from the Science Museum 

Group Collection (1968, c.1982 and 1995) [54–56]. 

 

The DFR metallic uranium blanket is made up of pucks with approximate 

dimensions of 35 mm diameter and 150 mm length, stacked up to ~2.5 m and clad with Type 321 

stainless steel [57]. A primary concern with the continued decommissioning of the remaining core, 

is the blanket material still covered with the molten salt coolant, the status of which has only 

recently been monitored since operation, see Figure 2.2.2.B. While the bulk of spent AGR fuel is 

considered by the Nuclear Decommissioning Authority (NDA) to be a zero-value asset, some trial 

materials from WAGR development have already been assigned to the orphan fuel inventory. The 
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WAGR fuel consists of UO2 pellets, enriched to 3.5% and 6.0% 235U (annular and cylindrical 

respectively). Such pellets were clad with austenitic stainless steel (Nb doped, 21.4 mol.% Cr,  

23.7 mol.% Ni, Fe bal.). As with Magnox fuels, a variety of WAGR cladding geometries were 

tested and some fuel pins were even intentionally failed, degrading further in inadequate storage 

[34,35], see Figure 2.2.1.B. A relatively smaller quantity of residual MOx fuel from the PFR 

programme is made up from annular ceramic UO2 pellets with 23.1 - 31.8 mol.% PuO2, clad with 

Nimonic PE16 (40.7 - 43.7 mol.% Ni + Co, Fe bal.) and M316 stainless steel (Mo doped, 27.1 – 

32.2 mol.% Ni + Cr, Fe bal.) [35,36]. The plutonium content of these assemblies is dependent on 

the location in the core where they were irradiated and some reaction products may have developed 

from approximately 1 tonne of heavy metal (tHM) equivalent of corroded material [37]. Most of 

these stainless-steel type fuels can be de-clad with relative ease to allow for an oxide dry-way 

process, excluding those which are significantly deformed or corroded and the DFR breeder 

material. Use of metallic U as a feed, would require the use of an oxidation conversion process to 

obtain UOx, although, as with the de-clad Magnox stream, there is a potential hazard with its 

pyrophoric characteristics [29]. Subsequently, the majority of steel-clad type fuels can otherwise 

be chemically dissolved with or without cladding, producing either a fuel liquor of U with varying 

quantities of Pu and FPs, or total dissolution liquors containing significant contaminant inventories 

of alloy metals (Fe, Cr, Ni, Co and corrosion products) in solution [30].  

 

 
Figure 2.2.2.B – Closed circuit overview of fast reactor MOx bin (Kay Farmer, 

DRSL, Reproduced with permission). 
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2.2.3 Zircaloy clad fuel types 

The most recent UK civil nuclear installation, a dual pressurised water reactor (PWR) generating 

station at Sizewell B, completed its commissioning phase in 1995, and still stands as the only two 

completed UK reactors of this type at the time of writing [10,51]. This follows LWR designs which 

have been widely adopted internationally. Demineralised water is used as a cooling medium and 

moderator, with fuel consisting of low enriched uranium oxide clad with corrosion-resistant 

zircaloy-4 [58], see Figure 2.2.2.A. International development of MOx technology spurred the 

construction and commissioning of the Sellafield MOx demonstration facility (MDF) in 1993, 

which was used to establish a native capability for production of mixed oxide fuels. MDF was shut 

down between 1999-2000 amid a data falsification enquiry concerning MOx assemblies sent to 

international customers [39]. A later installation was the Sellafield MOx plant (SMP), which 

produced its first fuel in 2002. SMP was shut down in 2011 following the Fukushima Daiichi 

accident, after producing only enough MOx for seven fuel assemblies (calculated for a typical 

Sizewell B assembly) [59].  

Sizewell B and proposed future UK PWR stations have been suggested as a possible 

avenue for burn-up of separated plutonium and spent fuel feeds via MOx routes, though this 

necessitates intensive reprocessing and modification of reactors [39].  Spent PWR fuel from the 

Sizewell B reactors is currently considered to be a zero-value asset, although there is still a notable 

inventory of unirradiated development and validation materials designated as orphan fuel. 

Destructive testing and trials for fuel assemblies included drop-tests to verify the integrity of fuel 

pins, examples of resulting material can be seen in Figure 2.2.1.B. Due to the variety of assembly 

designs that were considered and trialled before MOx production was discontinued, the orphan 

ceramic fuel pellets arising from LWR MOx have a PuO2 content varying between 2.9 – 9.8 mol.% 

with the balance as UO2. This fuel type constitutes up to 100 tHM, not including the cladding with 

varying assembly geometries and zirconium alloys: zircaloy-2, -4, M5 and ZIRLO (Zr bal. with  

< 1.6 mol.% Sn, Fe, Cr, Ni or Nb) [40–42], see Figure 2.2.2.A. Fortunately, these materials are 

unirradiated, and would be suitable for de-cladding prior to conditioning. The presence of a 

significantly lower quantity of MOx and PuO2 residues, 40 tHM, has also been grouped here due 

to the already significant plutonium content of the waste feed. These materials include mixed fuel 

pellets, scraps, and residues, depleted oxides, UO2 and PuO2 ceramics. While not specified with 

cladding materials, these residues have been largely sourced from Dounreay and SMP, with some 

contaminated materials from decommissioning activities [43,44].  

The steam generating heavy water reactor (SGHWR) was a research reactor at 

Winfrith, operating between the 1950’s – 1990’s, which used low enriched uranium fuel with a 
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deuterated heavy water moderator and a light water secondary coolant loop [45]. Orphan fuel from 

the Winfrith SGHWR only contributes 4 tHM towards orphan fuels and consists of irradiated low 

enrichment UO2 clad with the aforementioned zircaloy–2 (experimental Nb and Ti additions). 

SGHWR orphan fuels have both 36 and 60 rod configurations with small quantities of PIE waste 

following surveillance during its operational lifetime [40,45]. The most straightforward pre-

processing system for these zirconium clad fuels would be removal of cladding followed by 

chemical dissolution for a U and Pu rich liquor feed, with minor FP contributions arising from 

irradiated SGHWR material. In the rare cases where de-cladding is not possible, a significant 

inclusion of Zr will be present in a full dissolution liquor with corresponding quantities of minor 

transition metal dopants in solution (Sn, Fe, Cr, Ni, Nb and Ti). 

 

2.2.4 Carbide and fuel containing materials 

A very small quantity of carbide fuel was trialled using the PFR and WAGR facilities during their 

operation, 2 tHM and <1 tHM, respectively [14,37]. These exotic materials were produced in order 

to support research for high-temperature and accident tolerant fuels. The UK carbide trial fuels 

have typical chemistries of UxCy with some (U, Pu)C used during PFR research. Non-standard 

annular pellet and spherical geometries were used for the fuel, subsequently clad with M316 

stainless steel or SiC [8,38]. In some cases, the carbide fuels form a composite with cladding alloys 

or Si, this is poorly suited to dissolution processes, with residual SiC from total dissolution proving 

problematic due to its poor acid solubility. Where carbide materials are clad with stainless steel, 

dissolution following de-cladding would produce a U and Pu rich liquor with FPs and some residual 

graphite. 

Additionally, it is recognised that the understanding of treatment of material from 

damaged reactor cores is important to demonstrate suitable methodologies in preparation for the 

recovery and sequestration of fuel debris from Chernobyl and Fukushima Daichi reactors. Although 

the UK only has small quantities of material resulting from a fire within the Windscale Pile 1 in 

1957 [2], much can be learned by studying fuel-containing materials, ‘fuel lavas’ or ‘corium’ from 

previous nuclear accidents, as briefly mentioned in Section 2.2. In the USA, Three Mile Island  

Unit 2 was a PWR that experienced a partial core meltdown in 1979 [60]. In Ukraine, Chernobyl 

Reactor No. 4 was a graphite moderated UO2 fuel reactor (RBMK) which completely melted down 

in 1986 [4]. The most recent loss of coolant accident occurred in Japan and triggered the partial 

meltdowns of the boiling water reactor (BWR) Units 1-3  and spent fuel damage in Unit 4 at the 

Fukushima Daiichi power plant in 2011 [61]. In the latter case the base fuel is a uranium oxide, 

with one of the Fukushima Daiichi cores (Unit 3) loaded with MOx fuel, in all cases, the fuel was 
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clad with zircaloy. The majority of known FCM is heavily contaminated with cladding-actinide 

eutectics, neutron arrestors such as boron and reactor vessel structural materials [20,47]. Corium 

and other FCM presents a significant processing challenge, as de-cladding is not feasible, and a 

wide gamut of contaminants are present. A liquor resulting from total dissolution of FCM would 

likely have Ca, Si, Mg, U, Pu, Zr, Fe, Cr, Ni, Al, B, FPs, in solution.  

 

2.2.5 Ion exchange materials for effluent treatment 

Liquid effluent waste is a persistent radiological hazard and significant engineering problem that 

arises during any decommissioning activities of wet nuclear licensed facilities. As such, effluent 

treatment is prevalent at many nuclear licensed sites in the UK, particularly those in post 

operational clean out (POCO) and decommissioning phases. Contaminated water and other 

effluents are pumped through columns of ion-exchange media or reverse-osmosis apparatus, 

whereby contaminant radionuclides are concentrated onto exchange material or into active liquors. 

A notable example is the Sellafield Site Ion-Exchange Effluent Plant (SIXEP), which processes 

feedwater from fuel storage ponds and other plant decommissioning projects. SIXEP uses a series 

of exchange vessels to reduce effluent concentrations of aqueous strontium and caesium, 

employing a primary exchange material of a natural aluminosilicate zeolite, clinoptilolite, with an 

approximate formula Na6Al6Si30O72 •24H2O [62]. This chemistry has an excellent ratio of cations 

for direct vitrification or sintering to produce high stability phases in glass-ceramic wasteforms, 

without further additions of base glass, filler or modifiers [63,64].  

The UK-Japan collaborative research programme has supported study of such ion 

exchange materials, with Japanese interests arising from the importance of ion exchange systems 

for the remediation of Fukushima Daiichi. Since the 2011 earthquake, tsunami and subsequent 

nuclear disaster, the overwhelming footprint of the decommissioning water treatment facilities and 

processing waste storage at the Fukushima Daiichi nuclear power plant (NPP) site is one of the 

issues hindering progression of decommissioning activities. The meagre availability of space has 

necessitated the dilution of low activity effluents into seawater [65], to allow for storage of more 

hazardous high activity wastes. Therefore, prompt and significant volume reduction of waste ion 

specific media into a robust immobilised wasteform is necessary to permit the reclamation of site 

space for fuel removal activities, while adhering to strict waste acceptance criteria (WAC) for 

interim to long-term storage [66].  



22 
 

2.3 Immobilisation of degraded and spent nuclear fuel 
For over half a century, states using civil nuclear power have amassed these spent fuel elements; 

the segregation and storage of this SNF is becoming a growing concern due to potential for further 

degradation, high associated proximity doses and radiological inventories [67,68]. In order to meet 

the waste acceptance criteria for geological disposal, organisations and governing bodies have been 

founded to safely manage and treat spent fuels for long-term storage, researching and developing 

new methods where suitable technologies do not yet exist. There are several key waste performance 

characteristics that include technological complexity, lifetime durability, chemical solubility for 

actinides and FPs, radiation tolerance, volume increase and expense. 

 

2.3.1 Dissolution, separation, and re-processing  

 The UK already has extensive experience of reprocessing, with the opening of the Magnox 

reprocessing plant in 1964, recovering useful actinides from spent fuel using the chemical PUREX 

process while separating minor actinide and FPs into an HLW stream for vitrification. The thermal 

oxide reprocessing plant (ThORP) was built and commissioned between 1978 - 1994 for processing 

of the newer AGR and LWR oxide fuels using a similar process, working with experience gained 

from Magnox reprocessing. The ThORP facility ended its last processing campaign in 2018 with 

the Magnox reprocessing lines closing in 2022 [31,69]. Early closures have been caused by 

accelerated shutdown and post operational clean-out (POCO) timetables, in the wake of reduced 

workforces and facility downtimes during the COVID-19 [70]. Some of the most significant 

components in the UK orphan fuels inventory include highly corroded and contaminated Magnox 

fuel, meaning further steps would be required to extract the fuel and FPs after total chemical 

dissolution. Furthermore, many existing facilities and designs for treatment plants do not have 

adequate handling equipment for these non-standard orphan fuels. As such, only de-cladding of 

fuel, fuel dissolution and total dissolution will be considered here as potential preparatory processes 

for production of homogeneous oxide and calcine waste feeds. 

    
2.3.2 Spent fuel pond storage 

Although during the past several decades, many states operating civil nuclear facilities have 

established re-processing campaigns for spent fuel, there is a significant inventory of high burn-up 

and non-standard spent fuel materials with substantial heat generation and contact dose rates. Much 

of the industrial experience developed to date has been with wet pond storage, and while the global 

capacity was increasing in tandem with the development of new civil nuclear installations, the 

growth has stagnated in the past decade, with an approximate global storage capacity of  
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200,000 tHM. An IAEA technical document released in 1999, advocated for installation of medium-

term wet storage at ‘away from reactor’ facilities, although little consideration was made for 

supporting storage and transfer of damaged and degraded fuel elements [71]. Poorly engineered 

pond storage has been a significant source of degraded spent fuel, due to mishandling, corrosion of 

cladding and interaction with containment materials. In addition, pond storage is not suitable de-

clad fuel such as those in the UK orphan stock, or for ruptured fuel, which would lead to accelerated 

corrosion. Pond storage is also susceptible to accidents such as those at Fukushima Daiichi where 

active cooling circuits can be a point of failure, after which decay heat evaporates the water, 

exposing the spent fuel [72]. As such, this technique has little prospect for safe long-term storage 

of orphan fuel materials. 

 

2.3.3 Dry cask and high integrity container storage 

Dry storage of spent fuel materials is subject to stringent requirements such as the heat generation 

properties of the fuel, cladding and fuel oxidation potential, storage atmosphere and cooling 

demands. Dry storage is typically comprises hermetically sealed storage casks or canisters, where 

the atmosphere can be controlled to provide an inert or low reactivity gaseous environment. 

Several Scandinavian projects for geological disposal have been preparing to 

implement dry storage canisters for spent fuel assemblies. The nuclear fuel safety-3 (KBS-3) 

system, Figure 2.3.3.A, consists of a cast iron separating grid to hold the dried fuel elements, which 

is surrounded by a welded copper overpack. These canisters will then be buried in spaced boreholes 

within the facility and backfilled with bentonite clay. The final barriers are cementitious backfill 

and up to 500 m of bedrock as a feature of the facilities’ geology. This multi-barrier design has been 

proposed for repositories in both Olkiluoto, Finland and Forsmark, Sweden, supported by research 

highlighting low potential for oxidation of the protective copper overpack [73,74]. The low porosity 

of bentonite buffer materials also serves to retard migration of potentially corrosive ions in impure 

groundwater [75]. Some work has suggested that over the 100 millennia lifespan of such a facility, 

the canisters could fail due to copper sulfidation reactions with small quantities of exposed 

groundwater or stress-corrosion cracking [76], though extensive validation and modelling has 

indicated that these are extremely low probability failure modes [73,77]. Other potential issues with 

the KBS-3 system are overpressure and rupture due to evolution of fission gasses. However, ideally 

any hydrogen and oxygen generation by radiolysis will be limited by absence of residual water via 

the drying stage [78,79]. Modelled estimates of the longevity of the copper shield are in the 105-106 

y range, which means this material is suitable for long-term storage [73,80]. Objectively, some of 

the most significant drawbacks of this technology are the volume increase of spent fuel waste and 
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the cost associated with 5 cm thick overpacks of highly pure oxygen-free copper, considered a 

limited resource by production output [77]. 

Most geological repositories proposed and designed, such as the Scandinavian KBS 

concepts, rely on a granitic or basaltic crystalline host bedrock to host high-level nuclear waste and 

spent fuel. While this ideal geology is available in regions of Northern Ireland, Devon, Gwynedd 

and Aberdeen, administrative support for siting has wavered following discussions in the mid 

2010’s [81,82], only re-emerging in the public forum during the early 2020’s. A significantly more 

accessible geology for siting-stage disposal programmes (not only in the UK but other siting 

countries such as France and Switzerland) is a type of lower strength sedimentary mud-rock, 

opalinus or argillite, which is enriched with clay particles. This clay material can be hydrated and 

serves to retard the diffusion of groundwater, providing in effect a hydrological ‘cage’ for 

segregation of waste packages [83–85]. 

Stores of legacy Magnox fuel in the UK have been held for cooling in intermediate 

dry stores such as those at Wylfa Power Station in Wales. Due to the reactive nature of the 

magnesium alloy cladding and to prevent oxidation of the metallic uranium fuel, the elements are 

held within an anoxic carbon dioxide atmosphere with active cooling [86]. Despite the costly 

measures to maintain an artificial atmosphere and cooling, some issues with ingress of water causing 

corrosion were highlighted after commissioning of the Wylfa Buffer stores [10], and estimates for 

the design lifetime of such storage vaults do not extend beyond 100 y [87]. Dry storage of UK 

orphan fuels in a controlled atmosphere would therefore not be an appropriate long-term solution. 

Furthermore, with irregular geometries, compositions and heat generation, even de-clad fuel and 

oxide ceramics would prove difficult to efficiently store and could result in high local dose rates, 

introduce a significant potential for uncontrolled criticality and require passive or active cooling.  

 

Figure 2.3.3.A – Drawing of simplified KBS-3 concept, not to scale, adapted 

from Release-Barriers, Posiva Oy [74]. 
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2.3.4 Cementation 

Historically, significant quantities of fuel wastes have been encapsulated with grout or cement, 

including the backfilling of legacy Magnox fuel canisters with ordinary Portland cement (OPC), 

some of which has since failed and corroded, necessitating further conditioning and processing. 

Greater success has been garnered with lower-level wastes, which are stored in a canister that would 

be typically backfilled with grout [88]. A recent study conducted with a blended Portland - blast 

furnace slag (BFS) grout loaded with organic simulant and < 0.5 mol.% PuO2, demonstrated that 

the alpha decay can cause minor alterations in the hydrated cement phases and generate small 

quantities of hydrogen gas, however further study is required to characterise local phase alterations 

surrounding PuO2 particles and there may be limitations for high loadings of plutonium containing 

materials [89]. With a carefully balanced composition and low radionuclide waste loading, 

cementitious wasteforms can be designed to buffer the local pH and stabilise over a 102 – 104 y time 

span. However, the models highlighting this only demonstrate this as a chemical equilibrium, in 

reality the structural properties of the grout would lead to failure much earlier than this, potentially 

resulting in the release of radionuclides into groundwaters [90]. The disposal lifetime of OPC and 

even the more durable BFS compositions is inadequate for the proposed orphan nuclear materials, 

considering the > 10,000-year disposal timeframes required. Thus, while cementation may provide 

a low-cost, rapidly implementable solution for easier handling of waste and placement in storage, 

there are potential hazards arising from failure of the cementitious matrix and storage drum. 

Radiolysis, thermal instability from decay heat and hydrogen generation, all represent significant 

long and short term factors in the inferior performance of these wasteforms compared to vitreous 

and ceramic wasteforms [91]; normalised leaching rates for cementitious wasteforms range between  

~10-1 – 103 g m-2 d-1 compared to rates as low as ~10-3 g m-2 d-1 for some borosilicate glasses [92,93].  

The volume increase associated with cement encapsulation is well recognised as an important 

turning point for consideration of other immobilisation techniques, especially those wastes assigned 

to space-limited geological disposal. Despite these prevailing issues, OPC is still being considered 

as a bulking material for European multi-barrier geological disposal concepts [94], with less critical 

dependencies and lower risk factors associated with corrosion and direct interaction with fuel. While 

direct disposal, dry storage and cementitious encapsulation of these fuel materials were initially 

seen as economical and straight forward; their use has been continually contested for deleterious 

hydrothermal conditions, high volume increases and poor long-term stability [94]. Further work has 

found that radiation tolerance is poor, and corrosion can be triggered by hydrated cement phases. 

Consequently, cementitious wasteforms do not provide a viable method for immobilisation of any 

UK orphan fuel feeds. 
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2.3.5 Vitrification 

Vitrification of radioactive wastes has been promoted as a treatment technique due to its chemical 

flexibility, process control for some melting technologies, and wasteform durability [95]. Unlike 

crystalline materials such as ceramics or quartz, glass structure has no long-range order and is often 

described as amorphous, see Figure 2.3.5.A. Typical glass structure as suggested by the Zachariasen 

model [96,97], follows formation of a disordered network with several bridging covalent oxygen 

bonds between ionic centres of Si, P and B, the oxides of which examples of so-called network 

formers. Alkali cations of elements such as Na, Li and Ca can be added to glass formulations, 

disrupting bridging oxygen bonds and forming non-bridging oxygen bonds, in effect interrupting 

the glass network or behaving as so-called network modifiers [96–99].  

 

 

Through decades of development, coupled with well-established methods adapted 

from the commercial glass industry, a systematic flow of operations has been established for 

production of glass wasteforms. For the Sellafield based waste vitrification plant (WVP), high level 

liquid waste is calcined with a sucrose solution to drive off water and nitrates. The calcined waste 

is then melted with a glass frit in an induction heated Nicrofer alloy crucible, up to approximately 

1050 ˚C, mixed by sparging with argon gas. Lastly, molten glass is then cast into a canister 

[100,101], although for some intermediate level waste streams, in-container vitrification (ICV) 

technologies have been investigated to reduce tertiary wastes [102,103]. In Joule heated ceramic 

Figure 2.3.5.A – Sketch showing 2-dimensional structures of crystalline silicate 

quartz, amorphous silicate glass and sodium silicate glass according to the 

simplified Zachariasen model adapted from Properties and applications of glass 

[96,97]. 
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melter systems, such as that implemented at Savannah River in the US,  the homogenised waste can 

be melted with glass forming additives, enabling adjustment of the glass composition depending on 

the waste stream [104]. For non-heat generating wastes, post-casting steps such as annealing or slow 

cooling have also been introduced to optimise the glass structure through reduction of internal 

stresses, in turn reducing spontaneous fracture potential and diffusion surface area [105]. It is 

possible to eliminate such steps for high heat generating vitrified waste, as the glass may remain at 

physically elevated temperatures for decades. Quality assurance, verification and safety assessments 

of these glass materials are typically carried out using a suite of analytical techniques such as 

product consistency testing (PCT) [90]. 

 
2.3.5.a Silicate glasses 
Silicate glasses and borosilicate glasses are attractive matrices for immobilisation of HLW due to 

their thermal stability, retention of fission products and chemical durability. Excellent durability 

can be achieved by close control of the composition within a region of immiscibility and rapid 

quenching [99,108]. WVP uses a slightly modified version of the two-stage French ‘Marcoule 

vitrification workshop’ (AVM, translated) process, altered due to reflect UK waste streams arising 

from Magnox reprocessing [86,92], with compositions fixed to include that of Magnox liquor. The 

wasteform produced has a magnesium borosilicate composition with a base glass with the mixture 

Windscale (MW) composition, see Table 2.3.A. Evidently, this now presents the issue of 

diminishing Magnox liquor supplies following the cease of reprocessing operations at Sellafield, as 

well as the costly and hazardous frequent replacement of a Nicrofer melting vessel (previously an 

Inconel vessel) [100]. Moreover, both AVM and WVP require a fully homogenised waste feed with 

controlled composition, further reducing throughput and increasing process complexity.  

It has been well established that borosilicate systems can produce robust, high 

durability materials containing daughter FPs and waste elements, although their ability to maintain 

such desirable properties while supporting high additions of uranium oxide components (UOx) in 

the glass matrix is severely limited, and higher melt temperatures in the range of 1150 ˚C – 1500 ˚C 

induce volatilisation of radionuclides such as 137Cs [100,110]. A series of alkali borosilicate glasses 

produced with a HLW waste feed containing significant inventories of sodium, aluminium and iron 

oxides, loaded up to approximately 8 mol.% U3O8, were analysed using X-ray absorption 

spectroscopy. Results indicated that uranyl speciated primarily as U(VI), the U(V) content 

increasing with larger additions of aluminium oxide [111]. While the uranium component was 

demonstrated to have been retained in a glass phase, the speciation to hexavalent uranium is not 

conducive to long term chemical durability as it is easily hydrolysed [112].  Some longer duration 

PCT- type studies of MW borosilicate glass with 25 wt.% simulated HLW calcine, show a 
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normalised Si mass loss of  1.05 × 10-3 g m-2 at 28 days and 9.94 × 10-4 g m-2 at 168 days in water 

[113]. If a new plant for separation were to be commissioned, the corroded and contaminated legacy 

Magnox element of the inventory would vary too significantly from ideal glass batch chemistry, 

necessitating a dilution with larger volumes of glass and sacrifice to chemical durability, such as 

those arising in prototype Butex containing glasses [114]. A sodium borosilicate glass composition 

known as SON68, is loaded with small additions of Li, Zr, Fe, Mo, Al, Zn, Ca and Nd to simulate 

HLW. An intermediate glass durability study taking repeat aliquots from the same dissolution 

vessels of SON68 glass indicated that the normalised loss of Si at 360 days was approximately  

8 × 10-5 g m-2 d-1, achieved via formation of a passivating layer depleted in sodium, lithium and 

boron [115–117]. Formation of such a layer may be achieved intentionally through corrosion testing 

prior to long term storage, in-effect pre-forming the passivating layer and increasing in-repository 

hydrolytic durability. Studies incorporating a high uranium content and simulated HLW calcine into 

MW glass blends have shown that alkali channels provide a loading capability for U (VI) as uranyl 

species covalently bonded to oxygen linkages. Nevertheless, UO3 loading was only around 5 mol.% 

and the wasteforms had an undesirably high solubility in water [118]. A composition studied by 

workers in Italy, with a borosilicate base, U2, was incorporated with 1.4 mol.% U3O8 at 1200 °C in 

air. Monolithic glass samples were found to have uranium loss rates of approximately  

9 × 10-2 g m-2 d-1 after 24 days of dissolution, despite the low rate, this is significant as the uranium 

accounts for a very low molar content in the overall melt [119]. Borosilicate glass solubility for 

uranium is strongly dependent on the valence state, with the possibility of loading up to 40 wt.% 

with poor hydrolytic durability U (VI), but only 9 wt.% with U (IV), before crystallising out as UO2 

[120–122]. 

Alternative glass wasteforms have been trialled through casting of sodium-

aluminoborosilicate compositions and processing the glass through a preferential dissolution step, 

whereby sulfuric acid can be used to partially break down weaker elements of the glass network, 

leaving a porous silicate matrix. The matrix can be used to host large cations and radioactive waste 

nuclides such as those prepared with up to 3.5 mol.% Mo2O3 simulant [123]. However, little 

demonstration has shown successful actinide loadings of >10 mol.% waste, furthermore 

densification and closure of pores to improve hydrolytic durability following waste loading remains 

a pertinent challenge [99,123]. A method of further improving the hydrolytic durability of such 

silicate glasses can also be achieved with use of local heating in a ‘flame polishing’ treatment step, 

whereby the glass surface is heated causing alkali network modifiers such as sodium to volatilise. 

The result is conversion of several non-bridging oxygen sodium bonds to an appreciably more 

durable silicate bridging oxygen bond [99,124]. While this may serve as a suitable technique for 
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commercial glassware and glass products, the introduction of additional processes that risk thermal 

shock and volatilisation of fission products and actinide species would require additional 

engineering consideration for off-gas and scrubbing systems [125]. Furthermore, as the method 

requires access or exposure of the glass product surface, it would not be suitable for in-canister 

vitrification and direct canister casting wasteforms. 

 
2.3.5.b Phosphate glasses 

Initially developed during the 1940’s and 1950’s, low melting temperature phosphate glasses were 

later proposed as an alternative to borosilicate glasses for radioactive waste immobilisation  

[126–128]. However, the corrosive melting conditions caused by early phosphate compositions 

hindered development, and limited progression since has been largely attributed to the relative 

absence of industrial experience [128]. Phosphate glasses utilise P and the oxide form of P2O5 as 

the key network former, with simple local structural units of PO4. These tetrahedral sub-units form 

with three bridging oxygen bonds and one of the oxygen-phosphorous bonds as a double bond, to 

balance the 5+ charge of phosphorous [99,129]. Base phosphate and alumino-phosphate glasses 

have poor solubility for uranium offering no advantage over silicate equivalents [130], however in 

the domain of nuclear waste glasses, iron additions via iron oxide, Fe2O3 are made to phosphate 

compositions to drastically increase the aqueous durability over simpler phosphate glasses [131]. 

However, Fe(III) has been demonstrated to behave as a network former with bridging oxygens, 

while Fe(II) behaves as a network modifier forming non-bridging oxygen bonds [99,132,133]. 

Recent cursory studies have been undertaken to assess the viability of increasing 

waste loading of sodium-iron-phosphate glasses through use of small refractory additions and a 

surrogate cerium oxide waste component [134]. Many of the compositions assessed in this review 

are of a 40/60 mol.% iron oxide-phosphate system base glass, as their high UOx loading capabilities 

out-perform those of equivalent alkali borosilicate, Table 2.3.A. A low temperature iron phosphate 

– with minor alumina and silica additions, named by authors as PFeUOx, formed a homogeneous 

glass with 3.2 mol.% UO2, resulting in a maximum leach rate of 8 × 10-2 g m-2 d-1 after 7 days under 

PCT conditions [135,136]. Several further studies have assessed an array of properties for two iron 

phosphate base glasses, ‘15% UO2’ and ‘Sample C’, loaded with 15-19 mol.% UO2, respectively. 

Although durability measurements were limited, XAS and Mössbauer analyses indicated a high 

ratio of Fe (III) present in both samples, which forms significantly less soluble oxygen network 

bonds than that of Fe (II) [137,138]. Research for immobilisation of Russian high activity wastes 

has generated some phosphate glass compositions which allowed for high uranium incorporation, 

a sodium alumina phosphate, SAP 1-7 with 23.9 mol.% UO3, and a sodium aluminium iron 
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phosphate, SAIP 2-7 with 25.0 mol.% UO3.  PCT and Materials Characterisation Centre (MCC) 

testing showed that the dissolution rate doubled with the addition of iron, leading to a normalised 

dissolution rate of 8 × 10-2 g m-2 d-1 [139,140]. While typically addition of iron has shown to 

improve durability of phosphate glasses, a possible cause of this effect is the higher molar content 

of UO3 for the 2-7 glass may significantly shift melt redox chemistry, further driving oxidation of 

iron to Fe (III) which forms less durable linkages with the glass network. This is evidenced by 

devitrification for the higher U content 1-8 and 2-8 glasses in the study. A magnesium phosphate 

glass study used a base glass frit of oxide constituents and phosphoric acid, these were then melted 

with simulated HLW calcine, cast, and characterised for durability via MCC-2. The base glass 

wasteform had a relatively poor durability leaving an net loss rate of 5 g m-2 d-1, which improved 

down to 0.1 g m-2 d-1 with a 45 wt.% HLW simulant [141]. This glass type may be a promising 

immobilisation route for legacy Magnox fuel, however further work will be necessary to determine 

the effects of corrosion products and fuel actinides in the waste feed. 

Fully dissolved stainless steel clad fuel materials such as WAGR and those fixed in 

steel canisters are particularly well suited to iron phosphate glass vitrification, as the high iron 

content of the pre-processed fuel liquor will stabilise the melt and increase wasteform chemical 

durability [131]. FCM could also find a suitable disposition pathway with phosphate glass although 

the alkali contamination would need to be closely monitored to avoid development of  U (VI) which 

forms highly mobile and soluble ions such as those used during reprocessing [30] and can be more 

easily hydrolysed than tetravalent uranium [112]. The inclusion of other alloying transition 

elements may be prohibited if the pre-processed feed is solid: due to the melt temperature 

difference, a undesirable glass microstructure with alloy or oxide inclusions may develop, leading 

to potential stress concentration and preferential dissolution [142–144]. Use of cold crucible 

induction melting may improve the lifetime of refractory and melter materials, as a crucible cooling 

jacket and skull layer of solidified glass protect the melter. Nonetheless, there is a significantly 

greater associated financial and technical start-up cost, with potential for continued high-level 

maintenance and long preheat-startup times [145]. 

 
2.3.5.c Glasses for Zircaloy clad and exotic fuels 

Zirconia is poorly soluble in oxide glasses, it may therefore be pertinent to attempt separation from 

feed liquor using a hydro-chlorination process such as Zircex [146], producing a zirconium 

tetrachloride. Oxidation of the tetrachloride via steam hydrolysis in the reaction vessel, generating 

zirconium oxide, ZrO2. This oxide form, zirconia has shown to improve the chemical durability of 

French alumino-borosilicate glasses, formed from an inactive calcine melted in an induction vessel. 
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Low incorporation zirconium glass compositions have been demonstrated with octahedral 

coordination of Zr4+ [147]. Use of such waste glass compositions has only been successfully 

demonstrated with relatively low quantities of uranium dioxide and zirconia, 0.1 mol.% and  

1.5 mol.%, respectively, among an array of FPs and transition metal oxides. A FP stream was 

calcined at 400 °C, before addition of a glass frit and melting at up to 1150 °C after casting. It 

should be noted that RuO2 and a metallic precipitate had devitrified [148].  The poor loading of 

such a composition indicates that a significant volume increase would result for such fuel feeds as 

LWR, likely only appropriate for immobilising the minor quantity of zircaloy feed that cannot be 

de-clad. Despite the relatively low melt temperature, the limited containment of volatile FPs for a 

high zirconium FCM melt would also not be suitable. 

For a separated carbide fuel-cladding feed, the dissolved liquor comprising U, Pu 

and FPs would be suitable as a minor addition to one of the phosphate glass systems, in effect 

diluting the effects of contaminant SiC. Alternatively, for the carbide fuel types where SiC cladding 

is entrained, a method has been studied that utilises oxidation of the silicon via hot nitric acid to 

form SiO2, which is a primary targetable glass former that could be used for borosilicate glass feeds 

[149]. Metallic wasteforms for cladding and low-intermediate activity metallic wastes are attractive 

for significant volume reductions. However, for orphan metallic fuels much like the fuels 

themselves, resulting wasteforms materials have significantly lower relative aqueous corrosion 

resistance due to generation of galvanic cells, requiring significant alloying of noble metals and 

therefore require higher melting temperature in excess of 1600 °C [150,151], leading to loss of 

volatile fission products such as Cs and Tc. Use of hot isostatic pressing as a thermal treatment 

method for metallic waste has also been considered, with the drive of retaining the inventory of 

fission products [152], though these techniques are technologically immature. A slightly more 

mature technology in development for low level waste treatment, plasma vitrification uses the rapid 

heating effect of a plasma torch to destroy organic matter and rapidly melt waste into a glass-slag 

material. Unfortunately, much of the development has been made for gasification type non-

radioactive waste streams, where much of the byproducts generated are intentionally driven to 

gaseous phases and vented into the atmosphere [153,154]. Where optimised for low level nuclear 

waste, dissolution of the network forming boron steadily increased with time within range of 

reference wasteforms [155], however plasma vitrification still hold significant risk to loss of 

volatile fission product inventories due to high melting temperatures of 1600-1700 °C [153].
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Table 2.3.A -Summary of base waste glass compositions and high UOx compositions retrieved from literature, oxide components have been 

calculated to mole % and for all materials the glass/amorphous structure was stated but insufficient diffraction data was included for verification 

 Sample 
 ID 

Nominal (mol.%) Batch 
Pre-treatment Melt conditions Annealing Durability Source 

UO2 UO3 U3O8 P2O5 Fe2O3 Na2O B2O3 Al2O3 SiO2 Li2O MgO 

MW - - - - - 12.4 14.5 - 71.3 1.9 - 

Rotary calcination 
with sucrose 

solution before 
adding frit 

1050 ˚C in Nicrofer, 
unknown 

duration, Ar sparge 

Just below Tg 
for 3h and 

cool to RT at 
0.5 ˚C/min 

27D PCT-B & ICP-OES, 
ELR: B ~ 10-2

 g m-2 d-1
,  

ELR: Si ~10-2
 g m-2 d-1 

[100,109] 

U2 - - 1.4 - - 12.3 23.9 - 52.7 9.6 - "Mixed" 
1200 ˚C, unknown 

duration, air 
(inferred) 

"Carefully 
annealed" 

24D Powder MCC, 70 ˚C 
DI water, (Photospec)  

NL: U ~ 9 × 10-2
 g m-2 d-1 

[119] 

PFeUOx 7.0 - - 40.2 23.8 13.8 - 5.6 9.5 - - Calcine 700 ˚C  
in air for 1h 

1250 ˚C for 2h 
in air 

550 ˚C and  
"slow 

cooling" 

"PTC weight loss”  
~8 ×10-2 g m-2 d-1 [135,136] 

15.0% 
UO2 15.0 - - 58.7 26.4 - - - - - - "Homogeneous 

mixture" 
1200 ˚C for 2h  

in air 
450 ˚C for 3h 
and slow cool 

Unknown, XAS and 
neutron scattering 

experiments undertaken 
[137] 

Sample C 19.0 - - 48.6 32.4 - - - - - - "Homogeneous 
mixture" 

1200 ˚C for 2h  
in air 

475 ˚C for 3h 
and slow cool 

Unknown, XAS and 
neutron scattering 

experiments undertaken 
[138] 

SAP 1-7 - 23.9 - 17.9  - 40.4 - 17.9 - - - Hand milled Ramp from RT to 
 1200 ˚C hold for 1h - 

7D PCT-A/MCC-3 & ICP-
AES, NML/NL: U  

2.7 × 10-1 g m-2/ 
4 × 10-2 g m-2 d-1 

[139,140] 
 

SAIP 2-7 - 25.0 - 17.7 8.9 39.7 - 8.8 - - - Hand milled 4h ramp from RT to 
 1200 ˚C hold for 1h - 

7D PCT-A/MCC-3 &  
ICP-AES, NML/NL: U  

5.5 × 10-1 g m-2/ 
8 × 10-2 g m-2 d-1 

[139,140] 
 

55M45P 
0W - - - 45.0 - - - - - - 55.0 “Combined” 1250 °C for 2h  

in air - 20D MCC-2 & ICP 
NL:  5 × 102 g m-2 d-1 [141] 

Tg: glass transition; RT: room temperature; ELR: elemental loss rate; NL: normalised loss 
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2.3.6 Ceramic immobilisation 

Ceramic materials are typically formed from a basis of oxide compounds sintered together to form 

a monolithic, crystalline body or crystalline powder. The dense and structured nature of these 

matrices indicate suitability for use as a robust disposition method, whereby radionuclides and other 

hazardous waste elements are incorporated into the crystalline structure of the wasteform.  

  
2.3.6.a Single phase ceramics and use of spark plasma sintering (SPS) 

Single phase zirconolite (CaZrTi2O7) [156] is a titanate ceramic material for which natural forms 

have been recovered containing significant quantities of U and Th. Zirconolite structure typically 

follows a pyrochlore derivative of fluorite with TiO6 and TiO5 octahedra, while subunit Ca and Zr 

polyhedra form [157,158]. Substitution of pure actinides or transuranic elements occurs on the 

zirconium and calcium sites, integrating into the crystalline structure. Reports indicate that 

zirconolite has been successfully synthesised and loaded with uranium up to a nominal composition 

of CaU0.4Zr0.6Ti2O7 [157]. When the uranium loading ratio was kept low at about 1.4 mol.% and 

samples were sintered under an argon atmosphere, the oxidation potential was significantly reduced 

allowing for the targeted formation of the 2M zirconolite polytype, with tetravalent uranium (more 

electrochemically stable for aqueous durability). At significantly higher loadings above 6.4 mol.% 

uranium, phase separation is predominant and a pyrochlore type phase developed. It is reportedly 

not possible to synthesise a loaded single phase pyrochlore from stoichiometric constituents, as 

segregation of phases occurs with the development of TiO2 and UO2. It is evident from the literature 

that single phase zirconolite is subject to polytypical formation of secondary and tertiary phases, so 

additions of FPs and further contaminants would be likely to destabilise the crystalline structure 

[159]. Certainly, for hot isostatically pressed plutonium immobilisation zirconolite wasteforms have 

far more favourable leach rates for Zr and Pu < 10-5 g m-2 d-1 after 60 days of PCT type dissolution 

[160,161]. 

Betafite or (Ca, U)2(Ti, Nb, Ta)2O7, has been considered for high uranium containing 

wastes because of its natural mineral formation with a pyrochlore type cubic structure [162], 

samples of which have been dated to be formed 1.4 billion years ago (approximately 2 half-lives of 
235U) [163,164]. Average uranium loading achieved in synthetic betafites was ~25 mol.% uranium. 

X-ray photoelectron spectroscopy (XPS) confirmed uranium speciation to be a combination of 

pentavalent and hexavalent ions [165]. The brannerite pyrochlore-type species, (U,Pu)Ti2O6 is a 

natural crystalline monoclinic crystalline structure with TiO6 and UO6 octahedra [166], that 

provides a host phase for immobilisation of major SNF component actinides. Experimentally, 

brannerite has been shown to hold uranium in mixed tetravalent, pentavalent and hexavalent states, 
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through a charge compensation mechanism dependant on processing conditions and dopant 

additions [167]. The chemical durability of synthetic uranium containing brannerites has varied 

greatly in experimental work, with analytical studies conducted using an assortment of dissolution 

techniques – normalised loss rates for brannerite vary between ~10-3 – 10-1 g m-2 d-1 [168]. 

Monazite (CePO4) has a phosphate rhabdophane mineral structure with Ce central 

atoms typically surrounded by up to 8 PO4 tetrahedral subunits [169]. Single-phase monazite-type 

ceramic wasteforms have been doped with cerium and molybdenum, which under materials 

characterisation centre - 1 (MCC-1) test conditions had 28 day leach rates of approximately  

2 × 10-3 g m-2 d-1 for uranium and ~4 × 10-2 g m-2 d-1 for phosphorus [170]. This improved leach 

resistance is up to three orders of magnitude greater than that of equivalently loaded borosilicate 

glasses. Furthermore, monazite can retain these excellent durability properties after complete 

amorphisation of simulant-loaded crystalline structures by high-fluence irradiation [171], as well as 

alteration rates that are inversely proportional to temperature (up to 250 °C) [172]. Natural samples 

of cheralite, a member of the monazite mineral group, with typical monoclinic structure Ca,Th(PO4) 

have been discovered with high uranium contents (up to ~16 mol.%) – where the tetravalent thorium 

has a predisposition to interchange with uranium and mixed lanthanides [173]. Although the 

cheralite structure has been shown to thermally decompose at high temperatures, a field-assisted 

spark plasma sintering (SPS) technique has been examined for thermal treatment of actinide wastes, 

utilising the simultaneous application of uniaxial pressure and direct current. This technique was 

able to successfully sinter samples, with glovebox apparatus, into high density pellets retaining the 

monoclinic cheralite structure [173]. Nevertheless, SPS technology is still relatively 

underdeveloped, especially with regard to production of uranium bearing samples. 

 Single phase ceramics can be sensitive to compositional changes outside of the main 

structural exchange components, these materials are therefore best suited to unirradiated, pristine 

fuels where corrosion products and FPs are absent. Although zirconium cladding could facilitate 

zirconolite phase development, the alloy dopants that are present in these materials would likely 

interfere with final phase assemblage, necessitating fine control of waste feed composition. The 

ideal feed for single phase crystalline materials would be de-clad LWR, low PuO2 MOx fuels, either 

in oxide powder or dissolved liquor form. 

 

2.3.6.b Multi-phase ceramics and use of hot isostatic pressing (HIP) 

A multiphase titanate ceramic, known as synthetic rock (SYNROC), has been investigated by 

several nuclear science institutions, in collaboration with international waste research groups [174]. 

The main phases of SYNROC type-C are partially metamict zirconolite (CaZrTi2O7) [156]; 



35 
 

orthorhombic perovskite (CaTiO3) [175]; monoclinic hollandite (BaAl2TiO16) [176] following hot-

pressing at 1200 °C – 1400 °C to digest components such as uranium and thorium from the waste 

stream. The multiphase assemblage, while providing some more preferential reactions with different 

waste components – e.g. the majority of actinides migrate to zirconolite and perovskite phases – 

suffers from segregation of crystallites and grain boundary interactions, which can produce 

wasteforms with thermal and chemical instabilities [177,178]. Zirconolites have been demonstrated 

via chemical leaching tests to out-perform single-phase brannerite and betafite. Such ceramic phases 

also provide an attractive dual uptake of Zr as well as actinides [179], therefore allowing for a 

zirconium rich feed, such as that of LWR MOx and SGHWR.  

While these host phases are highly suited to immobilisation of high activity 

processing wastes, the SYNROC-F variant has more significant promise for treatment of spent fuel. 

The composition of SYNROC-F is approximately 72.8 mol.% cubic uranium pyrochlore type 

similar to betafite (CaUTi2O7) [180] for disposition of uranium, rare earths and Sr; up to 2.6 mol.% 

hollandite [Ba(Al, Ti)2Ti6O16] for immobilisation of large ionic radius radionuclides like 137Cs; up 

to 24.6 mol.% tetragonal rutile or titanium dioxide (TiO2) [181].While the pyrochlore type phase 

has been shown to uptake UO2 into the structure and favourable PCT-type leach rates of  

~10-7 g m-2 d-1 for Cs and ~10-8 g m-2 d-1 for Ca have been observed up to 100 days [182,183], 

further work may be required to fully understand the effect of FPs, minor actinides and other 

contaminants on the performance of SYNROC-F. A wet synthesis route following the ‘Sandia 

process’ constitutes the use of a pre-prepared dry SYNROC precursor (alkoxide nitrate synthesis) 

material which can be milled into a fine powder before addition to a dissolved liquor waste feed. 

The resulting material is then calcined before pressing and sintering or sintered using a technique 

such as hot pressing [184]. This chemical route may prove particularly useful for immobilisation 

of the de-clad and dissolved pre-processed fuel feed, as the liquor can be incorporated into the 

precursor calcine, allowing for precise control of waste loading. 

Much of the work focusing on immobilisation of some ILW and HLW types has 

arisen from the Australian National University and Australian Nuclear Science and Technology 

Organisation (ANSTO), widely credited with the development of the SYNROC suite of titanate 

multi-phase ceramics. In collaboration with other academic institutions, these multiphase 

precursors have been shown to produce disposal optimised wasteforms under hot uniaxial press 

(HUP) and hot isostatic press (HIP) regimes [178,185]. The HIP technique is quite well suited to 

the conditioning of waste in a glass-ceramic/hybrid waste matrix for the ideal containment or 

reduction of volatiles; in container processing – reduction of handling; high volume reduction – 

densification; a batch process style to allow for tailored precursor and frit additions that suit the 
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waste stream composition and activity. Stainless steel HIP canisters intrinsic to the processing 

method not only provide a primary level of shielding, but also a containment barrier to prevent 

vitreous flow during pressing. Use of an active furnace isolation chamber (AFIC) device with the 

inherent HIP safety features have allowed the certification of some processing apparatus for use of 

radioactive materials (e.g. depleted UO2, 238PuO2 and ThO2) [186,187]. HIP encapsulation using 

low melting point metals such as tin for volatile radionuclides has been trialled, although durability, 

corrosion resistance and development of a galvanic cell is of concern where cladding is included 

with encapsulated waste or a metallic overpack could make contact [188]. 

Consideration has also been made for carbide fuels, generating so-called graphite 

intercalation compounds (GICs) using a combined acidification treatment of sulphuric acid with 

either hydrogen peroxide or nitric acid. While this has been shown to break down carbide fuels 

such as tri-structural isotropic (TRISO) particle fuel, the associated volume increase with such acid-

GIC processes can be negated using an atmosphere controlled valorisation or gasification process 

[189]. Immobilisation in organic polymeric matrices has been considered, but such materials are 

typically subject to radiation induced degradation and is technologically immature [33,190]. 

 

2.3.6.c Glass-ceramics 
Controlling the crystallisation rate of secondary and tertiary phases in glass materials can result in 

hybrid or combined so-called glass-ceramic materials. Glass-ceramic wasteforms are promoted in 

many waste immobilisation reviews for their balance between durability (crystalline phases with 

bulk actinide inventory), and chemical flexibility in an amorphous phase that can retain much of 

the remaining excess FPs and minor actinides [191,192]. These properties are not inherent to glass-

ceramics, and some promising aluminosilicate compositions, while well characterised for physical  

properties and initial FP loading characteristics, chemical durability is sometimes overlooked as a 

key characteristic [193]. With care taken to avoid off-gassing, such a glass-ceramic could prove a 

potential candidate for direct immobilisation and high volume reduction for inorganic-mineral 

phase wastes from ion exchange, with high quantities of entrained 137Cs, 90Sr, and 60Co [194]. 

Work on the artificial synthesis of the brannerite structure from oxide constituents 

has shown successful replication of brannerite phases and uptake of actinides, however only in very 

recent years has consideration been made for the addition of a glass phase for chemical flexibility 

of potential wasteforms. Several investigators have proposed incorporation of sodium borosilicate 

glass (Na2AlBSi6O16), to allow for uptake of transuranic elements to crystalline brannerite and re-

processing or contaminant chemicals to be incorporated into the glass phase [195,196]. Inherent 

limitations to quantitative comparison between glass and ceramic phases was hindered by 
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purported micropores and glass inclusions, although a synthetic brannerite was demonstrated with 

a uranium static leaching rate for high U glass ceramic of 2.3 × 10-4  g m-2 d-1 for 7-14 days, using 

a PCT-type methodology [196]. This ideal durability, chemical flexibility and solubility for 

uranium mean that brannerite glass-ceramics could prove a suitable host for high-actinide spent 

fuel feeds such as de-clad irradiated fuel liquor, de-clad irradiated fuel oxides and FCM. 

A study into the use of a combined pyrochlore glass-ceramic oxide feed for HIP 

treatment has been conducted at ANSTO [197]. This work made use of weakly alpha-active 

europium oxide with other constituents which independently induced development of a Eu2Ti2O7 

pyrochlore [198] and sodium borosilicate glass, as with the aforementioned brannerite glass-

ceramic. Here, europium served as a large ionic radii simulant for spent fuel minor actinides. Glass-

ceramic components were introduced to a HIP canister in the ratio of 2:3, respectively, following 

homogenisation and calcination – before bake-out and hot pressing at 1200 °C, 100 MPa for 2 

hours. The resulting material was tested using an MCC-type static leaching method and the phase 

separated pyrochlore had a significantly lower dissolution rate to that of the glass elements. After 

28 days, boron and silicon normalised loss rates were ~1 g m-2 d-1 and ~10-1 g m-2 d-1, while the 

europium normalised loss rate was down at ~2 × 10-5 g m-2 d-1 [197]. Appropriate adjustments may 

be made to accommodate high uranium and FP loading using SYNROC-F type titanate precursors, 

modifying the glass batch components to optimise durability and uptake of minor FPs. With 

suitable feed preparation, balance of amorphous and crystalline phase contributions, a pyrochlore 

glass ceramic could provide one of the most flexible host matrices, accepting irradiated fuel liquors, 

oxide fuel streams, FCM and zirconium contaminated fuel. The addition of zirconium to a 

pyrochlore glass ceramic feed could be managed by balancing the components necessary to develop 

minor zirconolite phases alongside the pyrochlore and betafite-types. 

Similarly, zirconolite glass-ceramics have been investigated for the immobilisation 

of plutonium residues – again utilising HIP as the preferred thermal treatment method [158]. Minor 

quantities of plutonium were added in nitrate form with gadolinium nitrate as a neutron poison. A 

fluorite-oxide precursor was prepared with small additions of partially oxidised nickel and iron 

used to buffer charge compensation, in order to control the ratio of Pu (III) and Pu (IV) valence. 

After homogenisation of precursors, calcination and bake-out, the simulant was HIPed at 1270 °C, 

100 MPa for 2 hours. MCC – type static leaching carried out over 28 days yielded normalised loss 

for Pu of 5.5 × 10-5 g m-2 d-1, and B, Si normalised loss rates of 3.1× 10-1 g m-2 d-1,  

3.2 × 10-1 g m-2 d-1, respectively. A similar leaching rate for gadolinium indicated that the ceramic 

zirconolite phase was dissolving congruently and is currently one of the best candidates for keeping 

Pu sequestered in a tetravalent state. However, with the ease with which metals such as Ni and Fe 
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can alter the charge balancing behaviour, additional research on zirconolite glass-ceramic materials 

is necessary to determine suitability for the clad and dissolved-clad pre-processed fuel feeds.  

Further development of this technology does however have to take into 

consideration interactions between the phases of glass-ceramic wasteforms and the welded steel 

containers, including possible influence on the dissolution and chemical alteration behaviour, 

though little work has been conducted for SYNROC-F and phosphate glass ceramics. Careful 

control of the HIP heating, dwell and cooling cycles can facilitate optimal crystallisation of ceramic 

phases and annealing of glass components – so further study should include a matrix of varied 

processing parameters [199] and could include some of the other glass-ceramic materials discussed 

in this section. SPS may also be used for similar multi-phase ceramic and glass-ceramic 

compositions with significant non-conducting inorganic components. In addition, elucidation of 

individual and combined phase dissolution properties and irradiation induced degradation is 

necessary to understand the behaviour of such wasteforms in a geological disposal environment. 
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Table 2.4.A - Summary of discussed methods, with reference to relative orphan nuclear material loading capability and suitability for 

emplacement in a geological disposal facility. Noted suitability draws on summary of factors from literature and the authors concluding opinion. 

Wasteform Strengths Potential Weaknesses Waste 
Loading 

Suitability for 
Geological 
Disposal 

Pond Storage Convenient, visual monitor, no processing Active cooling, short lifetime, corrosion Low Unsuitable 

Dry Cask Storage Can be passively cooled, low cost Short lifetime, atmosphere dependent, gas generation Low Unsuitable 

KBS -3 Multi- 
Barrier Multiple redundancies, full system High cost, gas generation, must have geometry conforming fuels Low Good 

Cementation Convenient, low cost, industrial waste Short lifetime, corrosion, significant volume increase Low Poor 

Borosilicate glass Well developed, fission product uptake Poor actinide solubility, durability drop-off and volume increase Low Good 

Phosphate glass High actinide uptake, good durability, and accounting 
for Fe from steel cladding or low Mg quantities 

High temperature, uncontained for volatile release, chemistry must 
negate Fe (II) and U (VI) Med. Good 

Zirconolite High actinide uptake, Zr from cladding Polytype development and chemically inflexible for FPs High Good 

Betafite Suitable for alpha active actinide uptake Chemically inflexible for fission/corrosion products only some alloy 
components, moderate durability High Good 

Monazite Suitable for alpha active actinide uptake Chemically inflexible for fission/corrosion products, moderate durability High Good 

Brannerite Large actinide inventory possible Chemically inflexible for fission/corrosion products, moderate durability High Good 

Synroc - F Phase assemblage, actinides, and FPs Low TRL, restricted from highly contaminated corium/FCM High Good 

Brannerite Glass-
ceramic Flexible for large actinide and FP inventory Low TRL, restricted from highly contaminated corium/FCM, cladding Med. Good 

Zirconolite Glass-
ceramic Flexible for large actinide, Zr cladding and FP inventory Low TRL, restricted from highly contaminated corium/FCM Med. Good 

Pyrochlore Glass 
ceramic 

Flexible for large actinide, FCM, Zr cladding and FP 
inventory Low TRL, unable to treat Mg containing waste Med. Good 
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2.4 Comparison of methods summary 
2.4.1 Concluding remarks 

From the five major initial orphan fuel types, possible pre-processing feed methods have been 

discussed and assessed, within realistic waste incorporation and feasibility limits. Following this, 

the preferred thermal treatment options of vitrification and hot isostatic pressing were identified for 

their ability to ensure that spent fuel and waste materials are fully incorporated into a chemical 

structure, whether this would result in an amorphous, crystalline or hybrid wasteform. By the 

author’s critical evaluation of literature, five key host wasteforms have been proposed for the 

segregation of the UK orphan fuel inventory, see Table 2.4.A and Figure 2.4.1.A. With a moderate 

solubility for actinides and iron, phosphate glasses were selected as a suggested wasteform for their 

high balance of good base durability and chemical flexibility. For its ability for high actinide and 

FP loadings, the SYNROC-F multiphase titanate ceramic assemblage was selected, ideal for 

treatment of de-clad and irradiated oxide fuels or spent fuel calcines. Three glass-ceramic composite 

materials were chosen for their sheer versatility in potential immobilisation routes for orphan fuel 

materials, the combination of vitreous and crystalline phase components each balancing 

incorporation of cladding metals and actinides while maintaining good durability, see Figure 

2.4.1.A. HIP was selected as the most appropriate thermal treatment of these crystalline and 

composite host materials, as it offers excellent densification, low temperature processing and batch-

style processing, all within hermetically sealed waste packages. 

Magnox clad legacy and ex-reactor spent fuels are among some of the most 

problematic materials for immobilisation due to their age, state of corrosion, high ratio of cladding 

to fuel, metallic fuel type, ease of rupture and deformation and variety of cladding geometries. A 

high Mg content liquor of dissolved Magnox fuel has further issues with host matrix compatibility 

and diminishing potential wasteform durability. As such, it is recommended that Magnox and other 

fuel types are de-clad, to improve the downstream incorporation into a wasteform, where it is 

possible to do so. Separated Magnox swarf has well demonstrated grouting treatments for moderate 

timescale storage, although vitrification into an intermediate level waste glass has also been 

explored [200,201]. De-clad metallic uranium from Magnox or otherwise may prove difficult for 

dry-way processing, due to the pyrophoric properties of the material [29]. For materials where 

cladding has been entrained or heavily reacted with the fuel, total dissolution of Magnox will 

produce a liquor that can be fed, in somewhat dilute quantities to a vitreous wasteform such as 

phosphate glass or glass ceramic, see Figure 2.4.1.A. In higher Mg concentrations, a glass-ceramic 

with a glass component of a silicate type - UK MW composition may be more appropriate to 

improve long-term durability, albeit at the cost of a significant volume increase. 
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Stainless-steel clad orphan fuels are well suited for phosphate vitrification, as the Fe 

contribution has been demonstrated to improve glass durability. However, the ratio of ferrous metal 

to actinides would require dilution in a phosphate glass matrix and addition of iron oxides, 

significantly increasing waste volume. It is recommended that steel clad residual fuels are de-clad 

where possible and processed into a high-actinide loading ceramic or glass-ceramic material. It is 

evident that for heavily contaminated and damaged materials, this will not be possible, so the 

recommendation is made that this fuel is combined with the steel generated from de-cladding, 

homogenised through total chemical dissolution and calcination, before incorporation into a 

phosphate glass wasteform with significantly higher loading, see Figure 2.4.1.A. Phosphate glass 

compositions are considered in place of iron-borosilicates, due to improved relative loadings of 

uranium with phosphates and a lesser propensity to form hydrolysable hexavalent uranium [111].  

Another possible solution could involve use of a phosphate glass-ceramic, though there has been 

difficulty with devitrification and targeted phase separation [202]. The continued operation of the 

UK AGR fleet is expected to have a high probability of generating additional damaged or corroded 

materials, during defueling, decommissioning and intermediate term storage, contributing to the 

orphan inventory. It was therefore the intent of the author to explore iron phosphate materials as a 

potential avenue for immobilisation of iron-rich actinide wastes.  

The high Zr content of Zircaloy fuel feeds is deleterious to chemical durability of a 

vitreous wasteform, therefore, it is recommended that these materials are de-clad and processed 

separately. This method is ideal for many of the Zircaloy fuel clad legacy materials, as they have 

experienced very little or no irradiation, and pose a lesser radiological hazard. However, due care 

must still be taken with high PuO2 fuels, and those with a significant 235U enrichment. Where 

inclusion of Zr in the pre-processed feed is unavoidable, there is still a high suitability for addition 

to a zirconolite or pyrochlore glass ceramic host assemblage, as both would allow for the 

development of crystalline zirconolite, which has been demonstrated to have excellent chemical 

durability and proliferation resistance [203]. Single phase zirconolite is not recommended for use 

with these orphan fuels, as it has does not have sufficient flexibility for incorporation of cladding 

alloy additions and FPs, which would likely cause phase separation for high uranium and MOx fuel 

feeds with experimental cladding, Table 2.4.A. 

Carbide exotics constitute a very small component of the residual inventory, their 

use of uncommon materials and geometries, including fuel-cladding composites, make them 

particularly difficult to feed into a thermal treatment process. As with the other orphan materials, 

it is recommended that they are de-clad where it is both safe and feasible. Resultant uranium or 

mixed actinide carbide fuel can then be chemically dissolved, with a more aggressive calcium-
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nitric acid dissolution method [204]. Undoubtedly the most contaminated, heterogeneous, and non-

standard fuel feed discussed is that resulting from loss of coolant accidents; fuel containing 

materials and so called ‘corium’. De-cladding of corium is often impossible and requires the 

disturbance and intensive handling of a significant radiological hazard. In order to minimise worker 

and equipment dose rate, mechanical separation or size reduction was discounted in place of total 

dissolution as the only recommended pre-processing stage for FCM, at which point it can be 

appropriately diluted for inclusion into a feed for a zirconolite or pyrochlore glass ceramic. These 

selections are appropriate for the discussed corium resulting from civil nuclear accidents, for their 

inclusions of Zircaloy cladding, therefore resulting in a liquor with high Zr content, see Figure 

2.4.1.A. Alternatives may need to be considered for processing of materials such as the metallic 

fuel masses generated during the fire of Windscale Pile One [2]. 

The presence of volatile radionuclides in spent ion exchange adsorbents presents a 

challenge for intermediate storage, due to high waste volumes and dose rates. The volatility of 

nuclides such as Cs in their adsorbed form, precludes this type of waste in traditional thermal 

treatment streams and high temperature vitrification. Instead, a direct sintering approach is 

suggested as a method to rapidly consolidate and densify the material while in a contained manner, 

as to retain any nuclide inventory [205], see Figure 2.4.1.A. This method could provide advantages 

for dose rate, and significant volume reduction, where inorganic residues provide intrinsic glass 

phase network formers such as those required for aluminosilicate and alkali-aluminosilicate 

materials generated by SIXEP [193,206,207].  

While this review covers many different treatment technologies and host matrices, 

it is by no means exhaustive, with new methods being suggested and developed at the time of 

writing. There is still a broad scope of research necessary to validate the physical and chemical 

properties of the discussed wasteforms. It will be pertinent to evaluate the chemical durability, and 

hydrothermal performance to meet or exceed geological disposal criteria. Suggested work also 

includes applicability studies using fuel feed simulants for each of the recommended host matrices. 
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Figure 2.4.1.A - Drawing on the pre-processed feed determinations drawn from Table 2.2.A and Table 2.4.A, possible treatment methods and target wasteforms 

were mapped, the colour/number code translates fuel feed types to potential wasteforms, fuel containing materials refer here to the most heavily degraded and 

heterogeneous fuel forms such as corium 

Pre-processed feedType of orphan
nuclear material

Treatment
method

Target wasteform

Recovered UO2 + PuO2
fuel + fission products

Magnox

Stainless steel

Zircaloy

Carbide

U + Pu + fission products 
+ Zr/Ni/Ca/Al/Si/Fe/B 
calcine with graphite

U + Pu + fission products 
calcine

Mg + U + fission 
products + Al/Ca/Si/Fe 

calcine

U + Pu + Fe + fission 
products calcine

Vitrification

Phosphate Glass / Glass-ceramic

Synroc - F

Pyrochlore Glass-ceramic 

Brannerite Glass-ceramic

Zirconolite Glass-ceramic
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3.1 Materials and synthesis 

3.1.1 Oxide solid-state synthesis and batching 

All glass-ceramics, melts and a selection of ceramic products were prepared using inorganic 

reagents, batched to fulfil calculated molar ratios within the experimental matrices. Oxide 

components were primarily used, in addition to ammonium dihydrogen phosphate as 

NH4H2PO4 (98% ACS, Alfa Aesar) for phosphorus sources in the glass-ceramic materials. 

Other substitutions for oxides such as sodium carbonate Na2CO3 (98%, Alfa) were made in 

order to improve reactivity of melts and pellets prior to sintering. Ceria, CeO2 (99.5%, Alfa) 

additions were used as an inactive trial simulant for UO2, as its fluorite structure can provide 

suitable analogue behaviours prior to approval of active material trials [1]. Batches were 

homogenised with between 0 – 45 mol.% CeO2 as simulated spent fuel. Oxide precursors for 

ceramics were batched on a molar basis before homogenising with a Fritsch Pulverisette 23 

mini-mill, ZrO2 grinding bowl and media. This was carried out to reduce particle size and 

increase reactivity before uniaxial compression into 10 mm ⌀ pellets (1 ton load for 60 seconds) 

and sintering at temperature in air atmosphere. 

 

 

3.1.2 Alkoxide nitrate synthesis 

An alkoxide-nitrate synthesis method was used to generate the reactive titanate precursors for 

SYNROC-F type multiphase ceramic experiments as discussed in one of the PhD project 

research outputs, see Appendix 1. Reagents were sourced from the following: Ca(NO3)ꞏ4H2O 

(99%, Acros Organics); Ba(NO3)2 (99%, Fluorochem); Ce(NO3)3ꞏ6H2O (99%, Sigma); 

Al(OH)3 (98%, Acros); C12H28O4Ti (96%, Fluorochem). Nitrate components were dissolved 

in an excess of warm de-ionised water, with the simulant waste added as a cerium nitrate for 

co-precipitation and ease of homogenisation. Separately, a mixture of stock isopropyl alcohol 

and aluminium hydroxide were agitated before complexing with an equal volume of titanium 

isopropoxide. The resulting complex was then shear mixed for 5 minutes with the dissolved 

nitrates to ensure rapid and homogenous precipitation, see Figure 3.1.2.A. The slurry was dried 

before calcining for 12 hours at 600 °C; the resulting powder was ball milled using a mini-mill, 

and pressed into 10 mm ⌀ pellets, before sintering for 1 hour at a range of temperatures  

1000 °C – 1300 °C. 
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Figure 3.1.2.A – Diagram showing laboratory scale process of alkoxide-

nitrate synthesis, reactants are shear-mixed together for 5 minutes 

3.1.3 Ion exchange 

The following provides a brief summary of the sample preparation technique used, more 

comprehensive accounts can be found in a subsequent paper [2].  A natural source of chabazite 

was used to simulate KURIONs caesium ion exchange material. Its composition was                  

70 ± 2 wt.% Chabazite (Verdi - Zeover), 18 ± 5 wt.% volcanic glass with auxiliary components 

(< 5 wt.% each) of feldspar, pyroxenes, biotite and philipsite. Material was exchanged with a 

0.1 M 133CsNO3 solution (Arcos 99%) in a teflon vessel for 24 hours, turned continuously 

using a roller-mill. After rinsing twice with 1 L of de-ionised (DI) H2O, filtration and removal 

of the subsequent liquor, the exchanged material was dried for 24 hours at 95 °C in air. This 

in effect, provided a material analogous to spent inorganic caesium ion-exchange material, as 

found in SIXEP and Fukushima Daichi effluent treatment facilities. Cs exchange was verified 

by Energy Dispersive X-ray spectroscopy and X-ray fluorescence 

 

3.1.4 Thermal treatment technologies 

3.1.4.a Glass melting 
Precursors batched to target glass at 10 g and 150 g were melted under air-atmosphere in a 

BRF 15/5-2416 (Elite Thermal Systems Ltd) furnace and a clean alumina crucible, leaving 

adequate volume for foaming and self-stirring effects to safely occur without any excursion. 

The melt constituents were held for 6 hours at 300 °C for a calcination-decomposition step, 

before 2 hours at a melt temperature of 1250, 1350 or 1450 °C. Monolithic glass samples were 

then quenched onto a pre-heated steel plate, before annealing at 550 °C for 4 hours in air. After 

the annealing period elapsed, the samples were slow cooled to room temperature at 

1 °C/minute. For chemical durability experiments, glass frit was produced by water quenching 

the glass from the molten state. 

Titanium 
isopropoxide

C12H28O4Ti
+ propan-2-ol

+ Al(OH)3

Partial 
condensation

+ Ca, Ba, (Ce)
nitrates

Hydrolysis
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3.1.4.b Furnace sintering and cold pressing 
A BRF 15/5-2416 (Elite Thermal Systems Ltd) chamber furnace was used, with air 

atmosphere, to sinter compacts and compressed pellets of titanate ceramics at temperature. 

Clean alumina furnace ware was used, with some platinum foil employed as a barrier for the 

most reactive ceramic precursors, when sintered at high temperature for the longer durations. 

 A high temperature pellet trial was carried out to refine the temperature range 

for development of crystalline cerium pyrochlore in the multiphase titanate ceramic materials, 

also allowing for the identification of other crystallographic phase transitions over the applied 

temperature range (600 – 1300 °C). Seven 1.00 g pellets were pressed, using prepared 

pyrochlore precursor powder. Cylindrical 10mm aperture dies and a manual hydraulic press 

(Specac) were used in all instances. A 1 ton load was applied for 60 seconds, to form the pellet, 

before the sample was gently removed using the die punch in the pellet press. A set of digital 

callipers and a laboratory balance were used to take measurements of the pellets before and 

after pressing. Three diameter and height measurements were taken for each pellet for the 

purposes of calculating a rudimentary average. Visual observations and scaled photographs 

were taken before and after sintering. In some experiments, fragments of the pellets were 

milled for XRD analysis. 

 Sintering was undertaken using a clean alumina crucible, sintering one pellet at 

each temperature: 600 °C, 1000 °C, 1100 °C, 1200 °C and 1300 °C. The furnace was ramped 

to temperature at 5°C/min, once at temperature, a pellet was loaded and temperature held for 

35 minutes (5 minutes for temperature stabilisation after loading the sample and 30 minutes 

for thermal treatment), before removal for sample cooling (quenched in air) and furnace ramp 

to the next temperature, see Figure 3.1.4.A.  
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3.1.4.c Spark plasma sintering 

Spark Plasma Sintering (SPS) is a relatively novel sintering technique that operates on the 

principle of a Joule heating effect via a very high applied current. This is usually coupled with 

a uniaxial pressure, which facilitates mass-transport and grain growth. The sample powder is 

contained inside a conductive graphite die, allowing the simultaneous application of heat and 

pressure. High performance components in the SPS chamber allow for rapid heating rates and 

near-theoretical densities for the final pellet product. 

SPS die preparation is a key stage of the process that is necessary to ensure the 

sample can be contained and monitored during sintering. The Cs-exchanged chabazite tuff was 

prepared by calcining in an air-atmosphere chamber furnace (Elite Thermal Systems Ltd) at 

300 °C for 12 hours, this was done to remove residual water and reduce the chance of 

entrainment of steam bubbles. Once calcined, the exchange media was milled manually with a 

pestle and mortar and sieved with a 212 µm steel mesh. A 20 mm aperture graphite die was 

cleaned and loaded in the following arrangement: a base graphite punch, two layers of graphite 

paper discs, 3 g of calcined sample were then loaded and levelled off, two further graphite 

paper discs were placed above the sample and a graphite top punch, with a cavity for insertion 

of a monitoring thermocouple, was used to seal the die pack, see Figure 3.1.4.B. The 

Figure 3.1.4.A – Temperature-time profile displaying the furnace 

heating schedule, with pellets exposed to temperatures between 

1000 °C and 1300 °C. 
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assembled die was then placed into a pellet press and 1 ton of uniaxial load was applied for 5 

minutes to compress and stabilise the sample. The punches were then removed and checked 

for sample leakage before re-insertion, one at a time.  

 

Samples were processed using an HP-D 25 SPS system (FCT Systeme GmBH). 

Using the data from the previous characterisation and analysis, the selected processing 

parameters were ramped to 1000 °C or 1100 °C, at 50 °C/min under an argon atmosphere with 

dwell times of 10 or 30 minutes, simultaneously under the application of uniaxial pressure of 

15 MPa or 50 MPa. Ensuring that the SPS chamber was clean, and the appropriate gas flow 

and electrical checks were complete, the ends of the die package were surrounded by graphite 

die posts and loaded into the chamber, as demonstrated in Figure 3.1.4.C (a). The assembly 

was covered with a graphite jacket, acting to reduce the overall temperature differential 

between the die and surrounding components. With the chamber sealed, see Figure 3.1.4.C 

(b), thermocouples were lowered into the cavity of the top die punch, final safety checks were 

carried out and the processing parameters adjusted. A series of purge cycles were initiated with 

Figure 3.1.4.B – Cross-section sketch of the internal 

components of SPS vacuum chamber, indicating 

location of graphite die assembly and sample compact. 
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a double vacuum cycle, purging with argon gas, removing any residual gases that could affect 

the sintering process. The voltage was then ramped to gradually reach the target heating rate 

of 50 °C/min, simultaneously the pressure exerted on the punches was increased to match the 

heating rate so that the required pressure was achieved at the same time as temperature, see 

Figure 3.1.4.C (c-e). Once sintering was completed, the die was left to cool at a natural rate, 

removed from the chamber, as seen in Figure 3.1.4.C (f) and the pellet was removed using a 

manual press. As the soft graphite paper became slightly entrained in the surface of the pellet, 

residual graphite was removed by manual grinding with SiC papers. Small quantities of the 

actual samples were removed in the process, to ensure that no graphite was entrained into the 

sintered material, which would have contaminated the composition for any chemical analysis. 

Final measurements of the pellet were recorded before sectioning for characterisation. 

 

  

Figure 3.1.4.C – Flow diagram for the SPS process; (a)  loading of the die; 

(b)  sealing, purging and evacuating of the chamber; (c) voltage is increased 

to ramp the temperature at 50°C/min; (d)  displacement, pressure, 

temperature and time are monitored by the system; (e) target temperature 

and uniaxial pressure is reached and held for the dwell time; (f) after the 

sample has cooled, it is removed and pressed out of the die. 
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3.2 Gas pycnometry and density balance measurements 
Gas pycnometry is a density measurement technique which relies on the principles of gas 

displacement to calculate the volume of a powder/other irregular geometry sample. Sample 

density can then be calculated using the mass of the sample. A density balance is a modified 

laboratory balance, operating on the Archimedes water displacement method, which measures 

the specific weight of a solid sample in air and then in a fluid of known density and temperature. 

These two values were then used to calculate the density according to Equation 3.2.A. 

 

𝜌𝜌 =
𝐴𝐴

𝐴𝐴 − 𝐵𝐵
∙ (𝜌𝜌0 − 𝜌𝜌𝐿𝐿) + 𝜌𝜌𝐿𝐿 

Equation 3.2.A – Formula for density calculation; 𝜌𝜌 = sample density;           

A = sample weight in air; B = sample weight in fluid; 𝜌𝜌0 = density of air; 𝜌𝜌𝐿𝐿 

= density of fluid 

 

3.2.1 Sample preparation and technique 

A Micrometrics AccuPyc II 1340 gas pycnometer was used with a 1 cm3 sample cell for the 

majority of powder samples and later in the project, a 0.1 cm3 cell for the Spark Plasma Sintered  

samples, due to the lower sample volume. Sample material was manually milled into a fine 

powder using a pestle and mortar. Sample cells were loaded to about 70% of the total apparent 

internal volume of the cell. Helium gas was used to ensure sample pores were being quickly 

filled with gas and purge cycles were employed  so that the solid material would be the only 

medium for displacement. 10 purge cycles and 10 measurement cycles were taken so that a 

suitable average and standard deviation could be calculated. The purge fill pressure was set to 

86.2 kPa per cycle with an end equilibrium rate of 3.4 kPa per minute.  

Density balance measurements of glass monoliths and sintered pellet fragments 

were taken using an Archimedes (Mettler Toledo) balance, calibrated with water as a liquid at 

a measured laboratory temperature. Each fragment was measured in both mediums five times, 

to allow for of determination of an average and deviation. 
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3.3 Powder X-ray diffraction 
Powder based X-ray diffraction (pXRD) was used throughout this project for identification of 

phase assemblage, structural changes and to complement chemical analysis techniques such as 

XRF and Energy Dispersive X-ray spectroscopy. The principle of X-ray diffraction operates 

on constructive interference of diffracted X-rays according to Bragg’s law, allowing for 

inference of information about atomic spacings and crystal lattice features. 

 

3.3.1 Standard pXRD sample preparation and measurement 

The granular nature of sintered powders and geometries of monoliths and pellet samples 

necessitated the manual pulverisation of samples into a fine powder using an agate pestle and 

mortar, before XRD measurements were carried out. The diffractometer used was a Bruker D2 

PHASER with a LYNXEYE detector, Ni filtered Cu (Kα λ = 1.5418 Å) radiation and a zero-

background sample holder. The holder was loaded with sample and levelled off with a glass 

slide, before insertion into the diffractometer. Diffraction patterns were collected between 5° 

< 2θ < 50° with a step size of 0.02° 2θ and dwell time of one second per step. Slit fluorescence 

conditions, and a longer step dwell time of 3 seconds per step were used for glass and glass-

ceramic samples, to assist with identification of any minor Bragg peaks from the onset of 

crystallisation. The DIFFRAC.EVA software package and the PDF databases were used for 

phase identification and analysis. 

 

3.3.2 Klug and Alexander quantitative phase analysis 

A set of  trial measurements were conducted for rapid phase quantification, using several 

adapted methods as discussed by Klug and Alexander [3]. Fully amorphous phosphate glass, 

cerium (IV) oxide (99.9%) and prepared cerium phosphate (monazite) standard powders were 

used in controlled mixtures, for measurements under Ni filtered Cu (Kα λ = 1.5418 Å) in the 

Bruker D2 Phaser diffractometer. 99% purity α-Al2O3 was used where an internal standard was 

called for, at a 20 wt.% addition. Mixture component absorption coefficients were calculated 

using the HEPHAESTUS software from the Demeter package [4], assuming theoretical 

densities [5]. Crystalline phases were found to have the following absorption coefficients for 

Cu K-α radiation at 8040 eV : 

• CePO4 �̅�𝜇𝑋𝑋* = 232.62 cm2g-1 
• CeO2  �̅�𝜇𝑌𝑌* = 302.02 cm2g-1 
• Al2O3 �̅�𝜇𝑆𝑆* = 31.64 cm2g-1 

 



66 
 

 

The method describing mixtures of 𝑵𝑵 components (𝑵𝑵 > 2); µ1* ≠ µM*, whereby 

mixture components do not have the same absorption coefficients, was used to generate some 

calibration lines. For component 𝐽𝐽 in a matrix, analysed with an internal standard, 𝑆𝑆 – 

calibration performed keeping the standard weight fraction, 𝑥𝑥𝑆𝑆 constant, Equation 3.3.A was 

used for sample fraction determination.  

𝑥𝑥𝐽𝐽 =  
𝑘𝑘′

1 − 𝑥𝑥𝑆𝑆
 ×  

𝐼𝐼𝑖𝑖𝐽𝐽
𝐼𝐼𝑘𝑘𝑆𝑆

= 𝑘𝑘 ×
𝐼𝐼𝑖𝑖𝐽𝐽
𝐼𝐼𝑘𝑘𝑆𝑆

 

Equation 3.3.A – Where 𝑥𝑥𝐽𝐽 is the component weight-fraction, k is a constant, 

𝐼𝐼 represents integrated peak area both of component 𝐽𝐽 in the matrix and the 

standard, 𝑆𝑆. 

Powder mixtures  were batched and finely milled, before homogenising 

manually in a pestle and mortar and placing in a  small zero-background holder. Diffraction 

data was collected at a selection of characteristic Bragg peaks, a step size of 0.02° 2θ with up 

to 8 seconds per step. CMPR software was used for peak fitting under a General Public License 

Subroutine Fortran Translator (GPLSFT) code [6], integrating peak area allowing for 

subsequent calculation of peak ratios and linear calibration lines, see Figure 3.3.2.A. Measured 

peak ratios of unknown mixtures can be compared to the calibration lines, with component 

fraction found at the intercept. While relatively simple and quick to prepare samples once a 

calibration curve has been established, the consistency of output results departed significantly 

from the other trialled phase quantification techniques: Rietveld full pattern refinement and 

image based quantitative analysis. 
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Figure 3.3.2.A – Mixture calibration lines for selected peak ratios with 

internal standard; monazite as CePO4 (top), and cerium oxide as CeO2 

(bottom). 
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3.4 X-ray fluorescence spectroscopy 
X-ray Fluorescence Spectroscopy (XRF) is a characterisation technique for quantitative 

chemical analysis, which utilises the fluorescence associated with the electron vacancy filling, 

from X-ray displacement. The unique electron structure of every element means that each will 

fluoresce, with identifiably characteristic energies when electrons fall into the lower energy 

levels of shells closest to the nucleus. K, L and M (innermost electron shells) spectral lines are 

chosen as the primary source for quantification of these fluorescence events. XRF was utilised 

in this study to verify elemental composition of ion exchange material, while also permitting 

the quantification of the caesium exchange and retention. 

 

3.4.1 Sample preparation 

XRF beads (disc-shaped) were prepared using a heated flux, to produce a monolith meeting 

the requirements of the XRF spectrometer. Milled sample powder was sieved to ensure all 

particles were < 212µm, 1g of this powder was then combined with 10g of lithium tetraborate 

flux (Sigma Aldrich, 99.995% Purity) for a 1:10 sample-to-flux ratio. These components were 

placed into a platinum crucible and manually mixed thoroughly. The crucible was placed into 

an automatic electric Claisse LeNeo™ Fluxer, for fusion at temperatures up to 1065 °C, 

producing a homogeneous glass bead.  

 

3.4.2 XRF analysis 

The analysis of the glass bead samples by XRF, was carried out using a PANalytical Zetium 

spectrometer under vacuum with a Rh X-ray tube operating at 50kV and 30mA. For each 

sample, three full spectrum scans were run using the full standardless elemental programme 

(approx. 20 minutes per scan), so an average could be obtained, and any outlying trace elements 

could be identified.  

  



69 
 

3.5 X-ray absorption spectroscopy (XAS, XANES, EXAFS) 
X-ray Absorption Spectroscopy (XAS) is a characterisation technique that can be used to 

further understand the electronic structure of bulk materials. A tuneable X-ray beam is directed 

at the sample, measuring the beam intensity before and after transmission through the sample, 

allowing for determination of net absorption. The excitation of electrons in the sample has 

characteristic absorption spectra, with well defined ‘edge’ features at a specific energy 

depending on the element and oxidation states, for example, Fe-K edge work probes the 

interaction with a 1s electron orbital. Several XAS studies were conducted for Fe-K edge, and 

Ce-L2, Ce-L3 edge spectra, probing the pre-edge features as well as X-ray absorption near edge 

structure (XANES) and extended x-ray absorption fine structure (EXAFS) regions, see  

Figure 3.5.A.  

 

 
Figure 3.5.A – X-ray absorption spectra for the Fe-K edge of an iron 

phosphate glass, indicating marked regions of interest for analyses 
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Pre-edge features and shoulders can be studied to determine electronic structure 

and oxidation state of the absorber species (as an average for a bulk material). EXAFS data 

represents the oscillations of photoelectrons ejected from the absorber atoms, allowing for 

modulation of the absorption spectra by calculation of the sum of probability contributions 

from physical and thermal effects of scattering events with nearest neighbouring atoms, 

according to Equation 3.5.A. 

 

𝜒𝜒(𝑘𝑘) = 𝑆𝑆02�𝑁𝑁𝑖𝑖
𝑓𝑓𝑖𝑖(𝑘𝑘)
𝑘𝑘𝐷𝐷𝑖𝑖2

𝑒𝑒
−2𝐷𝐷𝑖𝑖
𝜆𝜆(𝑘𝑘) 𝑒𝑒−2𝑘𝑘2𝜎𝜎𝑖𝑖

2
sin�2𝑘𝑘𝐷𝐷𝑖𝑖 + 𝛿𝛿𝑖𝑖(𝑘𝑘)�

𝑖𝑖

 

Equation 3.5.A – EXAFS equation, where 𝑘𝑘 =  2𝜋𝜋
𝜆𝜆

 is the wavenumber, 𝜆𝜆 as 

the wavelength of ejected photoelectrons, 𝜒𝜒 is a factor of absorption 

modulation, 𝑆𝑆02 is the amplitude reduction factor (element dependant constant 

usually 0.7-1.0), 𝑖𝑖 subscript denotes different scattering possibilities or 

pathways, the degeneracy 𝑁𝑁 results from the grouping of similar neighbours. 

A component 𝑓𝑓𝑖𝑖(𝑘𝑘)
𝑘𝑘𝐷𝐷𝑖𝑖

2  represents the spherical proportionality constant 

(considering isotropic spread of spherical waves, decreasing scattering 

probability with the square of distance or ‘scattering length’ from absorbers). 

The exponent 𝑒𝑒
−2𝐷𝐷𝑖𝑖
𝜆𝜆(𝑘𝑘)  relates the mean free path of photoelectrons, 𝜆𝜆(𝑘𝑘) to the 

scattering length and therefore core-hole lifetime, as with greater scatting 

length, a core-hole may decay before a photoelectron can return. An isotropic 

term usually defined as the Debye-Waller factor, 𝑒𝑒−2𝑘𝑘2𝜎𝜎𝑖𝑖
2
 is used to account 

for disorder induced by thermal vibration and static disorder in the structure, 

𝜎𝜎2 representing the mean square radial displacement due to this disorder. 

Atoms in the sample can alter the phase of photoelectron waves, this is 

introduced using a phase shift parameter, 𝛿𝛿𝑖𝑖(𝑘𝑘). With the factor 𝐷𝐷𝑖𝑖 denoting 

the scattering length, this is typically half of the total distance travelled by a 

photoelectron (for single and multiple scattering paths) [7].  

 
 

The majority of measurements were conducted in transmission mode, whereby 

the energy of X-rays was measured on incidence to the sample and after transmission, 

permitting simple calculation of the absorbance, see Figure 3.5.B. 
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Figure 3.5.B – Transmission mode experimental set-up for X-ray absorption 

spectroscopy. 

3.5.1 Sample preparation 

The uniformity, thickness and concentration of absorber atoms exposed to the X-ray beam are 

all key factors in ensuring collection of well resolved XAS data. For transmission samples, a 

fine powder was milled and diluted with solid polyethylene glycol, before homogenisation and 

pressing under low force into a pellet. The ratio of sample to bulking agent was optimised using 

HEPHAESTUS calculations as to maximise the absorbance step before and after the edge [4]. 

This also involves balancing a number of absorption lengths that permits transmission, while 

still being thick enough to allow for a statistically significant number of photons to be absorbed, 

producing a good signal to noise ratio. For fluorescence measurements, monoliths were ground 

to have 2 parallel sides, polishing the beam facing side to mitigate surface effects. 

 

3.5.2 Synchrotrons and beamlines 

The primary synchrotron facilities used were the BL-27B beamline at KEK-Photon Factory, 

Tskuba Japan (see Appendix 2), and the 6-BM beamline at NSLS-II, Brookhaven, New York, 

USA. Initial Fe-K measurements were conducted at BL-27B, with further Fe-K, Ce-L2, Ce-L3 

and fluorescence measurements conducted at 6-BM. The Photon Factory synchrotron ring 

operates at 2.5 GeV, with a top-up mode to maintain beam current, the beamline utilised a 

double crystal Si(111) monochromator and is specified to reach up to fluxes of  

1011 photons s-1. This station featured gas flow ionisation chambers as detectors and an active 

material handling area. The 6-BM beamline at NSLS-II featured both Si(111) and Si(311) 

monochromators, focusing and harmonic rejection optics. These monochromators are specified 

to achieve photon fluxes of 2 ×1012 photons s-1 and 4 ×1011 photons s-1, respectively. 6-BM 

also featured gas-flow ionisation chamber detectors.  
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3.5.3 Fe-K pre-edge analysis 

Baseline pre-edge analysis of Fe-K edge XAS data was conducted by fitting a background 

spline, applying a normalisation function, and fitting two Lorentzian contributions, each at 

different absorbance energies. The centroid position of these features was used to analyse the 

iron oxidation state, with reference to data from iron containing standards, while the intensity 

and integrated area corresponded to the coordination environment. As the Fe-K edge data was 

collected from a bulk sample, the result obtained represented an average oxidation state and 

coordination for all iron in the sample [8]. 

 

 

3.5.4 Data processing with Athena and Artemis 

Data manipulation and analysis was conducted using free software packages from the Demeter 

system. Reduction of data, application  of a background function, merging, calibrations, and 

normalisations were conducted using the ATHENA package. Corrections such as de-glitching, 

and self-absorption were also achieved via ATHENA. The ARTEMIS package permitted 

probing of the EXAFS region through techniques such as 𝑘𝑘-weighting, application of Fourier 

transforms and modelling of spectra to fit EXAFS regions using free energy force field (FEFF) 

calculations and crystallographic information files (CIF) [4]. 
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3.6 Simultaneous thermal analysis 
Simultaneous Thermal Analysis (STA) is an analytical technique for combining the 

simultaneous use of Thermogravimetric Analysis (TGA), and Differential Thermal Analysis 

(DTA). TGA is a thermal analysis method that monitors and measures the mass change of a 

sample as a function of temperature ramp and/or time-period. This technique is particularly 

pertinent for water losses and off-gasses, as the measured mass will measurably decrease 

during these events. DTA acts as another technique for thermal analysis, whereby the 

temperature of the sample is directly measured by a thermocouple during heating and compared 

against a reference sample (alumina), which is heated simultaneously. Phase changes to the 

sample during the heating cause temperature fluctuations in the material due to latent heat 

absorption or emission and can be detected as a deviation from the temperature profile of the 

reference sample.  

 

3.6.1 Thermal analysis method 

The DTA element is conducted using data obtained through differential heat flow, allowing for 

assessment of the onset of glass transition temperature, Tg and crystallisation temperature Tc, 

which can be coupled with a multiple-heat cycle method, whereby the thermal history of a 

glass sample can be removed.  

This study used a Netzch STA, TG 449 F3 Jupiter analyser, samples were heated 

and cooled at 5 °C per minute. Thermal analysis of base sodium iron phosphate glass samples 

was conducted in two runs, where the temperature was ramped to 1350 °C, to a typical melt 

temperature, before slow cooling to room temperature. Argon was used as an inert purge gas 

and an alumina pan was employed as the reference sample. Measurements were taken every 

0.01 minutes (0.6 seconds). 

  



74 
 

3.7 Mössbauer spectroscopy 
Mössbauer spectroscopy is a technique probing the electronic structure and local environment 

of iron atoms by studying the recoil of nuclei under irradiation. Through the conservation of 

momentum, atomic nuclei can recoil during absorption or emission of a 𝛾𝛾-photon. For this 

emission from the nuclei to occur, the incident 𝛾𝛾-photon energy must be greater than the 

excitation threshold for photoelectron emission. Nuclei in solids can lose energy to recoil 

interactions in ‘phonon packets’, when this phonon energy is = 0, these are termed as ‘recoil-

free’ events. 57Fe Mössbauer spectroscopy utilises the 14.4 keV transition and interaction 

between atoms of 57Fe, accounting for approximately ~ 2% isotopic abundance. This isotope 

is generated in an excited state through the electron capture decay from a 57Co source,  

Figure 3.7.A. This method can be used to determine isomer shift, quadrupole splitting effects 

and magnetic Zeeman splitting effects [9]. 

 
Figure 3.7.A – Simplified diagram showing 57Co undergoing electron 

capture, and de-excitation of 57Fe to emit a characteristic 14.4 keV gamma 

ray. 

To maximise the signal-noise ratio for spectroscopic data, the doppler effect is 

employed by continually oscillating either the source, sample, or detector. A WissEL 

Mössbauer spectroscope, with a 57Co source in a Rh matrix was used, spectra were collected 

at ambient room temperature for dilute powder samples, targeting 10,000 counts between a 

velocity range of -5 to + 5 mm s-1. An α-iron foil was used as the calibration standard and a 

scan of the standard was performed before each sample run. Fitting was achieved using the 

Recoil software suite was used to fit paramagnetic Lorentzian doublets [10].  
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3.8 Scanning electron microscopy and energy-dispersive X-ray 
spectroscopy 
Scanning Electron Microscopy (SEM) is a high-resolution imaging method that instead of 

using visible light as in optical microscopes, which is limited by the wavelength of light, uses 

magnetic lenses to raster electrons across a sample surface. The wavelength of the incident 

electrons, generated from an electron gun, is 4 – 5 orders of magnitude smaller than that of 

visible light (e.g., 4 × 102 nm for visible violet light and 4 × 10-3 nm for an electron beam). The 

interactions between the higher energy electrons and the atoms of the sample can cause elastic 

scattering (scattering instances where the electrons penetrate several hundred nm into the 

material and are deflected back out to the sample surface for detection), which when detected 

by the microscope are used to generate an image. The use of this effect is known as Back-

Scattered Electron imaging (BSE). The immediate and local atomic numbers of the sample 

atoms influence the degree of electron scattering, this is used to give a so called ‘Z contrast’ in 

a BSE image.  

With an increased accelerating voltage, the beam of electrons can penetrate 

further into the sample surface. At about 15kV, the electrons have enough energy to excite the 

electrons of the innermost shells of sample atoms (K, L or M shells). This excitation, followed 

by a de-excitation, releases energy in the form of characteristic X-rays allowing for elemental 

chemical analysis. This technique is known as Energy-Dispersive X-ray spectroscopy (EDX), 

and compositional images can be generated when the high energy beam is rastered across the 

surface. However, these extremely sensitive, electron-based imaging methods necessitate 

specific sample preparation, so that the surface is pristine and conductive. A non-conductive 

sample will lead to charge-up of electrons, which can cause image artefacts and damage the 

sample/instrument. 

 

3.8.1 Sample preparation 

Flat faces and fracture surfaces of monolithic samples were cold-mounted using an EpoxiCure-

2 (Buehler) resin-hardener mix in a 4:1 ratio. Where necessary, larger pellet and glass coupon 

samples were sectioned using an IsoMet Low Speed Saw (Buehler), fitted with a diamond 

blade submerged in IsoCut Fluid (Buehler) prior to cold-resin mounting. After 48 hours cure-

time, the samples were demoulded and ground using gradually finer grade SiC papers (240-

600 grit): 57, 48, 40, 35 and 26 µm grit. This was followed by polishing each sample with 

graded MetaDi (Buehler) monocrystalline diamond suspensions (6, 3 and 1 µm) with 
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individual polishing cloths. Samples were manually manipulated on an Automet Grinder-

Polisher (Buehler) to reach a 1 µm final surface finish.  

To make the mounted samples conductive, they were coated with an           

atomic-scale layer of carbon, using an Automatic Carbon Coater (Agar Scientific). The 

mounted samples were placed in a vacuum chamber, accompanied by sharpened graphite 

electrodes. After evacuating the chamber, a voltage was applied to the electrodes for 5 seconds, 

vaporising the graphite, depositing a thin carbon layer onto the sample surfaces. To ensure 

efficient conduction between the sample surface and SEM mounting stub, lines of Electrodag 

1415 (Agar Scientific) conductive paint were applied to allow electrons to flow between the 

top and base of the sample. 

 

3.8.2 SEM imaging and EDX analysis 

Imaging was conducted using a Hitachi TM3030 bench-top SEM, fitted with a tungsten 

filament with a digitally controlled stage. Samples were secured on the SEM stub using a cross-

strip of carbon tape, adjusting the stub height to ensure optimal working distance. Once under 

vacuum, a 15kV electron beam was used to generate images under the BSE setting. 

Micrographs were taken at low magnifications of ×80 – ×250 to provide an overview of a 

representative area of the sample (Note: higher magnifications were used for regions of 

interest). Elemental EDX analysis was performed using a Quantax 70 (Bruker) EDS system 

with a silicon drift detector. Scans of 600 seconds were conducted under 15kV and EDX 

modes, at lower magnification to permit semi-quantitative bulk analysis and review of phase 

distribution, and higher magnification for regions of interest. Spot analysis for phase 

identification was conducted using a high count-rate spot size with an average taken of five 

points on each phase, allowing for calculation of average composition. Due to poor detector 

performance for lighter elements (Z < 11) and oxygen (Z = 8), molar compositions are 

calculated from normalised ratios and oxide compositions. 
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3.9 Phase analysis of grayscale images 

3.9.1 Introduction and manual method 

Quantitative phase analysis is key to the development of glass ceramic nuclear wasteforms. In 

addition to presenting us with relative phase ratios, it can allow for inference of material 

properties as a sum of their constituent crystalline and glassy phases. Some of the most 

regularly implemented phase quantification techniques have centred around X-ray diffraction-

based Rietveld and pattern refinement methods. While these can provide useful additional 

information on material structure and phase assemblage, there are some inherent limitations 

such as the necessity to use an internal standard to quantify amorphous phases. Moreover, 

many refinement techniques require a starting model and structural understanding of the 

material [11,12]. Micrographic image analysis is used in research areas such as cementitious 

materials, as it can be particularly well exploited to measure pore sizes efficiently and 

determine aggregate size distribution [13]. Quantitative phase analysis by electron micrograph 

thresholding across contrast regions has been reported in the literature [14], though in this 

example, the technique was facilitated by proprietary-hard-coded microscope software with 

limited flexibility and user parametrisation. The current work aims to provide an open-source, 

fast and lightweight image analysis tool to complement common characterisation techniques 

for glass ceramics. 

 

3.9.2 Computer assisted processing methodology 

The developmental stages of this methodology are outlined in the publication of a project 

research outputs, Appendix 3. The prototypical glass ceramic wasteform material used in this 

study was from a suite of sodium-iron-phosphate compositions. Base glass composition was 

doped with additions of alumina and silica to melts and loaded with cerium oxide as a redox 

active fluorite surrogate for spent fuel. The primary composition used for initial tests consisted 

of component oxides and ammonium dihydrogen phosphate, loaded with 34 mol.% CeO2 and 

melted at 1250 °C before casting and annealing for 4 hours at 550 °C, henceforth, identified as 

IPSAS 34 mol.% CeO2, 1250 °C. Glass ceramic monolithic samples were sectioned, cold resin 

mounted and polished to a 1 µm mirror finish and carbon coated to reduce surface charge. BSE 

images were collected using a Hitachi TM3030 instrument, as described in Section 3.8.2. 

Concurrent analysis by pXRD and EDX allowed for confirmation of phase assemblage. Image 

acquisition parameters were set to medium brightness and high contrast, with fine adjustments 

made, per sample, to maximise the contrast in grey values between the individual phases. The 
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phase proportions can be delineated, as delimited by regions with different grey values, or BSE 

contrast, a factor influenced by the atomic number of the species in each phase. The free, open-

source image processing software ImageJ, was used as a base platform in the Fiji package [15]. 

The package utilises JavaScript-based functions and macros to assist with automation of 

various post-processing tasks. This work resulted in coding of a script, see Appendix 4, which 

will facilitate a quantitative-phase analysis methodology. An initial routine uses sample surface 

BSE images collected at a range of magnifications to measure particle size to pixel count ratios 

and smallest-feature statistics. The routine is followed by selection of an optimum 

magnification, such that small crystallites (> 5 µm) are properly resolved. A low-magnification 

broad micrograph of the material surface was collected, allowing overlay of a coordinate grid, 

a pseudo-random number generator was then used to select cells of the grid in order to collect 

sample micrographs at the desired magnification, Figure 3.9.2.A. 

 

 

During following stages of the code development, image-scale calibration was 

unnecessary, as phase quantities were determined by ratio of pixel counts. The script analyses 

a histogram of grey values represented in the sample BSE, then calculating the points at which 

minima of intensity can be found. The peak intensities between such points were then used to 

represent the discrete phases, the areas for which were determined by thresholding between 

Figure 3.9.2.A - Broad-overview BSE of IPSAS 34 mol.% CeO2, 

1250 °C, with coordinate grid overlay  
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pairs of minima and counting the number of pixels remaining, Figure 3.9.2.B (a). Ratios of 

these areas were then used to infer relative phase quantities.  

Following the processing of a first image, the remaining image set from a 

sample can be quickly processed to strengthen the measurement statistics. The user is given 

option to manually exclude mis-identified phases such as mounting material or pores, see 

Figure 3.9.2.B (b), and can also generate a representative figure to accompany phase quantity 

statistics for publication. The version of the script, Phase Analysis of Grayscale ImageS 

(PAGIS) supplied with this thesis can delineate 2–6 individual phases. 

 

 
 
  

Figure 3.9.2.B -  (a) Grey value histogram for IPSAS 40 wt% CeO2, 

1250 °C, (b) phase labelling and exclusion 
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3.10 Product consistency testing 
Product consistency testing (PCT) is an American Society for Testing and Materials standard 

method to assess aqueous chemical durability of solid samples under accelerated laboratory 

conditions. Particulate material is sealed in a container with a solution and allowed to react 

over a defined period before the post-dissolution material and aliquots of solution can be 

studied. The PCT-B methodology [16], was used in line with standard short-medium term 

durability assessment, and to allow for comparison with literature studies.  

 

3.10.1 PCT-B 

Samples were pulverised using a large manual percussion mortar and sieved to retain a particle 

size fraction of between 75 – 150 µm. The resulting powder was thoroughly washed using 

several litres of propan-2-ol and an ultrasonic bath. The durability study was undertaken using 

approximately 1 g of powder with  9 mL of UHQ water as a leachate, to yield a powder - 

solution SA/V value of 1200 m-1. 

As the analysis techniques used for leachate analysis are highly sensitive to 

compositional contaminants in the ppb-ppt (parts per billion or trillion) range, an intensive 

cleaning regime was necessary to adequately prepare the test vessels. 15 mL PTFE (Teflon) 

pots were rinsed initially with de-ionised water, before soaking in a 1% DECON 90 solution 

(KOH, decon®) for 16 hours. The vessels were then rinsed twice with de-ionised water to 

remove the residual DECON 90 solution, before soaking in a 1% HNO3 (ACS 70%) solution 

made with UHQ (ultra high quality, 18.2 MΩ) water for a further 16 hours. Three further rinses 

with UHQ water were carried out before each pot was loaded with approximately 10-12 mL 

of UHQ water, sealed and weighed. The loaded pots were then each weighed before holding 

in an oven at 90 °C for 16 hours. After removal and cooling, vessels were re-weighed, and 

masses compared against initial data to evaluate the seal quality and retention of solution – 

pots with > 5% evaporative losses were removed from service. The final confirmation of the 

cleaning process was the use of pH indicator paper to validate the solution as being within a 

relatively neutral pH of 5 – 7. Three sample pots and two blanks (pots with water, but no 

sample) for each time duration (1, 3, 7, 14, 21 and 28 days) were held at 90 °C in an oven to 

accelerate any chemical alteration. The blank samples provide a control to register any 

contamination associated with vessel degradation and leachate preparation, while triplication 

allows for calculation of average and assessment of experimental error. Sub-samples of the 

solutions were taken at each time-point, passed through a 0.2 µm mesh syringe filter before 
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measuring with a pH meter (Mettler Toledo). Ionic species were kept in solution by 

acidification with HNO3 (VWR 67-69%). 

 

3.10.2 ICP-OES and post dissolution particle analysis 

Solution aliquots were analysed by ICP-OES (inductively coupled plasma with optical 

emission spectroscopy) using a Thermo Fisher iCAPDuo 6300. Measurements of Cs content 

were also carried out by ion chromatography (Thermo Scientific ICS 1100).  

Powder samples from some time points, especially day 28 at the end of the 

studies, were further characterised, first by pXRD, see Section 3.3.1 and an assessment of  

morphology, alteration layers and local chemical composition was conducted using SEM / 

EDX, see Section 3.8.2. 
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Phosphate Glass-
Ceramics 
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Summary 
A series of glass and ceramic type host systems have been investigated for potential conditioning 

of disposition of high loading streams, with some chemical flexibility for incorporation of iron-rich 

calcines arising from total dissolution or oxide separation of nuclear fuel. A base sodium iron 

phosphate composition was studied with addition of fluorite structured CeO2 as a fuel simulant. 

Materials were synthesised within a matrix of melting temperatures and fuel simulant loading, to 

allow for the study of phase formation.  A set of secondary compositions were synthesised with 

additions of Al2O3 and SiO2 to the glass batch, in an effort to passivate the aggressive nature of 

phosphate glass melts. Samples were characterised for phase assemblage and composition by 

powder X-ray diffraction and electron microscopy; cerium monazite, Ce(PO4) was the primary 

crystalline phase at high loadings. An investigation of iron valence and local structure was carried 

out by Mössbauer spectroscopy and X-ray absorption spectroscopy, with the iron redox behaviour 

trending slightly, resulting in wasteforms containing more Fe(III) than Fe(II). Some evaluation of 

chemical durability was undertaken with a series of PCT-B tests conducted for a selection of the 

produced phosphate materials, allowing for assessment of dissolution behaviour for the two base 

compositional variants.  
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4.1 Iron-rich orphan nuclear materials 
Though undamaged stainless-steel clad fuel pins are routinely being separated from the graphite 

sleeves and transferred into slotted cans at the Sellafield Fuel Handling Plant (FHP), ThORP 

reprocessing of this fuel is no longer possible with the termination  of such activities. The state of 

much of the legacy damaged AGR, WAGR and DFR breeder residual orphan materials preclude 

separation and fuel pin disassembly prior to disposal.  Further arisings of iron-rich spent fuel feeds 

are also likely, following longer than design-life storage of AGR fuel following de-fuelling and 

decommissioning activities, with the last UK AGR reactors scheduled to be shut down for the final 

time in 2028 [1]. Much of these materials have already degraded to a point where they have required 

re-packaging, although no long-term storage or disposal assignment has been made at the time of 

writing. With  no further operation of Magnox type reactors or production of Magnox fuels, 

following the final campaigns of Magnox reprocessing, stainless steel-clad orphan materials are 

likely to become one of the larger components of the UK orphan nuclear material inventory 

(encompassing WAGR, AGR, DFR breeder and PFR MOx materials). If a thermal treatment 

method is established for damaged and  legacy steel containing fuel and orphan streams, it may 

provide an alternative option to direct disposal of the future inventory of un-damaged AGR spent 

fuel. Dismantling of fuel pins has historically been somewhat routine in the UK, with well 

understood engineering and technological complexity [2]. All such activities would still need to be 

undertaken via remote operation in a hot-cell facility, due to the activity of long-lived fission 

product radionuclides. Unfortunately, with the shutdown of all reprocessing operations, nuclear 

workforce attrition is likely in this specialisation, which may also give rise to future difficulties de-

cladding fuel. Use of total acid dissolution of the damaged nuclear material, including cladding, is 

likely to produce the most homogeneous waste feed, when compared with mechanical size 

reduction. With some mechanism of drying and calcination, such as employment of a rotary 

calciner, a pre-processed solid waste feed rich in uranium and iron can be produced. 

  When considering vitrification as a thermal treatment for such a stream, borosilicate 

compositions do not typically have good actinide loading capabilities, which would drive a large 

increase in waste volume. Phosphate based glass compositions have been developed with greater 

solubility for actinides such as uranium, though hydrolytic durability of P – O – P bonds is poor. 

Addition of iron to a base phosphate glass has been demonstrated to replace some of these bonds 

for P – O – Fe(II/III) bonds, significantly improving the chemical durability of the material [3,4]. 

Phosphate glasses can have quite aggressive melting characteristics and have been shown to 

corrode crucible materials and melter components, even over short glass-making campaigns [5], so 

further glass batch additions should be considered to help improve thermal stability of glass-melts, 

prolong melter lifetime, and reduce more hazardous melt-foaming characteristics.  



87 
 

4.2 Base compositions and additions 
4.2.1 Sodium iron phosphate (SIP) 

The addition of sodium, while a network modifier, to phosphate and iron phosphate glasses is one 

such avenue that has been demonstrated to improve thermal stability of glass as well as contributing 

to enhanced dissolution resistance and was further investigated here [6,7]. All batching reagents 

used were from Alfa Aesar stock, with stated purities and molar composition for the base sodium 

iron phosphate (SIP). Batching ratios were calculated with respect to oxide equivalents for each 

reagent in the following base ratio: 59 mol.% P2O5, 30 mol.% Fe2O3 and 11 mol.% Na2O, as 

indicated by the 0 mol.% simulant loaded compositions listed in Table 4.2.A. The  batch chemicals 

were ammonium dihydrogen phosphate, NH4H2PO4 (98%); iron oxide, Fe2O3 (95%); sodium 

carbonate, Na2CO3 (98%). This base composition was selected following a review of basic sodium 

iron phosphate glasses, with similar compositions indicating potential for high loading of actinides, 

retained favourably during chemical durability studies [8–10]. Ceria, CeO2 (99.5%) additions were 

used as an inactive trial simulant for UO2, prior to demonstration through active trials. Ceria shares 

a fluorite structure with UO2, as well as a large cationic radius and it has been demonstrated to 

behave as an active redox couple in surrogate nuclear waste forms [11,12]. It should however be 

noted that the redox behaviour of cerium is not directly analogous to that of uranium, while cerium 

forms Ce(III) and Ce(IV), uranium will typically speciate to U(IV), U(V) or U(IV) [12]. In addition, 

the relative density of ceria is 30% lower than its uranium counterpart, which is likely to lead to 

slightly different melt characteristics. These features should be considered when interpreting redox 

analyses and equivalency for predicting the behaviour of uranium bearing compositions. The 

density discrepancy may have a lesser effect due to significant self-stirring effects and bubbling 

caused by ammonia evolution during early stages of the melting process. Additions of this surrogate 

fuel were made to the pre-batched base SIP composition, up to 45 mol.%. 

 

4.2.2 Sodium iron phosphate with Al and Si (IPSAS) 

Additional studies have also indicated improved melt stability and refractory lifetime with silica 

and alumina additions to phosphate glass melts [8,9]. Work conducted on a similar base glass also 

parametrised the addition of Al2O3, SiO2 and B2O3, with findings indicating that such oxides have 

a significant advantage with respect to thermal characteristics listed from most impactful to least 

impactful. However, this was not without sacrifice to glass formability and melt solubility [13]. 

Further work with cursory dissolution profiling of a metaphosphate base glass that contained large 

alumina additions has shown no significant impact on the chemical durability, as compared to 

reference iron phosphates [14]. As such, a trial with small alumina and silica additions, to passivate 
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melt characteristics, assess any change in simulant fuel solubility, and to permit determination of 

the initial chemical durability with reference to the SIP base compositions.  Again, batching reagents 

used were from Alfa Aesar stock, with stated purities and molar composition for the base iron 

phosphate sodium aluminosilicate (ISPAS). Batching ratios were calculated with respect to oxide 

equivalents for each reagent in the following base ratio: 61 mol.% P2O5, 18 mol.% Fe2O3, 9 mol.% 

Na2O, 8 mol.% SiO2 and 4 mol.% Al2O3, see Table 4.2.A for IPSAS batched compositions and 

synthesis conditions. In addition to the reagents as used for SIP base materials, Alfa SiO2 (99%) and 

Al2O3 (99%) were used. To allow for near comparisons with SIP samples, IPSAS compositions 

were batched for loadings of up to 43 mol.% ceria simulant waste. 
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Table 4.2.A - Batch compositions for samples synthesised to molar ratios, measured bulk average EDX compositions, including glass and crystalline phases, 

are in brackets. Compositions are tabulated against melt temperature, average density by Archimedes measurement and crystalline phases as detected via 
powder X-ray diffraction. All measurements were conducted with samples annealed at 550 °C. 

* Decreases attributed to foaming and slag incorporation. †pXRD crystalline phases: monazite, ceria, NFP = sodium iron phosphate. ††majority amorphous 
with too few minor Bragg peaks to identify. 

Sample ID 
Batched and (Measured EDX) Composition by Oxides ± 1.0 (mol.%) Temperature  

Melt (°C) 
Average  

Density (g cm-3) 
XRD Crystalline 

Phases† P2O5 Fe2O3 Na2O SiO2 Al2O3 CeO2 

SIP_0_1250 58.5 (55.0) 30.3 (23.9) 11.2 (15.6) 0.0 (0.9) 0.0 (4.5) 0.0 (0.0) 1250 2.970 ± 0.013 amorphous 

SIP_4_1250 56.1 (56.7) 29.1 (22.2) 10.7 (13.7) 0.0 (1.0) 0.0 (4.8) 4.1 (1.8) 1250 3.010 ± 0.011 amorphous 

SIP_8_1250 53.7 (53.8) 27.8 (25.5) 10.2 (12.4) 0.0 (0.8) 0.0 (3.8) 8.2 (3.7) 1250 3.180 ± 0.009 amorphous†† 

SIP_16_1250 48.7 (52.0) 25.3 (25.6) 9.3 (13.6) 0.0 (0.9) 0.0 (3.4) 16.7 (4.5) 1250 3.160 ± 0.024 monazite 

SIP_25_1250 43.5 (48.0) 22.6 (28.1) 8.3 (10.2) 0.0 (0.5) 0.0 (2.3) 25.6 (10.9) 1250 3.610 ± 0.021 monazite, ceria, NFP 

SIP_35_1250 38.1 (45.3) 19.7 (19.4) 7.3 (10.6) 0.0 (0.8) 0.0 (2.3) 34.9 (21.7) 1250 3.290 ± 0.010 monazite, ceria, NFP 

SIP_45_1250 32.4 (41.3) 16.8 (18.2) 6.2 (11.1) 0.0 (0.8) 0.0 (0.2) 44.6 (28.4) 1250 3.410 ± 0.013 monazite, ceria, NFP 
                      
            

SIP_0_1350 58.5 (51.0) 30.3 (28.9) 11.2 (11.1) 0.0 (0.6) 0.0 (8.3) 0.0 (0.0) 1350 2.870 ± 0.019 amorphous 

SIP_4_1350 56.1 (53.5) 29.1 (25.5) 10.7 (9.6) 0.0 (1.2) 0.0 (8.4) 4.1 (1.7) 1350 2.968 ± 0.033 amorphous 

SIP_8_1350 53.7 (51.8) 27.8 (26.2) 10.2 (10.0) 0.0 (1.2) 0.0 (7.5) 8.2 (3.3) 1350 3.078 ± 0.013 amorphous†† 

SIP_16_1350 48.7 (49.3) 25.3 (27.0) 9.3 (11.0) 0.0 (1.4) 0.0 (6.6) 16.7 (4.6) 1350 3.144 ± 0.009 monazite, NFP 

SIP_25_1350 43.5 (47.9) 22.6 (27.1) 8.3 (11.6) 0.0 (0.8) 0.0 (6.1) 25.6 (6.5) 1350 3.180 ± 0.036 monazite, ceria, NFP 

SIP_35_1350 38.1 (42.8) 19.7 (29.7) 7.3 (12.4) 0.0 (0.7) 0.0 (6.2) 34.9 (8.2) 1350 3.236 ± 0.027 monazite, ceria, NFP 

SIP_45_1350 32.4 (38.2) 16.8 (15.3) 6.2 (10.8) 0.0 (9.1) 0.0 (9.1) 44.6 (17.5) 1350 2.523 ± 0.026 monazite, ceria, NFP 
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Sample ID 
Batch and (Measured EDX) Composition by Oxides ± 1.0 (mol.%) Temperature  

Melt (°C) 
Average 

Density (g cm-3) 
XRD Crystalline 

Phases† P2O5 Fe2O3 Na2O SiO2 Al2O3 CeO2 

SIP_0_1450 58.5 (52.0) 30.3 (26.3) 11.2 (9.7) 0.0 (1.3) 0.0 (10.7) 0.0 (0.0) 1450 2.880 ± 0.032 amorphous 

SIP_4_1450 56.1 (50.6) 29.1 (25.4) 10.7 (11.2) 0.0 (1.5) 0.0 (9.4) 4.1 (1.9) 1450 3.085 ± 0.007 monazite, NFP 

SIP_8_1450 53.7 (48.7) 27.8 (29.2) 10.2 (8.9) 0.0 (0.9) 0.0 (8.1) 8.2 (4.2) 1450 3.153 ± 0.011 monazite, NFP 

SIP_16_1450 48.7 (46.4) 25.3 (27.8) 9.3 (9.3) 0.0 (0.9) 0.0 (8.7) 16.7 (6.8) 1450 3.253 ± 0.008 monazite, ceria, NFP 

SIP_25_1450 43.5 (46.2) 22.6 (26.9) 8.3 (9.5) 0.0 (1.5) 0.0 (8.7) 25.6 (7.2) 1450 3.388 ± 0.019 monazite, ceria, NFP 

SIP_35_1450 38.1 (33.5) 19.7 (21.9) 7.3 (9.4) 0.0 (1.0) 0.0 (25.0) 34.9 (9.2) 1450 3.494 ± 0.009 monazite, ceria, NFP 

SIP_45_1450 32.4 (38.0) 16.8 (14.6) 6.2 (9.9) 0.0 (1.0) 0.0 (10.0) 44.6 (26.5) 1450 3.406 ± 0.012 monazite, ceria, NFP 
                     
                     

IPSAS_0_1250 61.1 (55.7) 18.1 (19.7) 9.3 (10.0) 7.2 (8.1) 4.3 (6.6) 0.0 (0.0) 1250 2.790 ± 0.017 amorphous 

IPSAS_4_1250 58.8 (57.7) 17.4 (17.3) 9.0 (9.4) 6.9 (7.4) 4.1 (6.3) 3.8 (1.9) 1250 2.840 ± 0.021 amorphous 

IPSAS_8_1250 56.4 (54.5) 16.7 (16.9) 8.6 (10.2) 6.7 (7.8) 3.9 (6.1) 7.7 (4.4) 1250 2.930 ± 2.928 amorphous 

IPSAS_16_1250 51.4 (56.2) 15.2 (13.3) 7.8 (9.2) 6.1 (8.2) 3.6 (5.6) 15.9 (7.5) 1250 3.150 ± 0.046 amorphous†† 

IPSAS_25_1250 46.1 (50.1) 13.7 (16.2) 7.0 (9.3) 5.5 (7.1) 3.2 (9.6) 24.5 (7.6) 1250 3.380 ± 0.006 monazite, ceria 

IPSAS_34_1250 40.6 (50.4) 12.0 (14.4) 6.2 (9.2) 4.8 (7.4) 2.8 (4.5) 33.5 (14.1) 1250 3.400 ± 0.028 monazite, ceria, NFP 

IPSAS_43_1250 34.8 (44.9) 10.3 (14.6) 5.3 (11.1) 4.1 (6.5) 2.4 (3.9) 43.0 (19.0) 1250 2.840 ± 0.022 monazite, ceria, NFP 

             



91 
 

             

Sample ID 
Batch and (Measured EDX) Composition by Oxides ± 1.0 (mol.%) Temperature  

Melt (°C) 
Average  

Density (g cm-3) 
XRD Crystalline 

Phases† P2O5 Fe2O3 Na2O SiO2 Al2O3 CeO2 

IPSAS_0_1350 61.1 (53.0) 18.1 (18.3) 9.3 (7.9) 7.2 (8.0) 4.3 (12.7) 0.0 (0.0) 1350 2.752 ± 0.006 amorphous 

IPSAS_4_1350 58.8 (55.3) 17.4 (15.7) 9.0 (7.9) 6.9 (7.3) 4.1 (12.2) 3.8 (1.6) 1350 2.930 ± 0.039 amorphous 

IPSAS_8_1350 56.4 (52.9) 16.7 (17.0) 8.6 (8.7) 6.7 (7.9) 3.9 (9.7) 7.7 (3.9) 1350 2.965 ± 0.006 amorphous 

IPSAS_16_1350 51.4 (51.9) 15.2 (15.4) 7.8 (9.0) 6.1 (7.5) 3.6 (8.8) 15.9 (7.3) 1350 3.121 ± 0.010 amorphous 

IPSAS_25_1350 46.1 (48.7) 13.7 (15.3) 7.0 (8.9) 5.5 (7.2) 3.2 (8.6) 24.5 (11.3) 1350 3.280 ± 0.012 monazite, ceria 

IPSAS_34_1350 40.6 (48.2) 12.0 (14.2) 6.2 (9.4) 4.8 (7.4) 2.8 (8.0) 33.5 (12.9) 1350 3.372 ± 0.020 monazite, ceria, NFP 

IPSAS_43_1350 34.8 (37.5) 10.3 (15.3) 5.3 (11.1) 4.1 (9.2) 2.4 (9.2) 43.0 (17.7) 1350 2.683 ± 0.048 monazite, ceria, NFP 
                       
            

IPSAS_0_1450 61.1 (53.8) 18.1 (14.9) 9.3 (8.1) 7.2 (8.0) 4.3 (15.2) 0.0 (0.0) 1450 2.737 ± 0.011 amorphous 

IPSAS_4_1450 58.8 (52.3) 17.4 (14.9) 9.0 (9.4) 6.9 (8.3) 4.1 (13.0) 3.8 (2.1) 1450 2.858 ± 0.007 amorphous 

IPSAS_8_1450 56.4 (52.3) 16.7 (15.1) 8.6 (8.1) 6.7 (7.5) 3.9 (13.7) 7.7 (3.3) 1450 2.843 ± 0.041 amorphous 

IPSAS_16_1450 51.4 (50.0) 15.2 (14.7) 7.8 (8.9) 6.1 (7.5) 3.6 (11.0) 15.9 (8.0) 1450 3.095 ± 0.006 monazite, NFP 

IPSAS_25_1450 46.1 (50.1) 13.7 (17.5) 7.0 (8.2) 5.5 (8.0) 3.2 (8.3) 24.5 (7.9) 1450 3.279 ± 0.044 monazite 

IPSAS_34_1450 40.6 (42.9) 12.0 (15.7) 6.2 (9.4) 4.8 (9.5) 2.8 (10.6) 33.5 (11.9) 1450 3.345 ± 0.014 monazite, NFP 

IPSAS_43_1450 34.8 (41.1) 10.3 (14.2) 5.3 (7.6) 4.1 (7.7) 2.4 (5.3) 43.0 (24.1) 1450 2.779 ± 0.012 monazite, ceria, NFP 

  



92 
 
4.3 Synthesis  
4.3.1 Glass batching 

Hygroscopic reagents were dried overnight at up to 180 °C to reduce the moisture content of batch 

constituents prior to weighing. With the base compositions batched to the SIP or IPSAS base molar 

ratios, simulant loaded samples were prepared with further addition of ceria powder, as a relative 

molar addition up to 45 mol.%. Following addition of each reagent to a container, the mixture was 

manually stirred and homogenised. Batching was performed immediately prior to calcination, 

decomposition pre-melting and glass melt steps, in order to avoid any detrimental reactions with 

moist atmosphere. Batch sizes started at 10 g target glass for broad matrix compositions, up to     

100 g for chemical durability frits and casting of fluorescence measurement monoliths. 

 
4.3.2 Cursory melts and thermal analysis 

A small series of base sodium iron phosphate glass melts were melted in mullite crucibles in an air 

atmosphere chamber furnace, for 1 hour at 1250 °C, before casting was attempted. It was found that 

for the SIP base glass melt, the immediate ramp to temperature at 5 °C per minute caused excessive 

foaming over the crucible edges, into secondary containment, and there was significant degradation 

of crucible walls which led to failure during attempted casting. Even with pre-heated casting plates 

and moulds, successfully cast coupons would crack and shatter if they were not loaded into an 

annealing oven within 30 seconds of casting. It was also noted that under the initially proposed 

melting conditions, solubility for simulant fuel at higher loadings was poor in both SIP and IPSAS 

glass melts, with cast products containing unincorporated reagents and slag. 

  Fundamental thermal analyses of base glasses were conducted under argon 

atmosphere, samples of pre-cast base glass frit were ramped through the transition temperatures, up 

to 1350 °C. DTA data were calculated as a first derivative and normalised to the region of interest, 

before an exponential smoothing function was applied to minimise the interference of thermocouple 

noise.  Both SIP and IPSAS base glasses demonstrated DTA endothermic minima after the onset of 

Tg, and exothermic peaks at Tc, Figure 4.3.A. With Tg onset occurring at approximately 467 °C for 

SIP glass, it was noted as being lower than typical glasses in the range of 480 – 550 °C for iron 

phosphate and sodium iron phosphate glass ceramic compositions [15–17]. However, the IPSAS 

exhibited a higher Tg onset at 490 °C, with this difference attributed to the intentional addition of 

alumina and silica refractory oxides in the batch. An annealing temperature was proposed as  

550 °C,  which while above the transition of base glasses, was likely to be in the realm of transition 

points for the higher loaded glasses. If the annealing temperature was too low, there may have been 

some unwanted crystallisation. Slow cooling was employed to allow flexibility for higher simulant-

loaded melt compositions with greater Tg, as would be expected for waste loaded glass. Further 

modifications to the thermal treatment schedule were made following this. 
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4.3.3 Glass melt with cast and anneal 

Pre-calcined alumina crucibles were used for the remainder of the study, and all melts were allowed 

to dwell at 300 °C for 6 hours to allow for calcination and steady decomposition of the ammonium 

dihydrogen phosphate precursor. Following melts were carried out under air atmosphere in a 

chamber furnace, with melt temperatures held for 2 hours prior to casting. Melting temperatures of 

1250 °C, 1350 °C and 1450 °C were selected to provide an additional thermal variable. Monoliths 

cast onto preheated steel plates were then loaded into an annealing furnace held at 550 °C for 4 

hours before slow cooling through Tg to room temperature at 1 °C per minute. Under these 

conditions, the base glass compositions were found to be fully homogenous by pXRD.  

 
4.3.4 Frit production for durability testing 

Glass frit was prepared for chemical durability tests by pouring molten glass, immediately after 

removal from the melt furnace, into a double-contained steel bucket filled with water. Care was 

taken to reduce the pour height within safely outside the range of any evolved steam and the water. 

The water instantly quenched the glass droplets into fine beads and particles, though the buckets 

were left to cool completely for 30 minutes before further handling.  
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IPSAS 0 mol.% 1350 °C
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Tg: 490 °C

Tc: 617 °C

Tc: 601 °C

Figure 4.3.A – Differential thermal analysis traces of unloaded SIP and IPSAS base 
glass frits, with glass transition onsets, Tg, and crystallisation temperatures, Tc, 
marked. DTA was collected at a ramp rate of 5 °C min-1 under flowing argon. 
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4.4 Glass melt observations 
Melt viscosity during pouring increased significantly with higher simulant waste loadings, as is 

typical with substantial additions of refractory materials like ceria. In all melt series, with the 

exception of SIP 1450 °C compositions, melt behaviour followed a consistent trend of decreasing 

viscosity with increasing temperature. The highest simulant waste loaded melts exhibited evidence 

of foaming, with some annealed monoliths featuring a porous structure. At lower melt 

temperatures, some high loading samples featured a minor slag layer (adhered to the crucible or 

secondary containment). The SIP 1450 °C series experienced a substantial degree of foaming and 

produced aggressive melts, as such it was not possible to properly pour and cast the highest simulant 

loaded samples, so crucibles were moved from a furnace at melt temperature to an annealing 

furnace at 550 °C, as to act as a quench before allowing for an annealing period and slow cooling. 

These samples were mechanically recovered from crucibles following cooling. 

 

4.5 Archimedes density and molar volume 
The average monolith density of the glass or glass ceramic monoliths was determined via 

Archimedes measurements.  As with melt viscosity, the density generally increases with ceria 

loading, however, this behaviour was not entirely linear, and all series exhibited a degree of decrease 

in measured densities at loadings above 34 - 45 mol.%, see Figure 4.5.A. The most marked 

decreases were found at 45 mol.% simulant loading of SIP melted at 1350 °C and for all of the 

IPSAS 43 mol.% loaded series. The general increase for all series was attributed to the increased 

incorporation of cerium, retention of some high density undigested ceria, CeO2, 7.19 g cm-3 and 

crystallisation of monazite, Ce(PO4) 5.21 g cm-3 [18,19]. However, the highest loadings under these 

conditions were extending far beyond the melt solubility limits, overcoming the lower relative 

additions of passivating alumina and silica to form more aggressive melts, in turn, generating porous 

materials with incorporated foam and slag. Inclusion of these intermediate slag phases and higher 

porosity drove the average Archimedes density down, such cases are marked with open symbols, 

Figure 4.5.A. The peak density for SIP series was 3.61 g cm-3, 1250 °C melt loaded to 25 mol.% 

simulant and the peak for IPSAS series was 3.40 g cm-3, 1250 °C melt loaded to 34 mol.% simulant. 

These values are in line with similar iron phosphate glasses featured in literature, such as a caesium 

oxide and barium oxide loaded composition, IPCs45Ba5, with a density of 3.639 g cm-3 [17].  

Molar volumes for the glass and glass-ceramic samples in the as-annealed condition, 

were calculated using the Archimedes density data and the molar mass found by bulk semi-

quantitative EDX analysis, discussed further in Section 4.7.1. As these data are derived from EDX 

analysis, they are presented with a caveat here that due to poor detection of characteristic X-rays for  
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Figure 4.5.A – Plots of average density for monoliths as measured by Archimedes 
method, SIP compositions (top) and IPSAS compositions (bottom) respectively. 
Unfilled symbols indicate highly porous samples. Error bars may be obscured by 

datapoint symbols. 
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light elements (Z < 11), including oxygen, so any oxygen content was inferred using molar ratios 

of oxide forms for other detected elements, normalised to a sum of the remaining constituents. 

Furthermore, the methodology for determining average composition by EDX analysis is heavily 

dependent on selection of representative sampling locations on a monolithic surface, which was 

more prohibitive for highly porous samples. The combination of these factors and uncertainties led 

to a greater combined error and therefore calculated molar volume, as represented in Figure 4.5.B. 

In both compositional series SIP and IPSAS, it can be noted that the molar volume remains 

approximately consistent up to the onset of crystallisation at 16 – 25 mol.% simulant waste loading, 

with SIP melts converging between 70 – 85 cm3 mol-1 and ISPAS melts within a range of 80 – 90 

cm3 mol-1. With higher simulant loadings at the onset of crystallisation and beyond, an 

approximately exponential upwards trend emerges, driven primarily by drop-off in sample densities 

with increased porosity, as marked by open symbols. With reference to data points before the 

development of significant porosity, the apparent trend was approximately linear, due to the bulk 

molar mass increasing at a faster rate than the increasing density. In the most pronounced example, 

the SIP 1250 °C melt series, the bulk molar mass was almost doubled from 210 – 400 g mol-1 

between simulant waste loadings of 0 – 45 mol.% CeO2 respectively. Conversely, for the same 

series, the density only increases by approximately 15% from lowest to highest loading.  The most 

notable departures from the trends in molar volume, such as the IPSAS 25 mol.% loaded sample 

melted at 1250 °C, can be primarily attributed to the equivalent differences in measured Archimedes 

density, though in this particular case the effect was more pronounced because of a lower-than-

expected bulk cerium content, therefore lower molar mass. This could indicate that the IPSAS  

25 mol.% simulant loaded 1250 °C melt sample experienced cerium containing slag formation 

which may have adhered to the crucible during casting, or separation of large crystallites of cerium 

rich monazite.   
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Figure 4.5.B – Plots of molar volume, as calculated using Archimedes density and 

molar mass from EDX analysis, SIP compositions (top) and IPSAS compositions 

(bottom) respectively. Unfilled symbols indicate highly porous samples. Error bars 

may be obscured by datapoint symbols. 
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4.6 Powder X-ray diffraction 
The amorphous nature and phase assemblage of samples in this study were determined using finely 

milled powder samples, as measured with an X-ray diffractometer in a modified setup to amplify 

even minor Bragg peaks indicative of crystallisation, see Section 3.3.1. Here, pXRD also provides 

an avenue for comparison of any crystalline phases between the melt series. Fully amorphous 

samples, as indicated by the XRD column of Table 4.2.A, were those as defined by a high noise 

floor and a moderately intense feature with a continuous distribution of diffraction between 15 – 40 

2θ°. Here, the data have been analysed using Bruker DIFFRAC.EVA and peak matching was 

achieved with the PDF-4+ database [20].  

 
4.6.1 Crystalline phase assemblage 

The SIP series melted at 1250 °C remained largely X-ray amorphous up to 25 mol.% loadings of 

simulant material, though some very minor Bragg peaks were detected for monazite at 16 mol.% 

addition, see Figure 4.6.A. The crystalline phases identified, in order of majority of Bragg peaks 

and intensities detected were: cerium monazite, Ce(PO4) (PDF #83-6052); undigested ceria, CeO2 

(PDF #78-0694); sodium iron phosphate, NaFe(P2O7) (PDF #23-0680) [20]. This was representative 

of all melt series discussed here, with such crystalline phases identified and matched with a high 

degree of confidence. The most intense Bragg peaks for cerium monazite were found for the 45 

mol.% loading sample, with the (021), (002) and (212�) peaks as the most prominent instances. 

Similarly for ceria, undigested crystalline remnants were detected at higher loadings of 25 – 45 

mol.%, however, decreases in intensities for the ceria (020) and (220), peaks were noted where 

the simulant loading increased from 35 – 45 mol.%. This was likely due to the more energetically 

favourable crystallisation of cerium monazite over formation of amorphous cerium bearing phases, 

with greater crystallisation being driven by increased loading of simulant fuel. Sodium iron 

phosphate was only found for samples with 25 mol.% or greater loading, though an apparent shift 

of symmetry can be observed, with the sodium iron phosphate (111�), (111) and (012) Bragg peaks 

for 25 mol.% loaded SIP 1250 °C absent in that of the 35 – 45 mol.% series counterparts. Sodium 

iron phosphate was still detected in these samples, through identification of the (200), (022) and 

(222�),  reflections. A number of additional reflections were also observed at 14.10° and 16.40°, for 

35 – 45 mol.% samples, although not statistically representative enough to match with a very high 

degree of confidence, the peak parameters agree well with those of the (020) and (200) reflections 

for a sodium iron phosphate polytype NaFe3P3O12 (PDF #78-0784). An intermediate phase 

represented by Bragg peaks at 20.4° and 25.8° for 25 – 35 mol.% loaded materials covers a partial 

match for the (100) and (012) reflections for iron phosphate Fe(PO4) (PDF #84-0876) [20]. 

  The SIP 1350 °C melt series demonstrated similar behaviour for phase formation and 

crystallisation, with 0 – 8 mol.% samples remaining X-ray amorphous, see Figure 4.6.B. This series 
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did however experience the onset of crystallisation of monazite and secondary phases at lower 

loadings than that of the 1250 °C series, with the 16 mol.% sample exhibiting low intensity monazite 

(110), (002), (021) and (212�) peaks (PDF #83-6052) [20]. Another key difference in the lower 

temperature series was the overall decrease in Bragg peak intensities for the crystalline phases, 

where the simulant loading increases from 35 – 45 mol.%. As this effect was very well pronounced, 

broadly across the diffractogram without a significant emergence of an X-ray amorphous feature, 

this suggests a cause related to the measurement conditions. Diffraction studies with powders 

smaller than 1 µm, have found peak broadening as a function of structure factor, since such smaller 

particles and single crystallites will typically have lower mass, they will not attenuate collimated X-

rays as strongly as larger particles for an identical measurement volume. In this study, the diffraction 

powders were not sieved, and some may have been milled to contain a proportion of  < 1 µm 

particles. Powder samples with single crystallites can be  affected more severely by preferred grain 

orientation, with some larger crystallites on the order of 10 – 50 µm developing in some samples 

[21–23]. The emergence of (111), (020) and (220) Bragg peaks for crystalline ceria (PDF #78-

0694), progresses at simulant loadings beyond 25 mol.% with those of the higher loadings exhibiting 

such reflections with greater intensity. Another commonality was the symmetry shift behaviour for 

sodium iron phosphate NaFe(P2O7) (PDF #23-0680), with (111�), (111) and (012) reflections only 

present in the diffractogram for 25 mol.% loading, and other reflections attributed to the same phase 

at higher loadings. Peaks that can be attributed, with a lower degree of confidence, to another sodium 

iron phosphate polytype NaFe3P3O12 (PDF #78-0784) and iron phosphate Fe(PO4) (PDF #84-0876), 

also agree with the SIP 1250 °C series [20]. 

  The diffractograms for SIP 1450 °C series melts show crystallisation and secondary 

phase incorporation at even lower simulant loadings, with the only fully X-ray amorphous sample 

being the unloaded base glass, see Figure 4.6.C. The majority crystalline phase for higher loading 

samples was again monazite  (PDF #83-6052), with a primary (021) reflection. With the 45 mol.% 

simulant loaded material, the remaining undigested ceria (PDF #78-0694), was predominantly 

represented by the (111) and (020) reflections. There was a very significant development of 

crystalline sodium iron phosphate, NaFe(P2O7) (PDF #23-0680) [20], onset at 4 mol.% simulant 

addition, with pronounced (111�) and (012) reflections. In further support of sodium iron phosphate 

as an intermediate phase, the increase of simulant loading in this series aligns with a steady increase 

of detected crystalline monazite and ceria, with a decrease of intensity for primary sodium iron 

phosphate peaks. As with the other SIP melt series, minor reflections present in fully and partially 

crystalline samples can be attributed with lower confidence to NaFe3P3O12 (PDF #78-0784) and 

Fe(PO4) (PDF #84-0876) [20]. 
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Figure 4.6.A - Indexed X-ray diffractograms for semi-crystalline series of SIP melts at 1250 °C, the PDF cards used are indicated in the legend, 
with the molar batch loading of ceria fuel simulant between 0 – 45 mol.%, as indicated, bottom to top, respectively. 
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 Figure 4.6.B - Indexed X-ray diffractograms for semi-crystalline series of SIP melts at 1350 °C, the PDF cards used are indicated in the legend, with 
the molar batch loading of ceria fuel simulant between 0 – 45 mol.%, as indicated, bottom to top, respectively. 
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Figure 4.6.C - Indexed X-ray diffractograms for semi-crystalline series of SIP melts at 1450 °C, the PDF cards used are indicated in the legend, with 
the molar batch loading of ceria fuel simulant between 0 – 45 mol.%, as indicated, bottom to top, respectively. 
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For the IPSAS melt series’, the primary crystalline phases identified agreed with that 

of the SIP series. In order of decreasing reflection intensities, the crystal phases detected were: 

cerium monazite, Ce(PO4) (PDF #83-6052); undigested ceria, CeO2 (PDF #78-0694); sodium iron 

phosphate, NaFe(P2O7) (PDF #23-0680) [20]. IPSAS 1250 °C series melts exhibited pristine glass 

phase assemblages for up to 16 mol.% additions of simulant, as demonstrated by the X-ray 

amorphous nature of the diffractograms presented in Figure 4.6.D. For the high loading samples  

> 25 mol.% simulant waste, the primary crystalline phase was monazite, demonstrated by the intense 

(021), (212�) and (002) reflections. A significant quantity of undigested ceria remains in most of 

the partially crystalline samples, increasing up to the 43 mol.% loaded material, evident by the 

intense feature present at the ceria (PDF #78-0694) (111) reflection. In comparison to the SIP 

compositional variant melted at the same temperature, see Figure 4.6.A, the detection of matched 

sodium iron phosphate, NaFe(P2O7) (PDF #23-0680) was significantly more truncated in the IPSAS 

series. Crystalline sodium iron phosphate was represented by the minor (111), (012) and (022) 

reflections in the 34 mol.% material, with only the lower confidence assignment of (200) and (022) 

reflections made for 43 mol.% loading. Additionally, Bragg peaks associated with secondary phases 

such as a sodium iron phosphate polytype NaFe3P3O12 and iron phosphate Fe(PO4), were not 

detected in any of the IPSAS 1250 °C series melts. This coupled with the more consistent 

densification behaviour of the IPSAS materials, suggests that the small additions of refractory 

oxides act to reduce the generation and incorporation of slag and (otherwise demonstrated in SIP 

series melts as inclusion of more secondary phase material) [20]. 

For the IPSAS 1350 °C melt series, the resulting materials again remained single 

phase glass up to 16 mol.% simulant loading, as represented by the X-ray amorphous feature centred 

at approximately 24.0°, see Figure 4.6.E. The majority crystalline phase in high simulant waste 

loaded samples was cerium monazite (PDF #83-6052) with a primary (021) reflection. Undigested 

ceria (PDF #78-0694) was detected as present only in low levels, as compared to IPSAS 1250 °C 

series melts, as represented by the minor (111) and (020) peaks, suggesting that the higher melt 

temperature allows for greater incorporation of cerium into the glass phase for this composition. 

Sodium iron phosphate NaFe(P2O7) (PDF #23-0680) was detected at even lower intensities for 34 

– 43 mol.% simulant waste loaded samples, matched to the (022) and (022�) reflections, again here 

as supporting evidence for reduced formation and incorporation of intermediate phases with IPSAS 

compositions. There were also very minor peaks found at approximately 16.0° for the 43 mol.% 

loaded material, this may be attributed, with lower confidence match to a sodium iron phosphate 

polytype NaFe3P3O12 (PDF #78-0784) [20]. 
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In the IPSAS 1450 °C melt series, the formation of primary glass phase was 

consistent at simulant loadings of up to 8 mol.%, as represented by broad X-ray amorphous features, 

see Figure 4.6.F. The onset of crystallisation appeared for 16 mol.% loaded sample, with very low 

intensity detections attributed to monazite (PDF #83-6052) (102�) and (021), with another lower 

confidence designation of crystalline sodium iron phosphate NaFe(P2O7) (PDF #23-0680), from the  

(022�)  peak. At 25 mol.% loadings and above, the development of crystalline phase assemblages 

followed the characteristic pattern as seen with the other IPSAS melt series’, with a significant 

majority of the intense Bragg peaks matched to monazite, with a primary (021) reflection increasing 

in intensity with simulant loading. Undigested ceria (PDF #78-0694) was retained in small quantities 

at the highest 34 – 43 mol.% loadings, as represented by the (111) and (020) peaks. Similarly, 

inclusion of low intensity peaks associated with sodium iron phosphate NaFe(P2O7)                          

(PDF #23-0680) at these higher loadings, aligns with the crystallisation behaviour of the other 

IPSAS melt series. The most notable example of sodium iron phosphate detection in the IPSAS 

1450 °C melts was the broad feature representing the (022�) reflection for 43 mol.% simulant 

loading. While the phase formation characteristics of this series are largely in agreement with other 

IPSAS series’, the higher melting temperature may have led to more aggressive melting conditions, 

causing crystallisation of the intermediary sodium iron phosphate for the lower loading 16 mol.% 

composition. This is further supported by the Archimedes data, see Figure 4.5.A, as while not 

porous, the IPSAS 1450 °C 16 mol.% sample did not agree with the linear trend of density increase 

with simulant loading. 
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Figure 4.6.D - Indexed X-ray diffractograms for semi-crystalline series of IPSAS melts at 1250 °C, the PDF cards used are indicated in the legend, 
with the molar batch loading of ceria fuel simulant between 0 – 43 mol.%, as indicated, bottom to top, respectively. 
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Figure 4.6.E - Indexed X-ray diffractograms for semi-crystalline series of IPSAS melts at 1350 °C, the PDF cards used are indicated in the legend, 
with the molar batch loading of ceria fuel simulant between 0 – 43 mol.%, as indicated, bottom to top, respectively. 
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Figure 4.6.F - Indexed X-ray diffractograms for semi-crystalline series of IPSAS melts at 1450 °C, the PDF cards used are indicated in the legend, 
with the molar batch loading of ceria fuel simulant between 0 – 43 mol.%, as indicated, bottom to top, respectively. 
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4.6.2 LaB6 spike Rietveld analysis 

Quantification of relative phase proportions was attempted using spike-Rietveld analysis. Typical 

Rietveld analysis does not permit quantification of any amorphous fractions, without addition of a 

known quantity of standard material with known diffraction properties. The IPSAS 25 mol.% loaded 

sample melted at 1350 °C was selected for this work as it demonstrated a relatively simple phase 

assemblage containing glass, cerium monazite and undigested ceria, and with respect to diffraction 

data: sharp, well-defined peaks were resolved for crystalline phases with a still notable X-ray 

amorphous feature pertaining to the glass phase, at about 15 – 35°.  Selected for its known and 

standardised properties, a ~10 wt.% addition of LaB6 (NIST 660C) spike was added and 

homogenised with test sample powder, using a pestle and mortar. Data were collected with the same 

diffractometer conditions, though over a range of 10° – 70° 2θ. A 10 term polynomial Chebyshev 

background function was first fitted using TOPAS6 software, before the assemblage was modelled 

using ideal structures of cerium monazite, fluorite-structured ceria, and LaB6, as obtained from 

literature CIFs [24–26]. With initialisation of thermal parameters and instrument settings, Bragg 

peaks were fitted as Pearson VII shape functions, see Figure 4.6.G. A realistic fit was obtained by 

ensuring the linear regression did not progress beyond the number of independent variables, and all 

fitting parameters were set to converge with refinement halting where δχ2  < 0.00001.  

 
Figure 4.6.G - LaB6 -spiked X-ray Rietveld analysis for IPSAS 25 mol.% simulant 

sample melted at 1350 °C. A starting assemblage and structure was modelled using 

analysis reported in Figure 4.6.E. Fitting statistics are marked. 
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Although an adequately low weighted profile R-factor (Rwp) of 6.584 % was found, 

when applied into ratio of squares with the theoretical minimum possible expected R-factor (Rexp), 

this resulted in Rwp2 approximately 5.6 greater than the value of Rexp2, higher than the ideal ratio of 

< 4. The goodness of fit (GOF) parameter, also referred to as χ2, was well below a maximum value 

of 10 % and very close to the ideal case of 2 %. While not all fitting statistics were securely within 

typically accepted ranges, analysis proceeded with this fit as the differences between observed and 

calculated values were minimal and the statistics were reasonably close to an ideal fit. The difference 

spectrum (black trace) indicated a good agreement of the background fit with some over- and under-

fitting of some primary Bragg peaks for LaB6 and cerium-monazite, though these are in proportion 

to the relative intensity of the observed data. Using HEPHAESTUS calculations of mass-attenuation 

coefficients of the crystalline phases and the base glass and the corrected addition of LaB6 standard 

spike, weight fractions of phases present in the original un-spiked sample could then be calculated. 

For crystalline phases the sample was found to contain: 31.80 ± 0.27 wt.% cerium monazite and 

1.41 ± 0.13 wt.% undigested ceria, leaving 66.79 ± 0.30 wt.% fraction of amorphous or glass 

material. 

While with a reasonable degree of prior knowledge of a specific samples phase 

assemblage, it is possible to refine a model to one set of diffraction data, there are many undesirable 

aspects to this methodology. This diffraction-based method of quantitative phase analysis requires 

long measurement times, provides little flexibility for samples containing unknown phases, phases 

with polytypical structures, crystallites exhibiting isomorphism, preferred orientation, and offers 

only limited repeatability and reliability of fitting. Results can be heavily dependent on sample 

preparation techniques, diffractometer conditions, and user fit interpretation as has been noted in a 

number of international round-robin diffraction studies, with large spreads of results for identical 

samples, mixtures and methods [27–29]. 

Integrated Bragg peak area quantification methods were attempted, as outlined in 

Section 3.3.2, though they were ultimately unsuccessful for consistently calculating the phase 

assemblage in these materials. As the composition of the amorphous glass fraction changed with the 

overall batch composition, particularly with respect to cerium content, the absorption coefficient of 

the glass fraction also changed, causing unpredictable degrees of X-ray attenuation. Calibration lines 

were produced using mixtures of standards, including 0 mol.% IPSAS glass melted at 1350 °C, with 

a consistent absorption coefficient. 
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4.7 Scanning electron microscopy 
4.7.1 Bulk material EDX analysis 

Bulk semi-quantitative EDX analysis was used as a technique to verify the composition of 

monolithic samples in the as-annealed state. EDX points were taken at five locations on the sample 

surfaces and then data was averaged, with points re-selected if the standard deviation was too high 

for any one element, see Figure 4.7.A. As with molar volume, EDX data are presented with the 

caveat of poor detection of light elements (Z < 11) such as oxygen. Compositions were calculated 

from normalised molar oxide content. Pores, pore boundaries and sample edges were avoided as 

points for analysis, as to mitigate any deleterious effects of the beam interacting with an incomplete 

volume and to ensure a representative area of sample was covered. Care was taken for the higher 

simulant waste loaded samples, as these had a higher typical distribution of microstructural pores, 

zones of heterogeneous incorporated slag and larger crystallites. Fully amorphous glass samples 

were confirmed with pristine polished surfaces in BSE images, with no crystallisation. The onset of 

crystallisation as found by pXRD for 4 – 25 mol.% CeO2 materials melted at 1350 °C, was reflected 

by the formation of angular crystallites typically ranging diameter of 5 – 50 µm, distributed 

throughout the glass matrix and well defined by BSE phase contrast. 

 

 
Figure 4.7.A – Back Scattered Electron micrographs for SIP 4 mol.% CeO2 melted at 

1250 °C (left) and IPSAS 25 mol.% CeO2 melted at 1350 °C (right), with markers 

indicating zones for collection of EDX spectra. 

 

The inferred molar content of primary glass constituents: P2O5, Fe2O3 and Na2O (as 

oxides), did not remain within entirely consistent ratios to one another in all glass series, with the 

most variability arising in the SIP melt series, see bracketed values in Table 4.2.A. The batched 

base SIP glass targeted a molar oxide ratio of P2O5, Fe2O3 and Na2O of 6 : 3 : 1, which was consistent 

with fully amorphous SIP compositions melted at 1350 – 1450 °C, up to the onset of crystallisation 

at 16 – 25 mol.% simulant loadings, whereby the ratios shifted closer to 4 : 2 : 1, respectively. 
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Figure 4.7.B – Plots of average measured molar content as a function of batched CeO2 

content in all SIP melt series. Data measured via EDX analysis and converted to 

oxides, CeO2 (top) and Al2O3 (bottom). 
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Calculated molar ratios (as inferred through EDX measurements) significantly departed from those 

targeted with batch compositions, particularly with respect to CeO2 content, as demonstrated in a 

plot of batched to measured composition, see Figure 4.7.B. Where in an ideal case with full 

incorporation of ceria, the relationship would be perfectly linear and equal for all SIP and IPSAS 

melt series. This effect is ascribed to crystallisation of larger crystallites of cerium rich monazite 

and retention of more refractory cerium species in un-incorporated slag which adhered to melt 

crucibles during casting. The apparent difference between batched Ce content and measured content, 

could also be attributed to the higher density of ceria as compared to the other glass melt 

constituents, so if the effect of self-stirring is diminished remnant ceria is likely to reside at the base 

of the crucible. As the compositions were measured by EDX, calibration of the system may have 

also been a factor in variable detections of Ce. For the SIP series melts, the 45 mol.% loaded sample 

melted at 1250 °C retained the highest quantity of ceria at 28.4 mol.%, still only ~0.6 times the 

target composition. The 1250 °C SIP melt series did provide a more linear increase in measured 

ceria content over the entire batched loading range, while the 1350 – 1450 °C melt series followed 

an approximate linear trend up to 35 mol.% simulant loading.   

With the higher temperature SIP series, the development of high porosity led 

measured ceria content to depart from this initial trend, with a sharp increase. While the batch 

content for all SIP materials did not include any SiO2, up to 1.5 mol.% of trace silica was detected 

across the series, with the Si Kα1 peak signal only marginally above the noise floor of the spectrum 

(0.20 cps/eV and 0.25 cps/eV, respectively). This inclusion can be attributed to minor contamination 

of crucibles and furnaces with small quantities of silica naturally present as a contaminant in less 

pure reagents and alumina crucibles. A single clear exception is that of the silica content in the SIP 

sample loaded with 45 mol.% simulant waste and melted at 1350 °C, where measured bulk silica 

content was 9.1 mol.%. A review of the EDX maps revealed that silicon was not concentrated in 

localised structures and phases, but relatively evenly distributed across the sample surface. Although 

care was taken to prepare SIP and IPSAS samples separately for microscopy, this instance is likely 

to have resulted from some contamination during surface polishing. The spike of detected silica here 

explains the decrease in expected value of ceria content as compared to the highest loaded 1250 °C 

and 1450 °C counterparts. SIP base material batches also omitted use of any Al2O3, however as the 

crucible material, it was expected that some incorporation would occur with the more corrosive 

melts. In the SIP 1250 °C melt series, the low simulant loaded glasses 0 – 4 mol.% had the highest 

measured alumina content of 4.5 mol.% and 4.8 mol.% following a linear decrease with additional 

ceria loading, see Figure 4.7.B. This suggests that the addition of CeO2 is itself behaving as a 

refractory material at 1250 °C, passivating the melting conditions and reducing dissolution of the 

crucible. For the SIP 1350 – 1450 °C melt series, the alumina content remained within a relatively 
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consistent range 6.1 – 10.7 mol.%, with the exception of SIP 35 mol.% simulant melted at 1450 °C, 

where a peak value of 25.0 mol.% alumina was found, above even the highest concentrations added 

to IPSAS series batches. It is suggested that a weaker feature or piece of corroded crucible may have 

been incorporated into the melt at the high temperature, evidenced by the concentration of 

aluminium into the matrix phases of the monolithic sample. This was not entirely conclusive, as 

with many of the high temperature melts, the crucible failed shortly after casting and rapid cooling, 

so could not be retrieved for thorough analysis. Between the 1250 – 1450 °C series, the overall 

alumina content increased with temperature, as the higher temperatures induced more corrosive melt 

characteristics. 

The IPSAS base glass had targeted a molar ratio for the P2O5, Fe2O3 and Na2O 

primary structural constituents, of approximately 6 : 2 : 1, which remained largely consistent across 

all IPSAS melt series and between all simulant loadings, see the unbracketed compositions as listed 

in Table 4.2.A. As with the SIP equivalent series, the measured CeO2 content of IPSAS melts 

departed significantly from the batched target content. The increase did remain relatively linear with 

batch composition across all temperatures, with greater deviation following the onset of 

crystallisation at 25 mol.% loading, see Figure 4.7.C. The greatest retention of ceria was found for 

the IPSAS 43 mol.% simulant loaded sample, with a measured value of 24.1 mol.%, reflecting the 

~0.6 ratio of the ideal expected value. As with SIP series melts, low incorporation of ceria is 

expected to result from unincorporated slag phases containing ceria and separation of large cerium 

monazite crystals which could not be adequately covered by the EDX sampling methodology. 

Measured silica content was found to remain within a consistent range of 6.1 – 9.5 mol.%, and 

alumina experienced a small overall decrease within the range of 3.9 – 15.2 mol.%, see  

Figure 4.7.C. The greatest alumina incorporation was for the 0 mol.% ceria 1450 °C melt, this in 

part may be due to the absence of passivating ceria and result from degradation at the higher 

temperature. Across the overall scope of the IPSAS series, alumina content decreased with greater 

simulant loading and increased with greater melting temperatures. The IPSAS 1250 °C sample 

loaded with 25 mol.% simulant falls out of line with this apparent trend, with a greater alumina 

content than expected, this may similarly be due to a smaller quantity of fractured crucible inclusion, 

as compared with SIP 35 mol.% simulant melted at 1450 °C. 
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Figure 4.7.C – Plots of average measured molar content as a function of batched CeO2 

content in all IPSAS melt series. Data measured via EDX analysis and converted to 

oxides, CeO2 (top) and Al2O3 (bottom).  
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4.7.2 BSE and EDX analysis of crystalline phases 

As with the X-ray diffractograms collected for the fully amorphous samples, the back-scattered 

electron micrographs demonstrated the pristine polished section surface, with no crystallisation and 

only minor surface texture as remnant from mechanical polishing preparation. Part of the casting 

for IPSAS 0 mol.% loaded glass melted at 1350 °C was quenched and not annealed, see Figure 

4.7.D. Dendritic crystallites of an aluminium phosphate phase separated from the matrix, however 

the small crystallite widths of 2 – 4 µm prevented accurate definition of stoichiometry by EDX 

analysis. The pristine surface of annealed glass in Figure 4.7.D was characteristic of all fully 

amorphous glass samples, with no porosity, very little surface texture and feature definition. 

Figure 4.7.D – Back Scattered Electron Micrographs of IPSAS 0 mol.% CeO2 glasses 

melted at 1350 °C, un-annealed showing some crystallisation of aluminium phosphate 

(i) and annealed, fully amorphous (ii) 
 

The most typical morphology of monazite crystallites for the higher simulant loaded 

samples, was that of a faceted structure developing around grains of undigested ceria in a core-shell 

type formation, see Figure 4.7.E. As in this example for IPSAS material loaded with 16 mol.% 

simulant and melted at 1250 °C, the phase with brightest contrast and highest detected proportion 

of cerium was confirmed to match the stoichiometric ratio for cerium oxide, and featured an 

irregular surface texture and phase boundary, apparent as a nucleation point for crystalline cerium 

monazite. The bright grey phase with the second highest detected proportion of cerium was depleted 

in all other elements with exception to phosphorus and oxygen, here all found to be present in an 

approximate stoichiometric ratio to that of cerium monazite. The morphology of this phase was 

characteristically angular and faceted, often exhibiting the core-shell microstructure with undigested 

ceria. The dark grey matrix phase was the majority component for the lower and moderately 

simulant loaded samples and was found in agreement with the X-ray amorphous features measured 

using pXRD, denoting the glass phase. The glass phase was rich in phosphorus and sodium, in 

(i) (ii)
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comparison to the primary crystalline phases, though cerium content of this glass was not uniform 

in the presence of crystallites. With crystallisation, and oversaturation of the glass melt, cerium 

remains concentrated in the undigested grains and with the formation of monazite. Glass in 

proximity of 0 – 20 µm to the crystallites was slightly depleted in cerium as compared to the bulk 

glass, in a gradient with the lowest concentration being at the glass-crystallite boundary. For the 

IPSAS 16 mol.% loaded 1250 °C melt sample, the calculated loading at the boundary was 6.6 mol.% 

of ceria loaded into the glass phase, while the bulk glass outside of this range was calculated to have 

an average loading of 7.6 mol.% ceria. 

Figure 4.7.E – Backscattered Electron micrograph (top left) of IPSAS 16 mol.% 
simulant loaded material melted at 1250 °C, demonstrating a representative core-shell 

type formation of monazite around a grain of ceria. The elemental EDX maps for 
marked species are also presented to the right and bottom edges. 

 

Some secondary crystalline phases developed in samples such as IPSAS 34 mol.% 

melted at 1350 °C,  evolving small local concentrations of sodium iron phosphate and some small 

quantities of apparent sodium aluminium iron phosphate, see Figure 4.7.F. The EDX compositions 

of these small crystallites was difficult to reliably measure due to their size and therefore an overlap 

of interaction volume with the surrounding phases occurred, with the magnifications and detector 

4 μm

4 μm
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used. It can however be noted that the higher local concentrations of detected aluminium in the Al 

EDX map overlap with that of the small 2 – 6 µm, dark, angular crystallites, with petal-like growth 

directions from a central nucleation point. While crystalline sodium iron phosphate was also 

detected via pXRD, the aluminium rich  phase was not, as was reflected by the very sparsely 

distributed crystallites that were few in number. This region of interest was not representative of the 

entire ISPAS 34 mol.% simulant loaded 1350 °C melt, though it does demonstrate the greater 

digestion of ceria into glass and crystalline phases at the higher melt temperature, as represented by 

the very narrow white remnants of a CeO2 grain, still following a characteristic core-shell formation 

of monazite around the ceria. A key difference that was representative of the bulk sample, is the 

depleted quantity of cerium in the glass phase, here approximated to 1.5 mol.%. No larger areas of 

separated glass were accessible at the sample surface to measure a bulk glass composition, the 

surface featured a substantial crystalline content, mostly cerium monazite, where it becomes more 

energetically favorable for cerium to partition into ordered structures. 

Figure 4.7.F - Backscattered Electron micrograph (top left) of IPSAS 34 mol.% 

simulant loaded material melted at 1350 °C, demonstrating formation of minor 

secondary crystalline phase. The elemental EDX maps for marked species are also 

presented to the right and bottom edges. 
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SIP loaded with 35 mol.% and melted at 1450 °C demonstrated retention of the high  

aluminium concentrations (25 mol.% overall) in the amorphous glass phase, see Figure 4.7.G. 

Cerium monazite remains the primary crystalline phase, represented by the light grey angular 

particles, with some sparse sodium iron phosphate micro-crystallites distributed throughout the 

glass matrix. With such a significant development of crystalline monazite, the glass phase is 

depleted of cerium content, as indicated by the marked region with a measured ceria content of 

approximately 2.2 mol.%. Iron is primarily concentrated in the glass phase, though some local 

concentrations can be observed at the sodium iron phosphate sites. The SIP 35 mol.% loaded sample 

melted at 1450 °C, features a minor development of porosity (left side of BSE micrograph) and 

some cracking across the surface. While this indicates a degree of mechanical instability, several 

samples experienced minor fractures during the multi-stage grinding and polishing process. 

 

 
Figure 4.7.G – Back Scattered Electron micrograph (top left) of SIP 35 mol.% 

simulant loaded material melted at 1450 °C, showing broad scale separation of 

monazite and Al rich amorphous phase depleted in Ce. The elemental EDX maps for 

marked species are also presented to the right and bottom edges 
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Samples identified as having experienced a development of high porosity, bear 

characteristic resemblance to the microstructure of the SIP 35 mol.% simulant waste loaded sample 

melted at 1250 °C, (i) Figure 4.7.H, with some pores larger than 500 µm in diameter and the 

majority ranging between 100 – 250 µm in diameter. While the evolution of ammonia gas during 

early melting stages can cause foaming and bubble development, in the later stages of the glass 

melting schedule, redox effects between the oxide constituents of the glass melt could also lead to 

evolution of gaseous oxygen in the presence of cerium [30–32]. The brighter appearance of pixels 

in the non-porous regions represents cerium monazite and undigested ceria in the core-shell 

arrangement, with a relatively low proportion of amorphous glass phase and crystalline sodium iron 

phosphate.  

Acquisition of bulk EDX composition was hindered by separation and aggregation 

of larger crystallites of cerium monazite for several samples, leaving local surface regions with 

artificially elevated measured ceria content, such as in SIP 16 mol.% simulant loaded material 

melted at 1450 °C, see (ii) Figure 4.7.H. Monazite crystallites with diameter 40 – 80 µm form in 

local regions, leaving a sparse web of dendritic monazite structures in the remaining glass matrix, 

such that the bulk area local to the dendrites has a lower measured molar ceria content, as compared 

to the larger aggregates. In such examples, care was exercised to include analysis points to account 

for a sufficiently representative region of the bulk material.  

The dendritic monazite structures were of a characteristic monazite cross or 

‘cruciform’, crystallite morphology, as can be observed for a high magnification micrograph of SIP 

16 mol.% simulant loaded sample melted at 1350 °C, see (iii) Figure 4.7.H. Evolution of the 

cruciform morphology has been well documented in literature for monazites, though the dendritic 

arrangements is more typical of secondary phases also forming as polymorphs for sodium phosphate 

and sodium iron phosphate materials [14,33]. Due to their small relative size with widths of  

2 – 4 µm, it was not possible to extract a precise EDX composition of the cruciform crystallites, but 

the morphology, bright phase contrast, a strong detection of cerium and phosphorous in the broad 

scale EDX map was indicative of cerium monazite.  

The development of cruciform monazite dendrites occurred in SIP and IPSAS 

series, primarily following the onset of crystallisation at batch loadings above 16 – 25 mol.% CeO2. 

The IPSAS 25 mol.% simulant loaded material melted at 1450 °C is one such example 

demonstrating the broader scale of dendritic structures, see (iv) Figure 4.7.H. As the only primary 

crystalline phase for the IPSAS 25 mol.% simulant sample melted at 1450 °C, identification as 

cerium monazite also agreed well with the pXRD study, see Section 4.6.1. 
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4.7.3 BSE semi-quantitative analysis 

Using the code and computer driven method as outlined in Section 3.9.2, a small study was 

conducted with the most heavily crystallised monolithic samples, as prepared for SEM. These were 

selected due to their heterogenous, multiphase assemblage, and well-defined crystallisation, with all 

phases differing in atomic weight and therefore exhibiting an optimal degree of phase contrast. 

Materials loaded with 43 mol.% simulant were not selected for analysis with this method, due to 

their highly porous microstructure. 25 BSE micrographs were collected in a pseudo-random 

sampling fashion across the sample surface, with the code employed to delineate the separate phases 

and quantify the relative average area ratios using pixel counting. High simulant loaded SIP 

materials were not analysed using this method as there was very poor phase contrast between 

crystalline sodium iron phosphate and the glass matrix phase, such that the histogram peaks would 

have a significant overlap. 

Figure 4.7.H - Back-scattered electron micrographs demonstrating high porosity 

SIP_35_1250 (i); aggregation of large monazite crystallites SIP_16_1450 (ii); high 

magnification of cruciform monazite crystallite SIP_16_1350 (iii); dendritic monazite 

cruciform morphology IPSAS_25_1450 (iv). 



121 
 

With the aforementioned ideal characteristics in high simulant loaded IPSAS samples 

where no sodium iron phosphate crystallised, three well-defined grey value histogram peaks were 

demarcated for the glass (darkest), cerium monazite, and undigested ceria (brightest) phases, with 

clear distributions of grey values and no peak overlaps, see Figure 4.7.I. The characteristic core-

shell microstructure of crystalline cerium monazite forming around undigested ceria grains can be 

identified by the green and blue phases as marked in the phase colour map. 

 

 

Figure 4.7.I – Single image phase-by-phase semi-quantitative areal analysis for 

IPSAS 34 mol.% loaded material melted at 1250 °C. Top left – original BSE image, 

top right – histogram, middle left – glass phase, middle right – monazite, bottom left – 

ceria, bottom right – phase colour map. 

 

IPSAS 25 mol.% simulant loaded sample melted at 1450 °C was exhibiting formation 

of dendritic monazite cruciform crystallites, see (iv) Figure 4.7.H, and no other crystalline phases. 

However, due to the small width of the dendrites, it was necessary to collect BSE images at higher 

magnifications in order to resolve all features. The pseudo-random sampling method still followed, 

covering a grid area representative of the entire sample surface. During analysis, it was noted that 

the monazite peak for the grey value histogram was relatively broad, between values of 148 – 226, 

see Figure 4.7.J. The peak corresponding to the glass phase was sharp and well defined. 

Glass

CePO4

CeO2
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Figure 4.7.J – Single image phase-by-phase semi-quantitative areal analysis for 

IPSAS 25 mol.% loaded material melted at 1450 °C. Top left – original BSE image, 

top right – histogram, middle left – glass phase, middle right – monazite, bottom left – 

phase colour map. 

 

The most challenging assemblages to measure using the image-based quantification 

method, were those containing sodium iron phosphate. With very small crystallite sizes of 2 – 8 µm, 

a dark contrast of grey values, close to that of the glass phase and the accompany significantly larger 

crystallites of monazite, it was not adequately recognised as a discrete phase by the first generation 

of code. A middle-high magnification was selected as a compromise, as to not let the larger monazite 

crystallites occlude representative regions, but still allow for determination of the sodium iron 

phosphate phase. It was also necessary to revise the histogram analysis code to manage cases such 

as these, with slight contrast overlap. A more sophisticated approach was taken to allow definition 

of the number of phases present in the sample image set, histogram minima pins were permanently 

applied to the lowest and maximum grey values, and the minima calculating function was adjusted 

to analyse the first derivative of the raw histogram data. Application of the revised code is 

demonstrated for the IPSAS 34 mol.% simulant loaded composition melted at 1350 °C, see  
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Figure 4.7.K. It can be noted that the narrow, low intensity grey value histogram peak attributed to 

sodium iron phosphate has some overlap with the distribution of the glass phase peak, reducing the 

confidence with which measurements can be reported, though it is beyond the full width at half 

maximum in this example. The undigested ceria phase is represented by a sharp spike at the 

maximum grey value end of the histogram. This is attributed to the saturation of the microscope 

BSE detector following the adjustment of gain and contrast to resolve the sodium iron phosphate 

phase. As ceria is the constituent with the brightest phase contrast, this saturation has no significant 

impact on analysis, since the ceria area pixels are still counted, just with a majority at a maximum 

grey value of 255. 

 

Figure 4.7.K - Single image phase-by-phase semi-quantitative areal analysis for 

IPSAS 34 mol.% loaded material melted at 1350 °C. From left to right and top to 

bottom: Original BSE image, histogram, NaFe(P2O7), glass phase, monazite, ceria, 

phase colour map. 
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Results calculated from the average area measurements by pixel counting, reflected 

the relative phase assemblages, with only IPSAS 34 mol.% melted at 1350 °C and 1450 °C featuring 

the fourth phase as secondary crystallised sodium iron phosphate, see Table 4.7.A. Glass constituted 

the majority phase by assumed volume, in all cases apart from those where sodium iron phosphate 

crystallised. Cerium monazite was the majority crystalline phase across the series, apart from IPSAS 

34 mol.% simulant melted at 1350 °C, where sodium iron phosphate formed a larger majority by 

volume. Undigested ceria was present as the minor crystalline phase in all samples except for IPSAS 

25 mol.% loaded simulant melted at 1450 °C, where the ceria was totally incorporated. As a 

comparison to the spike Rietveld pXRD based quantification method, Section 4.6.2, the 

measurement of IPSAS 25 mol.% sample melted at 1350 °C was assessed. It should be noted that 

the Rietveld method calculates a weight percentage for phases present, while the image-based 

method results in a volumetric assemblage. As the glass phase composition and density varies with 

composition and processing conditions, and the density of powder used for diffraction is not 

equivalent to that of a monolith, the comparison will remain between wt.% and vol.%. The inferred 

assemblage here was 64.9 vol.% glass, 34.5 vol.% cerium monazite and 0.6 vol.% undigested ceria, 

agreeing well with the results from Rietveld analysis, the measured assemblage constituted 66.8 

wt.% glass, 31.8 wt.% cerium monazite and 1.4 wt.% ceria. 

 

Table 4.7.A – Results for measurement of the most crystalline samples of IPSAS melt 

series, with the relative phase proportions presented as average volume %, derived 

from the average area % measurements collected by the analysis code. 

Sample ID Glass vol.% Ce(PO4) 
vol.% CeO2 vol.% NaFe(P2O7) 

vol.% 
IPSAS_25_1250 77.1 21.0 1.9 0.0 
IPSAS_34_1250 57.9 37.7 4.4 0.0 

             
IPSAS_25_1350 64.9 34.5 0.6 0.0 
IPSAS_34_1350 46.8 29.7 0.4 23.1 

             
IPSAS_25_1450 67.7 32.3 0.0 0.0 
IPSAS_34_1450 30.4 49.7 0.2 19.7 
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4.8 Mössbauer spectroscopy  
Mössbauer spectra were obtained for the 0 mol.%, 8 mol.% and 25 mol.% variants of both SIP and 

IPSAS samples that were melted at 1350 °C, as these were the samples selected for all further 

spectroscopic analysis and chemical durability testing, due to their coverage of the compositional 

matrix. The Recoil software suite was used for fitting of spectra, applying a method adapted from 

Bingham et.al, whereby broad paramagnetic Lorentzian doublets are combined, four fit for the Fe2+ 

valence state and four for the Fe3+ valence state [13,34]. An example fit of SIP glass loaded with     

0 mol.% CeO2 and melted at 1350 °C can be seen in Figure 4.8.A, whereby the cumulative 

contributions of all paramagnetic doublets form a calculated model that satisfies the features of 

observed spectra well. All six Mössbauer spectra were collected and fitted in the same manner, the 

relative stacked plots for  which can be seen in Figure 4.8.B. The relative intensities of the primary 

spectral features remained largely consistent, though the addition of greater ceria loadings resulted 

in reduction of absorption and a lower signal to noise ratio. Furthermore, the IPSAS 25 mol.%,  

1350 °C sample was measured with slight increases in line width of the moderate intensity feature 

in the centre of spectra, and a significant broadening of primary features. 

 

 

Figure 4.8.A – Example fit of Mössbauer spectrum of SIP_0_1350, showing eight 

doublets fit, one set of four for each of Fe2+ and Fe3+ contributions (dashed lines), with 

the total calculated fit (green)  
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Figure 4.8.B – All folded Mössbauer spectra for SIP (top) and IPSAS (bottom) 

compositions measured. 
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Figure 4.8.C – Plots showing the regions of centre shift vs quadrupole splitting for 

SIP (top) and IPSAS (bottom) samples, as assigned to the Fe2+ (shaded symbols) and 

Fe3+ (open symbols) valence states. 

The doublet centre shift (CS, δ), quadrupole splitting (QS, Δ), and line width         

(LW, Γ) parameters for each valence state were measured, with assignment to valence state 
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informed by literature values obtained for iron containing minerals [35]. Plots of individually area 

weighted doublets, with CS as a function of QS, verified the assignment of features to such reported 

Fe2+ local regions (high CS 0.87 – 1.53 mm s-1; high QS 1.67 – 2.30 mm s-1) and Fe3+ local regions 

(low CS 0.13 – 0.49 mm s-1; low QS 0.42 – 1.50 mm s-1) [13,17,36–38], see Figure 4.8.C. With 

each region of doublets combined using area weighted averages, relative area assigned to each 

valence state could be combined to calculate an overall Fe2+/ΣFe ratio in each sample, see Table 

4.8.A. Consideration was made for the recoil-free fraction ratio at room temperature, comparing the 

rigidity of bonds surrounding Fe3+ centres to that of Fe2+, a typical value established for sodium iron 

phosphate glasses of approximately 1.3 was used [13,36,39,40]. However, the exact fraction can 

only be confirmed with a temperature dependant study, and redox assessment should be made with 

reference to other techniques such as XAS. The corrected Fe2+/ΣFe redox values did not exceed 

32% Fe2+ and experienced an overall slight increase with the batched addition of simulant waste 

loading, agreeing with literature for doped iron phosphate glasses [41,42]. The redox value of IPSAS 

loaded with 25 mol.% simulant waste, melted at 1350 °C is reported with lower confidence due to 

the noisier and more attenuated spectrum obtained, see Figure 4.8.B. 
 

Table 4.8.A – Tabulated summary of area weighted Mössbauer spectra fitting 

parameters, with Fe2+/ΣFe redox ratio corrected for a recoil free fraction ratio of 1.3. 

Sample ID 
CS, δ  

(mm s-1) 
±0.02 

QS, Δ  
(mm s-1) 

±0.02 

LW, Γ  
(mm s-1) 

±0.02 

Area  
(%) ±2 Site Fe2+/ΣFe 

±1 (%) 

SIP_0_1350 0.38 0.84 0.16 70 Fe3+ 23 1.27 2.07 0.20 30 Fe2+ 
       

SIP_8_1350 0.36 0.90 0.17 64 Fe3+ 28 1.28 2.05 0.18 36 Fe2+ 
       

SIP_25_1350 0.37 0.92 0.15 60 Fe3+ 31 1.20 2.12 0.18 40 Fe2+ 
       
       

IPSAS_0_1350 0.37 0.86 0.15 62 Fe3+ 29 1.28 1.97 0.19 38 Fe2+ 
       

IPSAS_8_1350 0.38 0.86 0.15 66 Fe3+ 26 1.26 2.00 0.18 34 Fe2+ 
       

IPSAS_25_1350 
0.37 0.81 0.17 59 Fe3+ 

32 
1.24 2.05 0.20 41 Fe2+ 
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4.9 Fe-K edge X-ray absorption spectroscopy  
The SIP and IPSAS 0 mol.%, 8 mol.% and 25 mol.% ceria loaded glass samples melted at 1350 °C 

were measured at Fe-K edge using the NSLS-II 6BM beamline, Brookhaven, New York, to probe 

the iron valence and local structure via scattering of Fe 1s electrons, as per Section 3.5. Data were 

collected using step-sizes of 0.2 eV at the pre-edge (7108 – 7112 eV), edge (7112 – 7124 eV) and 

near-edge (7124 – 7160 eV) regions of the spectra; step size of 1.0 eV beyond these ranges for the 

extended fine-structure. Data were selected from these ranges for pre-edge deconvolution, see  

Figure 4.9.A, and EXAFS analysis. 

Figure 4.9.A – Location of the Fe-K pre-edge feature at 7109 – 7117 eV (inset) for 

IPAS 0 mol.% glass melted at 1350 °C, with example background-corrected fit. 
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A clear pre-edge feature could be observed in all SIP and IPSAS spectra, with two distinct maxima 

at approximately 7112.1 eV and 7113.6 eV. For pre-edge fitting, a region of interest was selected 

between 7108 – 7118 eV, see Figure 4.9.A, to cover the entirety of the line shape. The feature 
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7050 7150 7250 7350

No
rm

al
is

ed
 a

bs
or

pt
io

n 
(a

.u
.)

Binding Energy (eV)

7109 7111 7113 7115 7117

Calc.
Obs.



130 
 

Figure 4.9.B – SIP and IPSAS 1350 °C melt series pre-edge stack, showing the deconvolution 
peak locations and slight shifts across the series (dashed grey lines). SIP data are presented in 

continuous coloured lines, with IPSAS data in dashed coloured lines. 
 

IPSAS pre-edge features were notably less intense with a shift of the first pre-peak to a slightly 

lower binding energy, Figure 4.9.B. With the pre-peaks lying on the start of the rising Fe-K edge, 

it was necessary to fit a background as the leading edge of a Lorentzian peak aligned with the Fe-K 

edge. This was subtracted from the raw data, see Figure 4.9.C, before two pre-peak contributions 

were fitted using generalised reduced gradient (GRG) non-linear method, constrained to the pre-

edge region, and optimising the fit for minimisation of the χ2 parameter, see Figure 4.9.C. The area 

under each pre-peak was integrated, then used to weight the overall pre-edge feature centroid 

position. 

Four spectroscopic standards were also measured at the NSLS-II 6BM beamline; two 

for Fe(II) or Fe2+ (iron carbonate as FeCO3 and staurolite as [Fe,Mg]2Al9Si4O23); two for Fe(III) or 

Fe3+ (iron phosphate as FePO4 and aegirine as NaFeSi2O6). The pre-edge features of these spectra 

were also fitted, as to allow for plotting of the centroid position as a function of total integrated 
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intensity, with Fe(II) and Fe(III) centroids at 7112.1 eV and 7113.5 eV adapted from a method by 

Wilke et.al [43], see Figure 4.9.D. Greater Fe(III) content means there is less charge associated with 

the iron atoms, therefore less screening is experienced by the inner electron shells. This results in a 

feature shift to a higher absorption energy. The FeCO3 and staurolite standards were found to have 

a pre-edge centroid in very close proximity (within 0.09 eV) of the median Fe(II) line as proposed 

by Wilke et al., with the FePO4 and NaFeSi2O6 standards also found with centroids close to the 

literature Fe(III) median (within 0.14 eV). This larger 1.6 eV spread between the Fe2+ standards and 

Fe3+ standards is due to the configuration and properties of the synchrotron and beamline used, 

independent of those used to obtain literature values. As pure standards with iron in each valence 

state, a high confidence is still held that pre-edge features with centroids closer to the 7112.0 – 

7112.1 eV range contain a greater proportion of Fe(II) and those closer to the 7113.5 – 7113.6 eV 

range contain more Fe(III). The SIP and IPSAS centroid data fell within a very discrete range of 

7113.0 ± 0.1 eV. The magnified region inset to Figure 4.9.D, shows the relative centroid positions 

for all measured samples. For SIP wasteforms melted at 1350 °C a very small increase of integrated 

intensity arises with increased loading of ceria simulant, with the centroid position shifting to a 

lower binding energy with respect to greater simulant loadings. The IPSAS series shows a more 

substantial  approximate upward trend of integrated intensity, as the waste loading is increased. 

Contrary to that of the SIP materials, the centroid position of the IPSAS series shifted to higher 

energies with greater simulant loading. 

The individual pre-peak parameters are listed in Table 4.9.A, for all samples and 

standards measured with reference to overall feature centroid position and area. Calculation of the 

Fe2+/ΣFe ratio was permitted using valence standard lines. While the average valence results as 

found via XAS measurements did not agree with those found by Mössbauer spectroscopy, the 

narrow range of results, whereby the average iron valence changes only slightly within the melt 

series, was reflected well. In agreement with the Mössbauer study Table 4.8.A, the SIP series 

experienced a redox shift to greater Fe2+ content at higher loadings, with the 0 mol.% simulant base 

glass found to have a slightly reduced Fe2+ content. The highest Fe2+ content was achieved with the 

SIP 25 mol.% sample. The IPSAS series average valences as determined by XAS followed the 

general decreasing Fe2+ trend with increasing loading, as found via Mössbauer spectroscopy for 

IPSAS 0 mol.% and 8 mol.% simulant loadings. However, while this trend did not continue for the 

IPSAS 25 mol.%, as determined through the Mössbauer study, the XAS pre-edge measurement 

indicated that the lowest Fe2+ content was achieved at this higher loading.  
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Figure 4.9.C – Example pre-edge fitting for SIP 0 mol.% 1350 °C glass, showing full process 
from background subtraction to fit of devolved contributions. 

 

 
Figure 4.9.D – Pre-edge fitting parameter summary, in adapted method of Wilke et al. 

(grey dashed lines), pre-edge fitting was also applied to data for Fe(II) and Fe(III) 

reference standards as to allow for delineation of Fe(II) and Fe(III) regions. A 

magnified region of the data associated with SIP and IPSAS pre-edge fits is inset. 

FeCO₃

Staurolite

FePO₄

NaFeSi₂O₆

0.08

0.13

0.18

0.23

0.28

0.33

7111.8 7112.3 7112.8 7113.3 7113.8

In
te

gr
at

ed
 P

re
-e

dg
e 

In
te

ns
ity

 (a
.u

.)

Centroid Position (eV)

SIP 1350 °C

IPSAS 1350 °C

Fe(II) Standard

Fe(III) Standard

SIP 0 mol.%

SIP 8 mol.%SIP 25 mol.%

IPSAS 0 mol.%

IPSAS 8 mol.%

IPSAS 25 mol.%

0.11

0.12

0.13

7112.9 7113.0 7113.1Fe(II) Fe(III)

7109 7111 7113 7115 7117

No
rm

al
is

ed
 a

bs
or

pt
io

n 
(a

.u
.)

Binding Energy (eV)

Raw Observed
Observed-Bkd.
Background
Deconvolution
Calculated Fit



133 
 

Table 4.9.A – Tabulated results for each pair of deconvoluted pre-edge peaks, including the measured Fe(II) and Fe(III) standards. Data is 

presented with weighted pre-edge centroid and Fe(II) ratio, as obtained using the valence standard lines. χ2 did not exceed 0.01. 

Sample ID Peak parameters Combined  
Area 

Centroid 
(eV) χ2 Fe2+/ΣFe 

 (%)* Height (a.u.) Position (eV) FWHM (eV) Area (a.u.) 

SIP_0_1350 0.0138 7111.53 0.7715 0.0267 0.1219 7113.04 0.00003 33 0.0370 7113.61 1.0256 0.0951 

SIP_8_1350 0.0146 7111.53 0.7631 0.0278 0.1244 7113.03 0.00003 34 0.0384 7113.60 1.0031 0.0966 

SIP_25_1350 0.0159 7111.56 0.7619 0.0304 0.1240 7112.98 0.00003 37 0.0372 7113.59 1.0034 0.0937 
         

IPSAS_0_1350 0.0109 7111.40 0.7523 0.0206 0.1147 7112.98 0.00005 37 0.0322 7113.52 1.1639 0.0941 

IPSAS_8_1350 0.0112 7111.34 0.7483 0.0210 0.1214 7113.00 0.00005 35 0.0353 7113.53 1.1335 0.1004 

IPSAS_25_1350 0.0119 7111.33 0.7755 0.0231 0.1303 7113.04 0.00007 32 0.0397 7113.56 1.0781 0.1072 
         

FeCO3 Standard 0.0246 7111.20 0.7023 0.0433 0.1126 7112.01 0.00003 100 0.0233 7112.87 1.1860 0.0693 
Staurolite Standard 
(Fe,Mg)2Al9Si4O23 

0.0689 7111.44 0.6893 0.1190 0.2045 7111.93 0.00008 100 0.0383 7112.80 0.8910 0.0855 

FePO4 Standard 0.0118 7111.38 0.8125 0.0240 0.3545 7113.60 0.00137 0 0.1586 7113.77 0.8313 0.3305 
Aegirine Standard 

NaFeSi2O6 
0.0218 7112.85 0.9588 0.0524 

0.0959 7113.59 0.00003 0 
0.0240 7114.27 0.7246 0.0436 

*Iron redox condition is quoted here as a calculated value, though it is recognised that the coordination environment 
strongly effects measured intensity. In text the information has been used to rank the relative redox conditions.
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4.9.2 EXAFS analysis 

A study of the EXAFS region for the Fe-K edge data was conducted to evaluate the first shell single 

scattering paths for X-ray photoelectrons, and to permit further discussion of the local structure and 

static disorder surrounding the central iron absorber atoms. Care was taken to not over-interpret the 

fitting results with the limited data available for these primarily amorphous compositions, focusing 

only on the first set of Fe – O nearest-neighbour single scattering paths. As the primary structure 

was non-crystalline, tabulated crystallographic data from literature for a combined Fe(II), 

Fe(III)NaSi2O7 aegirine structure [44] was applied to a FEFF calculation, as per the methods and 

software discussed in Section 3.5.4. The calculation utilised iron as the central absorber for the -K 

edge, initiated with a large cluster size of 8 Å, and a maximum path length of 6 Å. Initial fits of the 

first two nearest neighbour paths were applied to crystalline standards measured at the beamline, as 

to permit refinement of a realistic value for the amplitude parameter, S02. This value was taken 

forward and fixed for analysis of amorphous samples, with a representative path length selected 

from the first set of oxygen single scattering paths generated by the FEFF calculation. The 

coordination number was allowed to vary, with restraints placed on maximum deviation of the fitted 

scattering path and edge position. A Fourier transform was parameterised to calculate the fit to the 

data as arranged by 𝜒𝜒 (𝑘𝑘), representing the number of degrees of freedom for the EXAFS dataset, 

with a Hanning window [45] between 𝑘𝑘 values of 3 – 11 Å-1, as to cover enough independent points 

for the number of variables to be calculated. Another Hanning window was applied to fit the data 

within real-space, |𝜒𝜒 (𝑅𝑅)| as a function of radial distance, within the range of the first scattering 

paths between 1.20 – 2.85 Å. Finally, a bond valence sum (BVS) was calculated following the fit, 

to aid in assessment of the physical properties of such a local structure [46,47], as per               

Equation 4.9.A and Equation 4.9.B. 

 

𝑉𝑉𝑥𝑥 =  ∑𝑠𝑠𝑥𝑥𝑥𝑥  

Equation 4.9.A – Total bond valence for atom 𝑥𝑥, 𝑉𝑉𝑥𝑥, as a sum of the valence for each 

bond 𝑠𝑠, between atom 𝑥𝑥 and other core-shell atoms, 𝑦𝑦. In the work here, the sum 

represents a factor of the coordination number for the first shell Fe – O bonds. 

 

 𝑠𝑠𝑥𝑥𝑥𝑥 =  exp �
𝑅𝑅𝑥𝑥𝑥𝑥′ − 𝑅𝑅𝑥𝑥𝑥𝑥

𝑏𝑏
� 

Equation 4.9.B – The valence for each bond 𝑠𝑠𝑥𝑥𝑥𝑥 is obtained by taking the exponent of 

the difference between the tabulated ideal bond length 𝑅𝑅’, and fitted bond length 𝑅𝑅 

(Å), as divided by a tabulated parameter 𝑏𝑏, usually equal to 0.37 Å. 
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An example fit showing the application of a fit for the first set of core shell oxygen 

single scattering paths is shown in Figure 4.9.E, showing good agreement within the first scattering 

paths up to a radial distance of 2.3 Å. The features beyond this radial distance likely represent the 

first Fe – P, Fe – Fe and Fe – O – P scattering paths [48], though fitting these with high confidence 

was limited due to the weaker potentials associated with these greater distances and the increase in 

number of fitting variables such paths would introduce without being able to increase the number 

of independent points. The higher waste loading SIP and IPSAS series wasteforms were less 

concentrated in iron, as such, these absorption samples were prepared with a larger cross-section to 

permit absorption of comparable number of iron centres. However, this led to a slight attenuation 

of data in the EXAFS region, as reflected by poorer misfit parameters obtained for the high waste 

loading samples, see Table 4.9.B. Iron centres were found to have a coordination between that of 

tetrahedral and octahedral, with a slight favourability for  a tetrahedral configuration.  

 
Figure 4.9.E – Example fit for the SIP 0 mol.% simulant glass melted at 1350 °C, 

showing the 𝜒𝜒 (𝑘𝑘) Fourier transform (top) and radial distance of  |𝜒𝜒 (𝑅𝑅)| (bottom). 
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Table 4.9.B – Tabulated results of Fe-K EXAFS region analysis, where E0 is the shift 

in the position of the edge, S02 is the amplitude parameter used for fitting, CN O1 is the 

refined coordination number for the first shell oxygen single scattering path, σ2 O1 

represents the mean square radial displacement or thermal parameter, R O1 is the 

refined path length, a bond valence sum for this first shell of oxygen scatterers is 

included, and the statistical misfit R-factor was calculated. Errors are bracketed. 

Sample ID E0 (eV) S0
2 CN O1 σ2 O1 (Å) R O1 (Å) BVS R-

factor 

SIP_0_1350 -0.4 (2.2) 0.9 4.8 (0.8) 0.010 (0.003) 1.95 (0.01) 2.71 0.018 

SIP_8_1350 -2.1 (2.6) 0.9 4.9 (0.9) 0.011 (0.003) 1.94 (0.02) 2.80 0.021 

SIP_25_1350 -2.8 (2.7) 0.9 4.7 (1.0) 0.012 (0.003) 1.95 (0.02) 2.63 0.022 

IPSAS_0_1350 0.7 (1.9) 0.9 5.2 (0.8) 0.009 (0.002) 1.96 (0.01) 2.82 0.015 

IPSAS_8_1350 -3.0 (2.2) 0.9 4.8 (0.8) 0.009 (0.002) 1.96 (0.02) 2.63 0.018 

IPSAS_25_135
0 -4.6 (2.4) 0.9 4.6 (0.8) 0.010 (0.002) 1.94 (0.02) 2.65 0.019 

 

 

The values for oxygen coordination are however reported with a significant error. The IPSAS series 

was found to have similar values for oxygen coordination, although IPAS 0 mol.% simulant waste 

loaded glass had a coordination number indicating that the local structure was more favourable to 

an octahedral configuration. The most tetrahedrally coordinated wasteforms were found to be the 

SIP 25 mol.% simulant sample and the IPSAS counterpart. Bond length for first shell oxygen 

scatterers was very consistent across the SIP and IPSAS series, all at 1.95 Å, within error. The bond 

valence sums gave reported values which fell within the same range of iron valence as found by 

Mössbauer spectroscopy and Fe-K pre-edge analysis, ranging between 20 – 37 % Fe2+/ΣFe for the 

SIP series and 18 – 37 % Fe2+/ΣFe for that of the IPSAS series. However, these values are reported 

with lower confidence than the ratios found via Mössbauer and pre-edge analysis methods, as the 

fits do not account for the effects of other scattering paths on the iron bond valence. With iron 

presence in the glass phase, the typical substitution of the P – O – P linkages for bridging oxygens 

is expected with Fe – O bonds and Fe – O – P bonds [48–50]. While conclusive evidence for the 

phosphorous to oxygen double scattering path was not obtained, the evidence of an oxygen 

coordination that is not typical of iron oxide crystal structures is indicative of first shell substitution, 

with oxygen configuration varying with the valence of substituted iron centres. 
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4.10 Chemical durability testing 

The six samples of 0 mol.%, 8 mol.% and 25 mol.% simulant loaded SIP and IPSAS materials from 

spectroscopic studies were carried forward through for chemical durability testing. Sufficient 

quantities of glass were fritted, crushed, sieved, and washed, as per Section 3.10.1 so that a 

consistent comparative calculated surface area to volume ratio of 1200 m-1 could be maintained 

throughout the experimental series.  

 
4.10.1 PCT-B testing 

PCT dissolution vessels were weighed and measured before and after each step of the preparation 

and dissolution experiment, as to verify the integrity of the vessel seals during heating and 

accelerated dissolution. During each sampling stage, aliquots taken from dissolution vessels were 

probed for pH, with an average of all triplicate series see Figure 4.10.A. The SIP sampling aliquots 

buffered to pH 5.8 – 6.0 over the course of the experiments, though it should be noted that a 

differently calibrated pH probe had to be used for day 3 sampling of SIP, so all average pH values 

were artificially reduced to 5.5 – 5.6 at this time point, including the control blank samples. IPSAS 

0 – 8 mol.% simulant waste loaded sampling aliquots buffered to pH 2.0 – 2.1, indicating a 

significant change in solution chemistry and generation of protonating ions and acidic species as the 

experiment progressed. The IPSAS 25 mol.% simulant loaded sample aliquots buffered to a pH of 

3.8 – 4.0, still strongly acidic, but indicating a lesser change in solution chemistry may have 

occurred. The use of a non-standard pH probe did also have the same effect on reducing the average 

aliquot pH for IPSAS samples for day 3. Due to the log scale nature of pH measurements, correcting 

data against the control sample blanks was not possible, they are simply used for reference here. 

  
Figure 4.10.A – Plots of average pH at each sampling time point for SIP (left) and 

IPSAS (right) PCT-B aliquots. pH of control blank samples is shown with open 

symbols. In all cases, the error bars represent the standard deviation from each 

triplicate set. 
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4.10.2 ICP-OES analysis 

Aliquots were prepared and analysed for elemental release, as per Section 3.10.2, and the 

spectrometer detector was calibrated against elemental concentration standards during 

measurements. For SIP glass, the releases of cerium, iron, phosphorous, sodium and aluminium 

were measured, additionally silicon release was measured for IPSAS glass, as it was not present in 

any meaningful concentrations in either the SIP batch, as-cast materials or in the UHQ dissolution 

media. Spectrometer signal for each primary elemental line was converted to mass concentration as 

a function of volume, by using calibration standards of known concentrations which were measured 

at the same time as sample aliquots. The resulting concentrations were corrected against the 

elemental releases in control blank samples and to the volume of solution as measured into the 

dissolution vessels. This data was then normalised with respect to the specific surface area as 

calculated from powder geometry, the mass fraction of each element present in the original sample 

(as measured by EDX see bracketed values in Table 4.2.A and Section 4.7.1), per the loss 

calculation, see Equation 4.10.A. 

 

𝑁𝑁𝐿𝐿(𝑥𝑥) =  
𝐶𝐶(𝑥𝑥) × 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝐺𝐺 ×  𝑚𝑚(𝑥𝑥)

 

Equation 4.10.A – Normalised mass loss (𝑁𝑁𝐿𝐿) equation for element 𝑥𝑥, where 𝐶𝐶(𝑥𝑥) is 

the concentration of element 𝑥𝑥 in a known volume of solution, 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠. The original 

powder sample surface area is calculated from geometric assumptions, 𝐴𝐴𝐺𝐺 and the 

mass fraction of element 𝑥𝑥 is 𝑚𝑚(𝑥𝑥). Dissolution rate, 𝐷𝐷(𝑅𝑅) can also be found by 

dividing the change in (𝑁𝑁𝐿𝐿) by the time period. 

 

Normalised mass loss data for SIP 0 – 25 mol.% simulant loaded 1350 °C melts are 

presented in Figure 4.10.B. General trends of release rate from day 0 – 1 and beyond indicated that 

minimal fines were present with the prepared powders. The cerium concentrations,  

Figure 4.10.B (a), were at zero or below the spectrometer detection limit for all aliquots of SIP and 

IPSAS 0 mol.% simulant samples, so they are not included in the plots. Cerium loss only reached 

detectable levels after 7 days of dissolution, with peak cerium dissolution rates found after 21 days, 

registering 1.2 × 10-4 g m-2 d-1 for SIP with 8 mol.% loading of simulant and 2.0 × 10-5 g m-2 d-1 for 

that of the 25 mol.% loaded sample. Due to a small amount of evaporative loss at this time point, 

the concentration of cerium present could have been artificially increased, these maximum rates for 

SIP 8 – 25 mol.% loaded simulant are however comparable to a base iron phosphate glass loaded 

with 8 mol.% ceria,  5.0 × 10-5 g m-2 d-1 [50]. 



139 
 

 

Figure 4.10.B - Calculated normalised mass-loss results from ICP-OES of SIP 

dissolution aliquots for elemental release of: cerium (a), iron (b), phosphorous (c), 

sodium (d), unitless ratio of sodium to phosphorous release (e), and unitless ratio of 

phosphorus to iron release (f). The change of loss scale should be noted, and smaller 

error bars may be occluded by datapoint symbols.  

 

It should be noted that while the SIP 8 and 25 mol.% samples were batched with the relative 

proportions of ceria, the thermally treated product was found to only have 3.3 mol.% and 6.5 mol.% 

ceria, by EDX analysis. The literature example did not include measurement of the as-cast 

composition, though did use a greater SA/V ratio of 2000 m-1, where 1200 m-1 was used for this 
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study. A general trend was observed for SIP wasteforms, as represented by the release rate of iron, 

phosphorus and, to a lesser extent, sodium, see Figure 4.10.B (b-d), indicating that the bulk glass 

phase has likely experienced congruent dissolution. The SIP 0 mol.% loaded simulant experienced 

the most significant loss of primary network formers phosphorus and iron. A residual rate could be 

calculated from the data obtained between days 7 and 28, where iron was lost at a rate of 1.2 × 10-4 

g m-2 d-1, higher than an equivalent iron phosphate base glass, whereby the residual iron loss rate 

was found to be  3.5 × 10-5 g m-2 d-1 [50]. Iron loss was substantially lower for the higher waste 

loadings of SIP at 8 – 25 mol.%, though the behaviour was not consistent enough over a reasonable 

range to calculate a residual rate with high confidence. Releases of the other primary network 

former, phosphorous, followed a very similar pattern, with SIP 0 mol.% simulant demonstrating a 

residual rate of 4.6 × 10-3 g m-2 d-1, with SIP 8 mol.% simulant stabilising at 5.9 × 10-4 g m-2 d-1 and 

SIP 25 mol.% at 7.4 × 10-4 g m-2 d-1. An iron phosphate composition prepared for immobilisation 

of technetium, with a similar P2O5 ratio to SIP and IPSAS samples, achieved a comparable 

phosphorous release rate of 8.3 × 10-3 g m-2 d-1 [51]. It should be noted that the aforementioned glass 

was prepared for a SA/V value of 1790 m-1, whereas the present study has used 1200 m-1. The 

dissolved phosphorous may form species such as phosphoric acid, this is evidenced for the more 

acidic pH for the SIP  0 mol.% simulant sample with greater phosphorous release, as compared to 

the SIP 8 – 25 mol.% counterparts. The ratio of 𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁/𝑁𝑁𝐿𝐿𝑃𝑃 and 𝑁𝑁𝐿𝐿𝑃𝑃/𝑁𝑁𝐿𝐿𝐹𝐹𝐹𝐹, see Figure 4.10.B (e-f), 

show the correlation in loss rates between these species, further evidencing support for the congruent 

dissolution of the glass phase. It should be noted that due to iron concentrations for SIP 25 mol.% 

simulant being below the detection limit for sampling days 3, 7, 21 and 28, only the day 1 and day 

14 𝑁𝑁𝐿𝐿𝑃𝑃/𝑁𝑁𝐿𝐿𝐹𝐹𝐹𝐹 ratios are presented. 

As with the SIP dissolution experiments, the IPSAS samples did not experience a 

large jump in loss rate between day 0 – 1, indicating minimal presence of fines, see Figure 4.10.C. 

All elements measured for the IPSAS series: Ce, Fe, P, Na, Si, and Al largely followed a similar 

proportional trend of increasing loss with longer residence time, again indicating that dissolution of 

the primary glass phase containing all such elements was occurring. For IPSAS 8 mol.% simulant 

loaded glass, cerium release was accelerated, see Figure 4.10.C (b), with a day 7 – 28 residual rate 

of 5.3 × 10-4 g m-2 d-1. While this is lower than that of the SIP 8 mol.% loaded equivalent sample, 

the rate calculated for SIP cerium loss is instantaneous, and reported with lower confidence. The 

higher loading IPSAS 25 mol.% sample was observed to have substantially lower cerium losses, 

though the behaviour was not consistent enough at such low detections as to permit high confidence 

in calculation of a residual rate. It should also be noted that the IPSAS wasteforms contained a 

significantly higher proportion of ceria, as compared to the SIP series, with the 25 mol.% loaded 

materials found to contain 11.3 mol.% and 6.5 mol.%, respectively.   
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Figure 4.10.C - Calculated normalised mass-loss results from ICP-OES of IPSAS 

dissolution aliquots for elemental release of: cerium (a), iron (b), phosphorous (c), 

sodium (d), silicon (e), and aluminium – also showing relative SIP mass-losses (f). 

The change of loss scale should be noted, and smaller error bars may be occluded by 

datapoint symbols. 

 

The dissolution rate of iron was highest for the IPSAS 8 mol.% simulant aliquots, at                              

3.4 × 10-3 g m-2 d-1, more than an order of magnitude greater than iron phosphate glasses reported 

in literature [50,51], see Figure 4.10.C (b). The IPSAS 0 mol.% and 25 mol.% simulant wasteforms 
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have substantially lower iron residual rates of 7.0 × 10-4 g m-2 d-1 and 1.4 × 10-4 g m-2 d-1, 

respectively. As with the other elemental releases for the IPSAS series, the phosphorous loss was 

generally greater than that of the SIP counterparts, see Figure 4.10.C (c). The IPSAS 25 mol.% 

simulant loaded samples, were found to have a phosphorous residual leaching rate of 2.6 × 10-3 g 

m-2 d-1, still within a lower range of other phosphate glass systems [51]. Conversely, IPSAS 0 – 8 

mol.% ceria glasses experienced much higher release rates of phosphorous: 3.3 × 10-2 g m-3 d-1 and 

3.8 × 10-3 g m-3 d-1, respectively. This is well reflected in the IPSAS series pH measurements, 

whereby evolution of significant quantities of phosphoric acid drove the pH to a more acidic 

extreme, as compared to the 25 mol.% simulant, see Figure 4.10.A. The pattern as  also observed 

for the sodium loss rate, Figure 4.10.C (d), is evidence for a much poorer chemical durability of 

the glass phase in the IPSAS 0 – 8 mol.% wasteforms. SiO2 was added in the IPSAS glass batches 

and confirmed to be present at 7.2 – 8 mol.% in the as-cast material, it was expected that some 

significant silicon loss would be detected for the IPSAS series dissolution experiments. The silicon 

loss rate for IPSAS 0 mol.% simulant aliquots were 5.3 × 10-2 g m-2 d-1, with that of the 8 mol.% 

counterpart only slightly higher, see Figure 4.10.C (e). A silicon residual leaching rate of  5.3 × 10-

3 g m-3 d-1 was obtained for IPSAS 25 mol.% ceria material, comparable to a ceria loaded borosilicate 

composition for HLW immobilisation, which had a silicon leaching rate of ~8 × 10-3 g m-2 d-1, with 

a powder SA/V value of 1300 m-1[52]. Though aluminium had combined into the glass melt as a 

result of crucible corrosion, the SIP series had not been intentionally loaded with alumina in the 

glass batch and as such, the as-cast material had a lower aluminium content. It was apparent that the 

aluminium of the SIP series was present in a more resistant phase than the equivalent IPSAS series, 

as the signal for aluminium was at or near the detection limit for all SIP samples, see Figure 4.10.C 

(f). This effect was also replicated for the IPSAS 25 mol.% simulant aliquots, while the silicon loss 

rates for IPSAS 0 – 8 mol.% ceria loaded samples were far greater. A spike in aluminium release 

was found at d 7 for IPSAS 0.% simulant, though this is attributed to some minor contamination 

during the sampling stage.  

The 𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁/𝑁𝑁𝐿𝐿𝑃𝑃  and 𝑁𝑁𝐿𝐿𝑃𝑃/𝑁𝑁𝐿𝐿𝐹𝐹𝐹𝐹  and  𝑁𝑁𝐿𝐿𝑆𝑆𝑆𝑆/𝑁𝑁𝐿𝐿𝐴𝐴𝑠𝑠  ratios for ISPAS glasses were also 

plotted, see Figure 4.10.D. These indicate a strong correlation between the dissolution rates of glass 

network formers for ISPAS 0 – 8 mol.% simulant glasses, while the 25 mol.% counterpart does not 

appear to be experiencing dissolution with such congruence. However, it should be noted that the 

ratios featuring iron and aluminium losses may be discounted, as the IPSAS 25 mol.% simulant 

material had several datapoints at or near the detection limit. If only referring to the 𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁/𝑁𝑁𝐿𝐿𝑃𝑃 

ratio, the 25 mol.% wasteform does appear to experience congruent dissolution of the primary glass 

phase. 
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The combined overall normalised losses and instantaneous dissolution rates were 

calculated for each series, see Figure 4.10.E. The SIP wasteforms experienced the lowest mass 

losses, with an apparent initial leaching rate of 9.9 × 10-2 g m-2 d-1 for the 0 mol.% sample, down to 

a residual rate of 8.5 × 10-3 g m-2 d-1. SIP with 25 mol.% simulant waste was observed to have  

  

 
Figure 4.10.D - Calculated ratios of mass-loss results from ICP-OES of IPSAS 

dissolution aliquots for: unitless ratio of sodium to phosphorus release (left), unitless 

ratio of phosphorus to iron release (right), and unitless ratio of silicon to aluminium 

release (bottom). 

 

an initial dissolution rate of 4.6 × 10-2 g m-2 d-1, later reducing to a combined residual leaching rate 

of 5.3 × 10-3 g m-2 d-1. The IPSAS 0 – 8 mol.% simulant loaded glasses did not reach a steady 

dissolution rate for the duration of the experiment, experiencing an apparent rate increase between 

days 14 and 28. The IPSAS 25 mol.% ceria glass-ceramic experienced a plateau of overall mass 

loss between days 21 and 28, indicating that the small quantity of soluble surface species had been 

fully dissolved or a passivating layer had formed on the powder particles [53–55]. The SIP 

wasteforms performed the best during the 28-day study. While also considering cerium releases, the 

SIP 25 mol.% simulant loaded sample was the most durable. With the lower measured actual cerium 
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content of the SIP series, this was expected. The durability was substantially decreased with the 

IPSAS melt series for loadings up to 8 mol.% ceria, attributed to the refractory oxide additions to 

the batch. However, the IPSAS 25 mol.% simulant sample retained a greater quantity of ceria than 

its SIP series counterpart, while maintaining a comparable chemical durability. 

  

  
Figure 4.10.E – Plots showing overall normalised mass loss for SIP (top left) and 

IPSAS (top right) samples, with the derived instantaneous dissolution rates for SIP 

(bottom left) and IPSAS (bottom right) samples. 
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4.11 Conclusions and further work 
Additions of refractory oxides for the IPSAS series reduced the aggressive melt characteristics such 

as foaming seen with SIP glass melts, with greater overall solubility for simulant waste. SIP glass 

melted with more aggressive self-stirring during the generation of ammonia, leading to a degree of 

breakdown of the alumina crucibles and leaching of aluminium into the glass melt. IPSAS base 

glass was found to have a narrower temperature range between the glass transition onset and the 

crystallisation temperature, with the SIP base glass having a lower measured glass transition onset.  

SIP series wasteforms developed the most porosity at high waste loadings, but all 

melt series were found to result in low density, high porosity products beyond 43 – 45 mol.% 

batched simulant waste loading. The onset of crystallisation typically occurred for loadings within 

the range of 16 – 25 mol.% batched ceria additions, though the SIP 1450 °C series melts were more 

aggressive, generating slag which was poorly incorporated and crystalline content was found at 

loadings as low as 4 mol.% simulant additions. Molar volume of wasteforms appeared to increase 

with an approximately exponential trend following the onset of crystallisation, even at the highest 

simulant waste loadings, primarily due to the development of significant porosity and a lower-than-

expected measured content of ceria in the wasteforms.  

Glass ceramic materials developed in all melt series, with sodium iron phosphate-

based glass as the primary matrix phase, doped with cerium and aluminium. IPSAS series glasses 

additionally featured small quantities of batched silicon in the glass phase. The primary crystalline 

phase was cerium monazite as Ce(PO4), with some secondary crystalline sodium iron phosphate as 

NaFe(P2O7) developing and undigested simulant waste as CeO2 retained at higher loadings. The 

IPSAS 1250 – 1350 °C melt series remained amorphous up to loadings of 16 mol.% batched 

simulant.  

The bulk compositions of prototypical wasteforms, as measured EDX, were found 

to contain significantly less cerium than was expected from the batched content. With the 

aggressive conditions of the melts, more refractory batch content such as ceria may have evolved 

into a slag which was deposited on the crucible during casting. In addition, the high relative density 

of ceria may have caused a significant proportion to sink to the base of the melt. The separation of 

larger crystals of monazite from the bulk material was observed, while effort was made to ensure 

representative EDX sampling, there still may have been regions of agglomerated crystallites not 

accounted for, below the polished monolith surface. Only the highly porous glass ceramic samples 

contained in excess of 15 mol.% ceria in the bulk material. The highest retained simulant waste 

loadings were above 20 mol.% as measured for SIP 45 mol.% batched samples melted at 1250 °C 

and 1450 °C, with IPSAS 43 mol.% simulant sample melted at 1450 °C. The more corrosive SIP 

melts were found to contain more aluminium in the bulk material, indicating that the crucibles had 
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significantly degraded during the melting process, as it was not accounted for with the batched 

reagents. Greater simulant waste additions as ceria appears to further passivate the melting 

conditions, as it is itself a refractory addition. Without annealing, crystallisation occurred and some 

dendritic formation of AlPO4 developed. The cerium monazite phase was found form a typical 

core-shell type microstructure around grains of ceria, in effect encapsulating the simulant waste. 

The growth of sodium iron phosphate crystallites was confirmed with electron microscopy, with 

few local regions containing small sodium aluminium iron phosphates. The degree of porosity 

development was also verified, and observations were made of monazite forming dendritic 

cruciform crystallites at the onset of crystallisation. Beyond the crystallisation point, rather than a 

glass solubility limit being reached, cerium partitioning favoured the crystalline monazite phase, 

leaving a glass matrix partially depleted of simulant waste. Use of the image based quantitative 

phase analysis technique yielded comparable results with a spike Rietveld method, while improving 

the throughput, removing the need for an internal spike standard improved flexibility for analysis 

of samples containing unknown phases. Phase analysis showed that at the highest simulant waste 

loadings for the IPSAS series, the majority phases by volume were crystalline, indicating that a 

sintered glass ceramic wasteform could be made with batch contents to only produce enough glass 

for bonding the ceramic phases. However, the image-based analysis method did not account for 

very small quantities of crystalline sodium iron phosphate, detected as minor reflections by pXRD 

in the IPSAS 34 mol.% simulant sample melted at 1250 °C.  

Mössbauer fits with four Lorentzian doublets for each iron valence yielded results 

showing a trend of increasing Fe(II) content with increased waste loading, suggesting reduced 

aqueous durability [56]. The less aggressive melting conditions associated with the samples batched 

with more simulant material may provide an environment whereby a greater proportion of free iron 

ions can be reduced. However, the XAS results did not wholly agree with this trend, the SIP series 

materials were measured to follow the slight increase of redox potential, though XAS data indicated 

a slight decrease of Fe(II) content with increased batch loading of simulant waste, meaning more 

non-bridging bonds with iron, as it behaves as less of a network former with increasing Fe(II) 

content. The iron redox behaviour as assessed via Mössbauer spectroscopy, was comparable for 

SIP and IPSAS series wasteforms, although the IPSAS series, particularly the 25 mol.% loaded 

material melted at 1350 °C had a greater measured bulk cerium content than the SIP counterparts. 

Fe-K edge X-ray absorption spectroscopy showed an edge shift and pre-edge feature transformation 

between the SIP and IPSAS series indicating a configurational change associated with the iron 

redox behaviour. The fitting method found iron valence with a comparable range to that of 

Mössbauer analyses, with an overall greater Fe(II) proportion with the IPSAS series, though the 

aforementioned difference in trend. It is noted that a greater distribution of datapoints will be 

required in order to conclude a trend of redox behaviour with high confidence. Fe-K edge EXAFS 
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analyses provided an insight into the coordination behaviour and local structure of the glass series, 

with respect to iron as a central absorber. Bond valence sums produced iron redox values that agreed 

well with Mössbauer and pre-edge analyses. The SIP 0 – 25 mol.% loaded wasteforms melted at 

1350 °C exhibited a first shell of oxygen atoms bonding in a more tetrahedral coordination. While 

the overall IPSAS series was also found to demonstrate a slightly tetrahedral coordination of 

oxygen about the iron centres, the IPSAS 0 mol.% simulant glass melted at 1350 °C had a slightly 

octahedral coordination environment. As such disordered configurations are not typically 

associated with iron retention in a crystalline phase, the EXAFS findings indicate that iron is 

bonding in the glass phase, likely substituting for some phosphorous atoms in P – O – P chains. 

28 day accelerated chemical durability testing indicated that the SIP series was 

overall more resistant to dissolution than the IPSAS counterparts, whereby hydrolysis of the poorly 

durable phosphorous in the glass phase P – O – P bridges occurs, leading to generation of highly 

acidic species in the dissolution media. This low pH environment can further interfere with the 

electrochemical crosslinking between phosphate chains in the glass matrix [3], leading to further 

dissolution. The highest simulant loaded wasteforms tested performed the best under leaching 

conditions, with the presence of a highly durable [57] crystalline monazite phase, and less cerium 

present in the lower durability glass phase. Dissolution behaviour during the experimental duration 

was congruent with respect to glass network and modifier elements, indicating uniform degradation 

of the glass. As a greater Fe(III) content of a phosphate glass is typically indicative of improved 

chemical durability properties [7,42], this was reflected in the SIP series glasses, for which iron 

was present in a greater proportion of Fe(III). However, the difference of iron valence for SIP and 

IPSAS series is slight, so a significantly poorer overall durability is more likely due to the presence 

of silicon as a modifier in the glass network and a greater proportion of cerium retained in the glass 

phase. The exception is for the IPSAS 25 mol.% simulant loaded wasteform melted at 1350 °C with 

a chemical durability comparable to that of the SIP counterparts, while a significantly greater 

proportion of simulant waste was retained in the final wasteform. Here a passivating layer may 

have formed on the particle surfaces, reducing the loss rates to near undetectable values. With a 

greater proportion of cerium retained in chemically resistant crystalline phases, the cerium loss 

rates for this sample were also approaching undetectable levels.  

With the studied compositions and melting conditions, the IPSAS 25 mol.% waste 

loading sample melted at 1350 °C is considered to have the most optimal properties for potential 

actinide disposition. The IPSAS waste forms have superior melting behaviour and retention of 

simulant waste, the 25 mol.% series exhibited high density and molar volume. Spectroscopic 

analyses also showed substitution of iron for phosphorous in phosphate bridges, with iron redox 

trending to Fe(III) for ISPAS series materials. While the 0 – 8 mol.% simulant loaded IPSAS 

wasteforms did not perform as well as the other series under accelerated leaching conditions, the 
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proposed 25 mol.% simulant IPSAS variant retained cerium in durable phases and was found to 

have a lower overall dissolution rate. As mentioned in Section 4.3, the use of ceria as a simulant 

for UO2 has some caveats with reference to density (lower with ceria) and redox behaviour. The 

increased density of UO2 would likely mean that even more is retained in the crucible during 

melting, unless stirring is implemented. While ceria surrogates are also redox active, like UO2, the 

redox couples and behaviour is not equivalent. The formation of U(V) and U(VI) and the effects of 

these redox couples would require further analysis with depleted surrogates. 

Further proposed work includes thermal analyses of the waste loaded glasses and of 

glass compositions as batched, allowing for a study of the pre-melting behaviour and evolution of 

ammonia at low temperatures, additionally viscosity measurements could be used to assess how 

the glass melt at scale might perform. Glass preparation variables such as manual stirring, melting 

times, and use of other phosphate reagent sources should be reviewed with the compositions in this 

work, as this may alter the redox behaviour of iron and simulant waste cation in the wasteform. The 

effect of other modifier additions such as zirconia and magnesium oxide could also be studied as 

possible inclusions with Magnox and zircaloy clad fuels, though alternatively addition of size 

reduced pieces of chromium stainless steel and such cladding alloys may provide a more 

representative simulant. A simulated spent fuel composition with depleted uranium oxide and 

simulated fission products could provide a more accurate analogue, while still reducing worker 

hazard during investigations.  

Verification of product composition via X-ray fluorescence measurements should 

provide more reliable data than the EDX analysis method used, a technique such as electron probe 

microanalysis could be used to aid in verification of chemistry and identity of small crystallites. 

Further XAS studies could utilise principal component analysis and linear combination fitting to 

allow for fingerprinting analysis against known standards. While Ce-L3,     Ce-L2 and fluorescence 

measurements were carried out as part of this work, it was not possible to resolve a realistic first 

shell coordination and structural environment due to the presence of cerium in highly crystalline 

and amorphous phases. EXAFS data for cerium also featured a significant multiple electron 

excitation feature which interfered with structural analyses. Further study should consider a suite 

of micro analytical techniques for studying the crystalline phases separately from the glass matrix. 

Structural information could be further supported by techniques such as laser Raman spectroscopy. 

Alteration layers on the dissolution glass powders could not be observed using SEM, high 

resolution microscopy could be utilised, or an accelerated vapor hydration test could be employed 

to permit study of alteration and gel layers. Longer dissolution experiments with alkaline 

groundwater solutions would help develop an improved understanding of the geochemical 

behaviour of these wasteforms, while use of ICP with a mass spectrometer could aid in measuring 

the very low cerium and iron concentrations as found for some aliquots. 



149 
 

Chapter 4 references 
[1] Heysham 2 and Torness end dates brought forward by EDF, World Nucl. News. (2022). 

https://www.world-nuclear-news.org/Articles/EDF-confirms-earlier-end-date-for-Heysham-
2-and-To. 

[2] D. Hambley, Storage of thermal reactor fuels – Implications for the back end of the fuel 
cycle in the UK, EPJ Nucl. Sci. Technol. 2 (2016) 21. 
https://doi.org/10.1051/EPJN/2016014. 

[3] B.C. Bunker, G.W. Arnold, J.A. Wilder, Phosphate glass dissolution in aqueous solutions, 
J. Non. Cryst. Solids. 64 (1984) 291–316. https://doi.org/10.1016/0022-3093(84)90184-4. 

[4] C.H. Booth, P.G. Allen, J.J. Bucher, N.M. Edelstein, D.K. Shuh, G.K. Marasinghe, M. 
Karabulut, C.S. Ray, D.E. Day, Oxygen and phosphorus coordination around iron in 
crystalline ferric ferrous pyrophosphate and iron-phosphate glasses with UO2 or Na2O, J. 
Mater. Res. 14 (1999) 2628–2639. https://doi.org/10.1557/JMR.1999.0352. 

[5] A. Bohre, K. Avasthi, V.I. Pet’kov, Vitreous and crystalline phosphate high level waste 
matrices: Present status and future challenges, J. Ind. Eng. Chem. 50 (2017) 1–14. 
https://doi.org/10.1016/j.jiec.2017.01.032. 

[6] R. Gresch, W. Müller-Warmuth, H. Dutz, X-ray photoelectron spectroscopy of sodium 
phosphate glasses, J. Non. Cryst. Solids. 34 (1979) 127–136. https://doi.org/10.1016/0022-
3093(79)90012-7. 

[7] C.W. Kim, C.S. Ray, D. Zhu, D.E. Day, D. Gombert, A. Aloy, A. Moguš-Milanković, M. 
Karabulut, Chemically durable iron phosphate glasses for vitrifying sodium bearing waste 
(SBW) using conventional and cold crucible induction melting (CCIM) techniques, J. Nucl. 
Mater. 322 (2003) 152–164. https://doi.org/10.1016/S0022-3115(03)00325-8. 

[8] D. Russo, D. Rodriguez, N. Grumbaum, C. Gonzalez Oliver, High temperature oxidation 
and crystallization behavior of phosphate glass compositions, (2003). 
https://inis.iaea.org/collection/NCLCollectionStore/_Public/35/103/35103669.pdf?r=1. 

[9] D.O. Russo, D.S. Rodríguez, J.M. Rincón L., M. Romero, C.J.R. González Oliver, Thermal 
properties and crystallization of iron phosphate glasses containing up to 25 wt% additions 
of Si-, Al-, Na- and U-oxides, J. Non. Cryst. Solids. 354 (2008) 1541–1548. 
https://doi.org/10.1016/J.JNONCRYSOL.2007.08.044. 

[10] S.V. Stefanovsky, O.I. Stefanovsky, S.S. Danilov, M.I. Kadyko, Phosphate-based glasses 
and glass ceramics for immobilization of lanthanides and actinides, Ceram. Int. 45 (2019) 
9331–9338. https://doi.org/10.1016/J.CERAMINT.2018.06.208. 

[11] M.C. Stennett, C.L. Corkhill, L.A. Marshall, N.C. Hyatt, Preparation, characterisation and 
dissolution of a CeO2 analogue for UO2 nuclear fuel, J. Nucl. Mater. 432 (2013) 182–188. 
https://doi.org/10.1016/J.JNUCMAT.2012.07.038. 

[12] P.A. Bingham, R.J. Hand, M.C. Stennett, N.C. Hyatt, M.T. Harrison, The use of surrogates 
in waste immobilization studies: A case study of plutonium, Mater. Res. Soc. Symp. Proc. 
1107 (2008) 421–428. https://doi.org/10.1557/proc-1107-421. 

[13] P.A. Bingham, R.J. Hand, S.D. Forder, Doping of iron phosphate glasses with Al2O3, SiO2 
or B2O3 for improved thermal stability, Mater. Res. Bull. 41 (2006) 1622–1630. 
https://doi.org/10.1016/J.MATERRESBULL.2006.02.029. 



150 
 

[14] S.S. Danilov, S. V. Stefanovsky, O.I. Stefanovskaya, S.E. Vinokurov, B.F. Myasoedov, 
Y.A. Teterin, Aluminum (Iron) Phosphate Glasses Containing Rare Earth and 
Transuranium Elements: Phase Composition, Oxidation State of Np and Pu, and Hydrolytic 
Durability, Radiochem. 2018 604. 60 (2018) 434–439. 
https://doi.org/10.1134/S1066362218040136. 

[15] B.C. Sales, L.A. Boatner, Physical and chemical characteristics of lead-iron phosphate 
nuclear waste glasses, J. Non. Cryst. Solids. 79 (1986) 83–116. 
https://doi.org/10.1016/0022-3093(86)90040-2. 

[16] T. Honma, A. Sato, N. Ito, T. Togashi, K. Shinozaki, T. Komatsu, Crystallization behavior 
of sodium iron phosphate glass Na 2 - XFe1 + 0.5xP2O7 for sodium ion batteries, J. Non. 
Cryst. Solids. 404 (2014) 26–31. https://doi.org/10.1016/j.jnoncrysol.2014.07.028. 

[17] K. Joseph, M.C. Stennett, N.C. Hyatt, R. Asuvathraman, C.L. Dube, A.S. Gandy, K. V. 
Govindan Kutty, K. Jolley, P.R. Vasudeva Rao, R. Smith, Iron phosphate glasses: Bulk 
properties and atomic scale structure, J. Nucl. Mater. 494 (2017) 342–353. 
https://doi.org/10.1016/j.jnucmat.2017.07.015. 

[18] Y. Ma, Y. Ma, G. Giuli, H. Euchner, A. Groß, G. Orazio Lepore, D. Geiger, J. Biskupek, U. 
Kaiser, H.M. Schütz, A. Carlsson, T. Diemant, R. Jürgen Behm, M. Kuenzel, S. Passerini, 
D. Bresser, H. Euchner, A. Groß, G.O. Lepore, D. Geiger, J. Biskupek, U. Kaiser, A. 
Carlsson, T. Diemant, R.J. Behm, Y. Ma, Y. Ma, H.M. Schütz, M. Kuenzel, S. Passerini, D. 
Bresser, G. Giuli, Introducing Highly Redox-Active Atomic Centers into Insertion-Type 
Electrodes for Lithium-Ion Batteries, Adv. Energy Mater. 10 (2020) 2000783. 
https://doi.org/10.1002/AENM.202000783. 

[19] M.M. Zaman, S.M. Antao, A Possible Radiation-Induced Transition from Monazite-(Ce) to 
Xenotime-(Y), Miner. 2021, Vol. 11, Page 16. 11 (2020) 16. 
https://doi.org/10.3390/MIN11010016. 

[20] S. Gates-Rector, T. Blanton, The Powder Diffraction File: a quality materials 
characterization database, Powder Diffr. 34 (2019) 352–360. 
https://doi.org/10.1017/S0885715619000812. 

[21] F. W Jones, The measurement of particle size by the X-ray method, 1938. 
https://doi.org/10.1098/rspa.1938.0079. 

[22] A.L. Patterson, The Scherrer Formula for X-Ray Particle Size Determination, Phys. Rev. 56 
(1939) 978. https://doi.org/10.1103/PhysRev.56.978. 

[23] H. Klug, L. Alexander, X-ray Diffraction Procedures: For Polycrystalline and Amorphous 
Materials, 2nd Edition, 1974. https://doi.org/https://doi.org/10.1002/xrs.1300040415. 

[24] Yunxiang Ni, J.M. Hughes, A.N. Mariano, Crystal chemistry of the monazite and xenotime 
structures, Am. Mineral. 80 (1995) 21–26. https://doi.org/10.2138/am-1995-1-203. 

[25] Y. Ma, Y. Ma, G. Giuli, H. Euchner, A. Groß, G.O. Lepore, F. D’Acapito, D. Geiger, J. 
Biskupek, U. Kaiser, H.M. Schütz, A. Carlsson, T. Diemant, R.J. Behm, M. Kuenzel, S. 
Passerini, D. Bresser, Introducing Highly Redox-Active Atomic Centers into Insertion-
Type Electrodes for Lithium-Ion Batteries, Adv. Energy Mater. 10 (2020). 
https://doi.org/10.1002/AENM.202000783. 

 

 



151 
 

[26] C.H. Chen, T. Aizawa, N. Iyi, A. Sato, S. Otani, Structural refinement and thermal 
expansion of hexaborides, J. Alloys Compd. 366 (2004). https://doi.org/10.1016/S0925-
8388(03)00735-7. 

[27] I.C. Madsen, N.V.Y. Scarlett, L.M.D. Cranswick, T. Lwin, Outcomes of the International 
Union of Crystallography Commission on Powder Diffraction round robin on quantitative 
phase analysis: Samples 1a to 1h, J. Appl. Crystallogr. 34 (2001) 409–426. 
https://doi.org/10.1107/S0021889801007476. 

[28] N.V.Y. Scarlett, I.C. Madsen, L.M.D. Cranswick, T. Lwin, E. Groleau, G. Stephenson, M. 
Aylmore, N. Agron-Olshina, Outcomes of the International Union of Crystallography 
Commission on Powder Diffraction round robin on quantitative phase analysis: Samples 2, 
3, 4, synthetic bauxite, natural granodiorite and pharmaceuticals, J. Appl. Crystallogr. 35 
(2002) 383–400. https://doi.org/10.1107/S0021889802008798. 

[29] I.C. Madsen, N.V.Y. Scarlett, N.A.S. Webster, Quantitative phase analysis, NATO Sci. 
Peace Secur. Ser. B Phys. Biophys. (2012) 207–218. https://doi.org/10.1007/978-94-007-
5580-2_19. 

[30] A.E. Ringwood, S.E. Kesson, N.G. Ware, W. Hibberson, A. Major, Immobilisation of high 
level nuclear reactor wastes in SYNROC, Nature. 278 (1979) 219–223. 
https://doi.org/10.1038/278219a0. 

[31] A.K. Varshneya, J.C. Mauro, Inorganic Glasses, 2019. 

[32] H.D. Schreiber, The chemistry of uranium in glass-forming melts: Redox interactions of 
U(VI)-U(V)-U(V)-U(IV) with cerium in aluminosilicates, J. Non. Cryst. Solids. 49 (1982) 
189–200. https://doi.org/10.1016/0022-3093(82)90118-1. 

[33] A. V. Luzhetsky, V.A. Petrov, S. V. Yudintsev, V.I. Malkovsky, M.I. Ojovan, M.S. 
Nickolsky, A.A. Shiryaev, S.S. Danilov, E.E. Ostashkina, Effect of Gamma Irradiation on 
Structural Features and Dissolution of Nuclear Waste Na–Al–P Glasses in Water, Sustain. 
2020, Vol. 12, Page 4137. 12 (2020) 4137. https://doi.org/10.3390/SU12104137. 

[34] D. Rancourt, K. Lagarec, Recoil - Mössbauer Spectral Analysis Software for Windows, 
(1998). https://denisrancourt.ca/Recoil-Manual.pdf. 

[35] M.D. Dyar, D.G. Agresti, M.W. Schaefer, C.A. Grant, E.C. Sklute, Mössbauer 
spectroscopy of Earth and planetary materials, Annu. Rev. Earth Planet. Sci. 34 (2006) 83–
125. https://doi.org/10.1146/annurev.earth.34.031405.125049. 

[36] G.L. Williams, 57Fe Mossbauer studies of phosphate-based glass systems, 1990. 
http://shura.shu.ac.uk/20542/. 

[37] S.T. Reis, A. Moguš-Milanković, V. Ličina, J.B. Yang, M. Karabulut, D.E. Day, R.K. 
Brow, Iron redox equilibrium, structure and properties of zinc iron phosphate glasses, J. 
Non. Cryst. Solids. 353 (2007) 151–158. 
https://doi.org/10.1016/J.JNONCRYSOL.2006.10.002. 

[38] P.A. Bingham, R.J. Hand, O.M. Hannant, S.D. Forder, S.H. Kilcoyne, Effects of modifier 
additions on the thermal properties, chemical durability, oxidation state and structure of 
iron phosphate glasses, J. Non. Cryst. Solids. 355 (2009) 1526–1538. 
https://doi.org/10.1016/J.JNONCRYSOL.2009.03.008. 

 



152 
 

[39] P.A. Bingham, R.J. Hand, Vitrified metal finishing wastes: I. Composition, density and 
chemical durability, J. Hazard. Mater. 119 (2005) 125–133. 
https://doi.org/10.1016/J.JHAZMAT.2004.11.014. 

[40] P.A. Bingham, S.D. Forder, R.J. Hand, A. Lavaysierre, Mössbauer studies of phosphate 
glasses for the immobilisation of toxic and nuclear wastes, (n.d.). 
https://doi.org/10.1007/s10751-006-9256-y. 

[41] D. Day, C. Ray, K. Marasinghe, K. Mevlut, X. Fang, An Alternative Host Matrix Based on 
Iron Phosphate Glasses for the Vitrification of Specialized Waste Forms, Rolla, MO, 2000. 
https://www.osti.gov/servlets/purl/827407/. 

[42] S.T. Reis, M. Karabulut, D.E. Day, Chemical durability and structure of zinc-iron 
phosphate glasses, J. Non. Cryst. Solids. 292 (2001) 150–157. 
https://doi.org/10.1016/S0022-3093(01)00880-8. 

[43] M. Wilke, F. Farges, P.E. Petit, G.E. Brown, F. Martin, Oxidation state and coordination of 
Fe in minerals: An Fe K-XANES spectroscopic study, Am. Mineral. 86 (2001) 714–730. 
https://doi.org/10.2138/am-2001-5-612. 

[44] G.J. Redhammer, G. Amthauer, G. Roth, G. Tippelt, W. Lottermoser, Single-crystal X-ray 
diffraction and temperature dependent 57Fe Mössbauer spectroscopy on the hedenbergite-
aegirine (Ca,Na)(Fe2+,Fe3+)Si2O6 solid solution, Am. Mineral. 91 (2006) 1271–1292. 
https://doi.org/10.2138/AM.2006.2173/MACHINEREADABLECITATION/RIS. 

[45] F.J. Harris, On the Use of Windows for Harmonic Analysis with the Discrete Fourier 
Transform, Proc. IEEE. 66 (1978) 51–83. https://doi.org/10.1109/PROC.1978.10837. 

[46] M. Newville, Using Bond Valence sums as restraints in XAFS analysis, Phys. Scr. T. T115 
(2005) 159–161. https://doi.org/10.1238/PHYSICA.TOPICAL.115A00159/XML. 

[47] I.D. Brown, The chemical bond in inorganic chemistry : the bond valence model, (2006) 
278. https://archive.org/details/chemicalbondinin0000brow/page/n9/mode/2up. 

[48] M. Karabulut, G.K. Marasinghe, C.S. Ray, G.D. Waddill, D.E. Day, Y.S. Badyal, M.-L. 
Saboungi, S. Shastri, D. Haeffner, A high energy x-ray and neutron scattering study of iron 
phosphate glasses containing uranium, J. Appl. Phys. 87 (2000) 2185. 
https://doi.org/10.1063/1.372160. 

[49] X. Fang, C.S. Ray, A. Mogu S-Milankovi, D.E. Day, Iron redox equilibrium, structure and 
properties of iron phosphate glasses, J. Non. Cryst. Solids. 283 (2001) 162–172. 
https://doi.org/10.1016/S0022-3093(01)00416-1. 

[50] Y. Deng, Q. Liao, F. Wang, H. Zhu, Synthesis and characterization of cerium containing 
iron phosphate based glass-ceramics, J. Nucl. Mater. 499 (2018) 410–418. 
https://doi.org/10.1016/J.JNUCMAT.2017.12.001. 

[51] K. Xu, P. Hrma, W. Um, J. Heo, Iron phosphate glass for immobilization of 99Tc, J. Nucl. 
Mater. 441 (2013) 262–266. https://doi.org/10.1016/j.jnucmat.2013.06.008. 

[52] M.T. Harrison, C.R. Scales, Durability of borosilicate glass compositions for the 
immobilisation of the UK’s separated plutonium stocks, in: Mater. Res. Soc. Symp. Proc., 
2008: pp. 429–436. https://doi.org/10.1557/proc-1107-429. 

 



153 

[53] P. Frugier, S. Gin, Y. Minet, T. Chave, B. Bonin, N. Godon, J.E. Lartigue, P. Jollivet, A.
Ayral, L. De Windt, G. Santarini, SON68 nuclear glass dissolution kinetics: Current state of 
knowledge and basis of the new GRAAL model, J. Nucl. Mater. 380 (2008) 8–21. 
https://doi.org/10.1016/J.JNUCMAT.2008.06.044. 

[54] H. Zhang, C.L. Corkhill, P.G. Heath, R.J. Hand, M.C. Stennett, N.C. Hyatt, Effect of Zn- 
and Ca-oxides on the structure and chemical durability of simulant alkali borosilicate 
glasses for immobilisation of UK high level wastes, J. Nucl. Mater. 462 (2015) 321–328. 
https://doi.org/10.1016/J.JNUCMAT.2015.04.016. 

[55] A. Doret, N. Pellerin, M. Allix, S. Pellerin, V. Léna, K. Perrigaud, D. Massiot, Influence of
Alteration Solutions on the Chemical Durability of the Zerodur® Glass-Ceramic: Structural 
Investigation, Int. J. Appl. Ceram. Technol. 12 (2015) 811–822. 
https://doi.org/10.1111/IJAC.12270. 

[56] X. Yu, D.E. Day, G.J. Long, R.K. Brow, Properties and structure of sodium-iron phosphate
glasses, J. Non. Cryst. Solids. 215 (1997) 21–31. https://doi.org/10.1016/S0022-
3093(97)00022-7. 

[57] N. Clavier, R. Podor, N. Dacheux, Crystal chemistry of the monazite structure, J. Eur.
Ceram. Soc. 31 (2011) 941–976. https://doi.org/10.1016/J.JEURCERAMSOC.2010.12.019. 



154 
 

 

5. Aluminosilicate 
Glass-Ceramic 
Materials for 
Treatment of Spent 
Radionuclide Ion 
Exchange Media 
  



155 
 

 
   
Summary  
Orphan nuclear materials are not confined only to the fuel inventory, secondary waste such as spent 

ion exchange media must also be considered. A review of the literature for thermally treated spent 

ion specific media (ISM) wasteforms was undertaken, assessing media alongside the UK SIXEP 

compositions. The relatively novel method of spark plasma sintering was selected as a processing 

methodology. Mapping of such inorganic ion exchange residues was made to aluminosilicate glass 

ceramics Initial trials from earlier work on simulant inorganic ion exchange material, including 

parametrisation of processing parameters and wasteform prototype characterisation [1], informed 

optimum process conditions to be carried through to further study. A larger volume of simulant 

waste was prepared and sintered in preparation for a 28-day PCT-B chemical durability study. 

Characterisation before and after the dissolution experiments, indicated that the majority of initially 

exchanged caesium was retained in high durability feldspar phases, and subject to scale-up 

considerations, provides a robust multiphase host environment for spent ion exchange material. 

The undertaking of this project also served, as part of joint UK-Japanese research to support 

Fukushima Daiichi decommissioning efforts and optioneering for treatment of spent adsorbents, 

delivered as an external article output in a special edition of the Journal of Nuclear Science and 

Technology [2]. 
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5.1  Ion specific media and treatment options 
5.1.1 Fukushima Daiichi disaster  

The historic 9.0 MW (moment magnitude scale) [3,4] East-Japan earthquake on March 11th 2011, 

caused immediate widespread devastation to the populated cities and infrastructure on the main 

island of Honshu. Despite targeted construction regulations and citizen preparedness drills 

following previous historical tremors – a catastrophe of this scale, and the events that followed, 

were completely unprecedented. 

Following shortly after the initial seismic activity, the first of a series of extremely 

destructive tidal waves reached the coastal regions of Japan, inundating entire ports, towns, and 

industrial districts. One such facility was the Fukushima Daiichi NPP, which had automatically 

initiated SCRAM shutdown immediately after the earthquake warning had been issued. Although 

AC grid power was disconnected during the quake, emergency diesel generators in site basements 

activated, operating nominally to power emergency cooling systems. However, the tsunami  

surpassed 15 m at the coast of the site, overwhelming the existing 10 m seawall and flooding the 

control and generator buildings [5,6]. Severe damage to the emergency generators led to the loss 

of cooling, hydrogen explosions and partial meltdown of Units 1, 2 and 3 at the Fukushima Daiichi 

NNP, in what has been rated a combined Level 7 severity nuclear accident on the international 

nuclear event scale (INES), equivalent rating to that at Chernobyl NPP – 1986 [7]. 

Although early efforts to restore emergency power and cooling were hampered by 

devastated infrastructure, contaminated debris and high radiation levels, extensive sea and fresh-

water injection eventually allowed for the attainment of cold shutdown conditions (officially 

declared on 16th December 2011) [8]. 

 

5.1.2 Commercial ion-exchange materials 

Extensive decommissioning activities have been carried out since the accident and are still 

underway. The flow of groundwater as well as continual pumping of sea and fresh-water into Units 

1-3 to maintain cold shutdown, has led to the generation of 216 – 300 m3 of contaminated water per 

day [9,10]. One of the first major undertakings at the site to manage these large volumes of highly 

contaminated coolant, was the establishment of water treatment facilities such as advanced liquid 

processing system (ALPS) to reduce the activity and volume of contaminated effluent. The primary 

action by which these facilities function is using the mechanisms of a range of selective ISMs, 

wherein microporosity and complimentary inorganic/organic structures allow for the preferential 

adsorption of radionuclides onto the exchange media. One effluent contaminant present in large 

concentrations is the 137Cs radionuclide (fission product Caesium-137 with a half-life of 30.08 y) 

[11]. The cumulative volume of water treated by the Cs adsorption apparatus to date is  
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2,112,460 m3 [9], which has produced 4,408 spent vessels, filters and containers of waste exchange 

material. 

The NURES®, Fortum, system is a key operational component of ALPS, which uses 

a cyanoferrate ISM, CsTreat®: hydrous hexacyanoferrate resin, K2[CoFe(CN)6]·xH2O [12]. This 

media has a high efficiency for caesium exchange over a broad pH range (1-13), with a preference 

for caesium interchange with potassium [13]. Current solutions for management of spent CsTreat® 

include shielding of entire exchange columns and cementitious encapsulation for interim storage 

facilities, leading to a large volume increase of the wasteform and limited lifetime durability. In the 

UK small amounts of CsTreat® has been vacuum dried, temporarily stored in steel baskets [14] as 

well as some stored with a vinyl ester styrene polymer buffer in steel drums [15].  

In the Simplified Active water Retrieval and Recovery (SARRY) treatment facility, 

another material used for caesium ion exchange is IONSIV™, Universal Oil Products- Honeywell, 

a crystalline silico-titanate (CST), Na2Ti2O3(SiO4)·xH2O - synthesised with small niobium 

additions. IONSIV™ has preferential exchange for caesium at high pH, and can also remove cobalt 

and strontium radionuclides from contaminated effluents [16]. The porous channel structures of 

IONSIV™ allow exchange to take place between sodium cations and caesium radionuclides [17]. 

Encapsulation of spent CST waste in blast furnace slag (BFS) cements has been considered as this 

will reduce the exchange of caesium to hydrous phases in ordinary Portland cement (OPC) and 

disposal environment ground-waters [18].  

The KURION ion-exchange plant was initially set up to remove 137Cs from the water 

circuit using a variety of engineered inorganic zeolites based on a type of aluminosilicate called 

chabazite. This material has up to seven specific structural sites with varying degrees of exchange 

affinity, proportional to the arrangements of alkaline cations within the 8-ring subunit trigonal 

structure, [Na,Ca,K(AlSi4O12·xH2O)]. Chabazite has been demonstrated for most effective cation 

exchange in low salinity solutions with a pH of 7-8 [19]. Investigations into a variety of waste 

treatment techniques have been carried out such as encapsulation using OPC and calcium aluminate 

cement with fly-ash (CAC-SF), though caesium poorly partitions into solid phases due to large ionic 

radius and wasteforms have had impracticable leach rates of up to 20% of immobilised Cs (7 days 

with DI water at 50 °C) [20]. Further study of this material is also attractive because of its similar 

composition to SIXEP zeolite, clinoptilolite [21]. 

Other undertakings for remediation and decommissioning of the NPP site included 

the construction of sea-side and land-side impermeable walls (completed 2015 and 2016 

respectively) to restrict the contamination of ground and sea-water [22]. Installation of protective 

covers, caps and shields has allowed for complete removal of fuel from the storage pond of Unit 4 

(reactor defueled at the time of the accident), investigatory surveys of damaged cores and 

commencement of spent fuel retrieval from Unit 3 [23]. 
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5.1.3 Thermal treatment options for spent ion-exchange materials 

When caesium has been complexed into salts and mineral mixtures, significant volatilisation and 

loss of simulant radionuclides has been observed experimentally at temperatures exceeding        

1050 °C [24], which precludes the use of many well established high-temperature incineration [25] 

and vitrification technologies. In addition to this, organic ISMs such as CsTreat® can thermally 

decompose to produce harmful volatile organic compounds (VOCs) such as gaseous hydrogen 

cyanide. Nevertheless, studies have been piloted for the use of metallic oxide catalysts and low-

temperature gasification or pyrolysis to suppress the generation of volatiles [26–28]. A trial thermal 

treatment plant for simulating fluidised-bed gasification of municipal and low-intermediate level 

carbonaceous wastes has had promising success by the state technical research centre (VTT), 

Finland [29,30] – though most current pilot designs necessitate vast off-gas treatment apparatus. 

HIP or hot isostatic pressing, is a thermal consolidation technique which uses 

simultaneous isostatic pressurisation with inert gas and heating to achieve high porosity reduction 

of material within a weld-sealed waste container – thereby reducing risk factors for volatilisation. 

The high-temperature volatility of adsorbed caesium would also apply to inorganics such as the 

silico-titanate IONSIV™, though use of HIP has been demonstrated to significantly improve 

volume reduction and long-timescale chemical durability of potential spent CST wasteforms 

[31,32]. HIP has been explored for optimisation of intermediate-high level waste processing over 

the past several decades, although the large majority of this work has been confined to the 

immobilisation of inactive surrogate wastes [33,34]. 

For zeolites such as KURION’s chabazite, several other studies were conducted with 

sintering of ceramic matrices [35] and lead borosilicate glass encapsulation [36], although neither 

had reasonable consideration made for: volume reduction,  possible volatilisation of caesium or the 

chemical durability of the wasteform. Work for a recent student project has trialled the thermal 

processing of Cs-exchanged chabazite by HIP, with an evaluation of the chemical durability 

properties indicating a suitably robust wasteform [37]. The project in question however did not 

attempt to address: the simplification/removal of pre-processing steps; optimisation of pressure-

temperature processing conditions; the improvement of a sub-optimal throughput rate of HIP waste 

products; the scalability for processing large volumes of spent inorganic ISM. 

An earlier report project [1] considered the relatively novel thermal treatment 

method of spark plasma sintering, also known as field-assisted sintering. This technique utilises a 

high applied direct-current with combined uniaxial dynamic compression to generate a joule-

heating effect in a non-conductive sample, providing rapid heating rates, good mass transport, 

improved grain growth and potential for high volume reduction to near-theoretical sintered 

densities [38].The processing time was notably shorter than that of HIP, the only pre-treatment 

steps were calcination to remove free water and loading of the conductive graphite die.   
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5.2 Synthesis and characterisation  
5.2.1 As-received material and ion-exchange  

The following provides a brief summary of the sample preparation technique used, more 

comprehensive accounts can be found in the aforementioned report and subsequent paper [1,2]. A 

natural source of chabazite from an agricultural stream was used as the simulant of KURIONs 

exchange material; its composition was 70 ± 2 wt.% Chabazite (Verdi - Zeover), 18 ± 5 wt.% 

volcanic glass with auxiliary components (< 5 wt.% each) of feldspar, pyroxenes, biotite and 

philipsite. The material was exchanged with a 0.1 M 133CsNO3 solution (Arcos 99%) in a teflon 

vessel for 24 hours, turned continuously using a roller-mill. After rinsing, filtration and removal of 

the subsequent liquor, the exchanged material was dried for 24 hours at 95 °C in air, Section 3.1.3.  

 
5.2.2 Spark plasma sintering 
After a calcination step at 300 °C in air, 3 g pellets of exchanged material were made by loading 

into a graphite die (20 mm annulus) lined with graphite sheeting, then consolidated under 50 MPa 

of uniaxial pressure for 10 minutes at 1000 °C using a HP-D 25 SPS system, FCT Systeme GmBH, 

under argon flow, Section 3.1.4.c. After cooling and removal from the die, remnant graphite liner 

material was removed using SiC abrasive. The sintering conditions of: 50 MPa, 1000 °C for a 10-

minute dwell, were selected following the parametric cold-press and sintering trial [1]. 

 
5.2.3 Bulk characterisation 

Helium gas pycnometry was used to measure sample density and was used as an accompanying 

analysis to identify any changes in density following the exchange process. A slight increase was 

found, with the as-received material had an average density of 2.4411 ± 0.0015 g cm-3 and the ion-

exchanged tuff with a density of 2.4679 ± 0.0017 g cm-3. The increase here is again attributed to the 

larger atomic mass of caesium over other exchange cations. Semi-quantitative SEM/EDX 

confirmed the phase assemblages, particle sizes, morphologies and partitioning of Cs into the 

chabazite particles, with some minor exchange with cations in the phillipsite framework.  

Following the thermal treatment of samples by SPS, it was found through pXRD, 

that all zeolite structures were successfully reacted into feldspar, K[AlSi3O8]; anorthite, 

Ca[Al2Si2O8]; pyroxene, Fe0.07Na0.16Ca0.84Mg0.94[Si2O6] and amorphous-phases (observed diffuse 

scattering at 20 - 30° 2θ), Figure 5.2.A [2].  XRF analysis confirmed approximate retention of 

exchanged caesium during the sintering process, though average results were presented with a large 

error, 2.09 ± 0.20 wt.% Cs2O.  
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Semi-quantitative local chemical analysis by SEM/EDX, Figure 5.2.B, showed that 

caesium had primarily partitioned into a dispersed, globular, feldspar-type phase with maximum 

loading of 13.7 ± 4.2 wt.% Cs, with an approximate determined stoichiometry of 

Cs0.9Ca0.5K1.1[Al3Si8O22]. The final selected processing parameters, Section 5.3.2, yielded material 

with density by gas pycnometry of 2.7314 ± 0.0017 g cm-3. Additional detail relating to the 

characterisation of SPS and pre-SPS samples is included in the journal article, see Appendix 5. 

  

Figure 5.2.A – pXRD patterns for Cs- exchanged chabazite processed by SPS at 

1000 °C for 10 minutes under 50 MPa applied pressure – blue/dotted line represents 

pre-dissolution at day 0, and black line shows SPS wasteform powder sampled after 

28 days of PCT-B dissolution adapted from Harnett et al. [2]. 
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Figure 5.2.B – A combined BSE micrograph and EDX maps for a monolithic SPS 

wasteform prior to preparation for PCT-B dissolution (N = anorthite,  

K = potassium feldspar, x-K = ‘x’ doped potassium feldspar), from Harnett et al. [2]. 
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5.3 Chemical durability testing 
After >10 g of sintered material was generated by SPS under conditions of: 50 MPa, 1000 °C for a 

10-minute dwell, powders with particle size fraction of between 75-150 µm were prepared as per 

Section 3.10.1. This allowed for the geometric assumption of sample surface area / volume of 

solution ratio as 1200 m-1. 

 

5.3.1 PCT-B testing 
The durability study was undertaken using approximately 1 g of chabazite SPS powder with 9 mL 

of UHQ water as a leachate. Three sample vessels and two blanks for each time duration (1, 3, 7, 

14, 21 and 28 days) were held at 90 °C in an oven to accelerate chemical alteration. Leachate aliquot 

analysis by ICP-OES was followed with measurements of Cs content by ion chromatography 

(Thermo Scientific ICS 1100). Measured pH of sample solutions remained largely consistent with 

an overall average of pH 10.6 ± 0.2, signifying that the initial dissolution has buffered to a basic 

condition, see Figure 5.3.A. 

 
5.3.2 ICP-OES and ion chromatography analysis 

The results from leachate analysis by ICP-OES are presented in Figure 5.3.A, showing the overall 

and normalised losses of the most significant dissolution components: Si, Cs, Al, K, Ca, and Na  

(g m-2). The opening dissolution rate is artificially elevated by the presence of remnant particles of 

size < 75 µm, where it is common for some to still adhere to the larger particles despite the intensive 

propan-2-ol washing and ultrasonic cleaning method. The slight positive correlation between the 

loss rates of silicon, caesium, and potassium, for days 0 – 21, may indicate the dissolution of a glass 

phase, though with the presence of all three of these ionic species in multiple phases of the 

wasteform is prohibitive for assignment to a single discrete crystalline or amorphous structure. It 

should be noted that significant evaporative losses were observed for day 28, resulting in more 

concentrated aliquot and anomalous loss values (some omitted negative values). For days 1 – 21, 

the calculated initial dissolution rate for silicon was found to be 1.1 × 10-3 g m−2 d−1, almost an 

order of magnitude improvement over the silicon loss rate of ~8 × 10-3 g m−2 d−1 for a HLW 

borosilicate glass composition [39]. The normalised losses of aluminium, calcium and sodium, all 

show a steady or reducing residual rate before day 14, this is comparable to similar behaviour 

observed with a longer durability study on international simple glass (ISG), although dissolution of 

material in a 0.25 M NaOH leachate started to resume following an initial decline, at day 20 [40]. 
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Figure 5.3.A - Normalised loss rates for 28-day PCT-B durability study with 

SPS Cs-exchanged chabazite, some negative values and day 28 for Na are 

anomalous and omitted from analysis. Plots of pH (top left); total sample mass 

loss (top right); normalised losses of caesium, calcium, and sodium (bottom 

left); normalised losses of silicon, aluminium, and potassium (bottom right), 

adapted from data obtained for Harnett et al. [2]. 
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5.3.3 Post dissolution powder characterisation 
Powder samples from some time points, especially day 28 at the end of the study, were further 

characterised, first by pXRD, Section 3.3.1, to allow for phase analysis and comparison to as-

sintered samples. Powder samples were mounted in epoxy resin, by first combing a small quantity 

of uncured resin with the powder and loading into a mount supporting clasp, before pouring the 

remaining volume of resin. Though a typical grinding and polishing regime followed, a key 

precaution was avoidance of using any aqueous carriers or water, to avoid any interaction with 

soluble layers and precipitates. Assessments of particle size, morphology, alteration layers and local 

chemical composition were conducted using SEM and semi-quantitative EDX spectroscopy  

Section 3.8.2. Typical working distances used were 7.4 ± 0.1 mm. Local chemical compositions 

were calculated using an average of 10 EDX points per phase feature, normalising against inferred 

oxygen chemistry for charge balancing. 

Diffraction patterns from analysis of Cs-chabazite SPS powders by pXRD before and 

after the 28-day chemical durability experiment can be seen in Figure 5.3.B. The inventory of 

aluminosilicate phases is almost completely retained, although some variation in peak intensity was 

observed, particularly for the (202�) anorthite peak at ~27.8° 2θ, Ca[Al2Si2O8] (PDF #89–1461) and 

the pyroxene (221�) and feldspar (113)  peaks at ~30.0°, 49.4° 2θ; Fe0.1Na0.2Ca0.8Mg[Si2O6]  

(PDF #86–0005) and K[AlSi3O8] (PDF #83–1657) and respectively. These deviations could be 

attributed to preferential leaching of the potassium feldspar phase, as the majority of remaining 

peaks for the feldspar reduce in intensity between the two measurements. The single (100) peak 

corresponding to biotite at ~9.0° 2θ KMg3[AlSi3O10] (PDF #73–1661), was characteristic of the 

chabazite tuff precursor, while still present in the as processed (SPS) sample, the intensity for 

material before dissolution was relatively minor. Without further surface and chemical analysis, the 

intensity shift is ascribed to the result of preferred orientation effects [42].  
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Individual dissolution particles were observed by SEM after mounting in resin, 

sectioning the individual grains through the action of surface polishing. High magnifications were 

used under the same observation conditions to determine any possible alteration layer thicknesses 

and the relative chemical composition. A powder grain from day 28, approximately 80 – 100 µm 

diameter was found containing three distinct different phases, see Figure 5.4.C. The darker, more 

angular region was observed by EDX to have elevated Ca and slightly increased Al content. 

Following semi-quantitative analysis calculations, it was determined to have a stoichiometry of 

Ca0.9[Al1.6Si2O8], corresponding to retained anorthite (N). The porous region covering 

approximately half of the particle was found to have a large potassium content and an approximate 

composition of Na0.2Mg0.4Ca0.2Fe0.2K2.0[Al3.3Si8O22], a deficient alkali feldspar (K), which while 

observed in the day 0 samples – had appeared to develop substantially more porosity after the 28 

days of dissolution, indicating a moderate degree of degradation. The low degree of porosity can be 

noted in Figure 5.2.B. The lighter, high-density phase which can also be seen in the adjacent 

particles of the micrograph, had a relatively higher intensity of detected caesium, and following 

average compositional calculations, was found to be a largely unaltered Cs-feldspar with a 

composition of Cs0.3Mg0.4Ca0.6K0.9[Al3.4Si8O22], (K –Cs). It is unlikely that the low caesium 

feldspar (K) region is providing a passivation effect, as the surrounding particles in the micrograph 

(K –Cs phases) do not appear to have any alteration or dissolution induced porosity. 

 

Figure 5.3.B – pXRD patterns for Cs- exchanged chabazite processed by SPS at 

1000 °C for 10 minutes under 50 MPa applied pressure – blue/dotted line 

represents pre-dissolution at day 0, and black line shows SPS wasteform powder 

sampled after 28 days of PCT-B dissolution, adapted from Harnett et al. [2]. 
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Figure 5.4.C – A combined BSE micrograph and EDX maps for a particle of SPS 

wasteform powder sampled after 28 days of PCT-B dissolution (R = mounting 

resin, N = anorthite, K -x = ‘x’ doped potassium feldspar), from Harnett et al. [2]. 

 

 

The edge of another particle was observed demonstrating some surface damage as well as three 

phases aligning to those seen in the as-thermally treated monolith microstructures, Figure 5.4.D. 

The heavily fractured light grey region with high magnesium and iron content was found to have 

an average composition of Fe0.4Al0.1Mg1.1Ca0.9[Si2O6], indicative of a pyroxene (X), though the 

apparent delamination at the particle surface and depletion of calcium could indicate a minor degree 

of preferential alteration approximately 4 – 5 µm into the powder grain. A darker grey phase with 

a diameter of approximately 20 – 30 µm appeared to be relatively dense but deficient in caesium – 
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average composition was found to be Cs0.1K0.9[AlSi3O8], an unaltered low- Cs doped feldspar phase 

(K –Cs). A surrounding region with white globular precipitates of 5 – 10 µm, was calculated to 

have a high potassium, calcium, and caesium content, with a composition of Cs0.2K0.3Ca0.3[AlSi3O8] 

(K –Cs + N). This phase was also found in the day 0 sample and appeared to have no morphological 

or significant chemical changes that would have indicated a dissolution reaction. 

Attribution of some chemical alteration can be made into the potassium feldspar and 

pyroxene components of the wasteform, though a larger array of particles will have to be studied 

to determine other significant contributors to the dissolution. The linear increase of normalised 

silicon loss is characteristic of an under-saturation of dissolution leachate/liquor, with respect to Si, 

supported by some preliminary pH Redox Equilibrium in C-language (PHREEQC, WATEQ4F 

database) simulations [41] of dissolution saturation behaviour with raw ICP data. Negative 

saturation indices generated for anorthitic/silicate species was consistent with under-saturation, 

however further work should be conducted to elucidate any further attributions to hydrated silicate 

and amorphous silica phases. It should be noted that a linear rate was only observed after day 0 and 

before day 28 due to evaporative losses, as such it was only referenced as a residual rate, the steady 

dissolution following rapid breakdown of fines with ion exchange and initial hydrolysis of the glass 

network. It cannot be ascertained whether the dissolution is genuinely congruent or incongruent 

because the contribution to the dissolution behaviour of each silicon containing glass and mineral 

phase is not known.  Resolution for congruency would require additional spatially resolved 

investigations such as tomographic or ex-situ interferometry study. 
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Figure 5.3.D – A combined BSE micrograph and EDX maps for particle edge 

of SPS wasteform powder sampled after 28 days of PCT-B dissolution (R = 

mounting resin, X = pyroxene, N = anorthite, K -Cs [+ N] = caesium doped 

potassium feldspar [and anorthite]), unpublished. 
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5.4 Conclusions and further work 
The 28 day PCT-B durability study of Cs-exchanged chabazite processed by SPS, demonstrated 

that silicon species dissolution behaviour is similar to that of borosilicate based glass wasteforms 

used for processing of UK HLW [39]. However, this is with only use of the small snapshot of 

dissolution behaviour that the 28-day PCT durability study provides. While some minor to 

moderate dissolution of pyroxene containing and low caesium containing feldspar phases was 

observed by an electron microscopy study, assignment, or weighting of dissolution to specific 

phases is prohibited by the similar aluminosilicate compositions of the 6 – 7 detected phases in the 

SPS material. The aqueous species and dilution simulation code PHREEQC was used to determine 

saturation of the leachate solution by Si, additional use could provide further insight into the 

solubility limits associated with the leachate volume and dissolved species. An alternative 

statistical method for selection of particles for SEM/EDX observations may be used to provide a 

more accurate overview of the wasteform phases experiencing alteration under PCT conditions. 

Application of quantitative phase analysis of sintered SPS products could incorporate spiked 

Rietveld X-ray diffraction or image-analysis methods, as outlined in Section 3.9.2.  Further work 

including the ex situ monitoring of local dissolution and atomic force microscopy (AFM) [42] may 

allow for a resolution of this, and longer term wasteform behaviour could be assessed using a 

harsher chemical durability testing methodology such as single pass flow through (SPFT) [43] or 

aggressive acid dissolution. Spark plasma sintering of aluminosilicate ISM has been demonstrated, 

providing a robust wasteform resistant to leach resistance on the laboratory scale, but further work 

hopes to assess the effect of short-term irradiation on structural and chemical durability. This may 

be achieved using rapid irradiation   experiments with gamma dosing from a 60Co or 137Cs 

irradiator, and alpha irradiation from a helium ion accelerator such as that available for research 

applications at the Dalton Cumbrian Facility [44]. In addition to use of neutron counting and 

gamma spectroscopy characterisations for activated species following irradiation, application of 

structural analysis could concern both basic x-ray diffraction and more nuanced study with sub-

sampling of major crystalline and amorphous phases before 27Al and 29Si magic angle spinning 

nuclear magnetic resonance spectroscopy (MAS-NMR) [44]. 
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6.1  Conclusions 
Through a review of the UK inventory of orphan nuclear materials and non-reprocessable 

wastes, arisings from legacy development and degraded spent fuel were determined to 

primarily consist of AGR (uranium oxide clad with stainless steel); LWR (uranium and 

plutonium oxide clad with zirconium alloy); Magnox (uranium metal clad with magnesium-

aluminium alloy). There are also materials arising from prototype reactor breeder blanket 

components, novel cladding alloys and designs as well as a host of inorganic and organic 

selective ion exchange media from effluent decontamination. 

A set of pre-processing steps were considered to prepare orphan nuclear 

materials for thermal treatment. From mechanical separation and de-cladding of solid 

components to separation and chemical dissolution of fuel containing materials, the proposed 

pre-processing methods aim to homogenise waste feeds prior to further treatment. Where fuel 

can be separated from its cladding, storage basket and any backfill material, it is preferential to 

treat this as an individual actinide and fission product rich feed, where elements from cladding 

alloys may decrease wasteform loading and long-term durability in storage. Material feeds rich 

in magnesium, iron, zirconium, uranium, plutonium, fission products were proposed as the 

homogeneous waste streams for  the most significant proportion of the orphan nuclear 

inventory. Vitrification and hot-pressing thermal treatment methods were reviewed and 

considered in relationship to the feed chemistry and potential host matrices. Glass-ceramics 

were selected as a primary route, due to very high chemical durability and self-irradiation 

resistance of crystalline phases, while maintaining the chemical flexibility and bonding of a 

glass phase. HIP, HUP and SPS were also considered for some glass-ceramic and ceramic host 

matrices, SPS can offer rapid sintering at lower equivalent temperatures than would be required 

for low pressure sintering. Multi-phase SYNROC-type ceramic assemblages were also 

considered for treatment of concentrated and separated spent oxide fuel, as there is potential 

for high waste loading, retention of fission products and possible processing under hermetically 

sealed conditions. 

A sodium iron phosphate glass-ceramic composition was selected for potential 

treatment of iron-rich spent fuel waste streams. A SIP base glass was synthesised and doped 

with small additions of alumina and silica (IPSAS) in order to study the passivation of melt 

behaviour, phase assemblage and wasteform performance. Fluorite structured cerium oxide 

was used as a waste simulant, loading the glass ceramic compositions at up to 45 mol.%. For 

SIP and IPSAS series, the onset of crystallisation was found with samples loaded with more 
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than 16 – 25 mol.% waste, where the primary phase developments were cerium monazite and 

sodium iron phosphate. In cases of higher loadings, an increase in porosity development was 

observed and some undigested cerium oxide was retained in the wasteform. Melts performed 

at 1250 – 1450 °C showed that at high temperatures, a greater quantity of aluminium is 

dissolved from the alumina crucible into the glass, with further additions of simulant waste 

appearing to passivate this effect. Cerium monazite crystallised in a characteristic core-shell 

morphology, forming around partially digested grains of cerium oxide. At the melt solubility 

point of 16 – 25 mol.% monazite microstructure was also observed as a distributed arrangement 

of dendritic cruciform micro-crystallites. Retention of batched quantities of simulant oxide 

waste was measured to be substantially lower than targeted with the initial batch. While this 

may be attributed to phase separation during the melt and casting stages of synthesis, the 

method used to quantify glass bulk composition, EDX, is semi-quantitative and further 

compositional analysis of bulk and individual phases may be required.  

Spectroscopic studies  were utilised to assess the redox environment of iron, as 

this may inform chemical durability performance and glass structure local to iron centres. 

Results showed that the bulk wasteforms contained approximately 30% Fe(II), reflective of 

previous phosphate glass studies. There was an apparent trend of slight increase of Fe(II) 

content with greater simulant loading in SIP wasteforms, while the IPSAS series indicated that 

greater loading slightly decreases Fe(II) content. An X-ray absorption spectroscopy 

investigation suggested that the proportion of Fe(II) in the glass ceramic materials was slightly 

higher, than as measured by Mössbauer spectroscopy. Further work with consideration for a 

temperature-dependant study, is required in order to generate an accurate value for recoil-free 

fraction, which for this project was determined from a literature review of similar sodium iron 

phosphate compositions. The oxygen coordination environment for iron centres demonstrated 

iron-oxygen boding in near-tetrahedral configuration for all wasteforms, with the exception of 

IPSAS 0 mol.% simulant glass melted at 1350 °C, which was determined to be more 

octahedrally coordinated. With further spectroscopic work, the confirmation of iron as a 

substituting atom for phosphorous in P – O – P linkages should show its position as a network 

modifier, and how the structure relates to more hydrolytically stable iron species. 

A 28-day accelerated dissolution experiment for a matrix of SIP and IPSAS 

series samples, showed the deleterious effect of small refractory additions to precursor batches, 

with IPSAS 0 – 8 mol.% simulant wasteforms degrading at a significantly faster rate than that 

of the SIP series. The 0 mol.% waste counterparts achieved the highest congruent releases of 

glass network elements , and the 25 mol.% simulant materials had the lowest losses, indicating 
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that the addition of cerium oxide as a simulant waste increases the chemical durability. While 

the SIP series was overall more chemically durable, the IPSAS 25 mol.% simulant sample 

achieved comparable leaching rates, while having retained more of the batched cerium oxide 

in the bulk wasteform.  

These findings indicated that with the formation of cerium monazite crystals, 

mobile cerium in the glass melt migrates from the glass phase, preferentially forming more 

highly durable monazite. With a lower durability glass phase depleted in cerium, a greater 

proportion remains sequestered in a crystalline phase. Under accelerated leaching conditions, 

the SIP wasteforms and IPSAS 25 mol.% simulant sample performed comparably to UK 

borosilicate glasses for treatment of HLW and to other cerium phosphate compositions. 

A quantitative phase analysis code was iterated for rapid measurement of multi-

phase wasteforms. Several features were implemented and adjusted to improve efficiency and 

usability with various different assemblages. The key advantage over more traditional methods, 

often requiring several hours per sample, is the data collection and processing time of image 

based QPA. Including image acquisition times, results comparable to an internal-standard 

Rietveld method were achieved in a total of 8 minutes for a 10 BSE set, increasing to 

20 minutes for a 25 image set. The technique does, however, have an inherent limitation with 

difficulty processing images containing phases with similar BSE grey contrast, as such, it 

would be unable to distinguish between two phases with exactly the same mean atomic number. 

The open nature of this platform will allow for ease of additional control, modification and 

integration with microscopes featuring motorised or computer-controlled stages. Other 

heterogeneous multi-phase materials may be measured using this method, such as those studied 

by researchers in the fields of cultural heritage and archaeology. Such a technique may be 

applied to images acquired through other micro-analysis techniques such as optical and Raman 

spectroscopy; however, due care will be required to ensure defined contrast of both amorphous 

and crystalline phases, with minimum resolvable feature size constrained to the diffraction limit 

with light-based analyses. 

An inorganic ion exchange material was selected, analogous to those used at the 

SIXEP and Fukushima waste effluent treatment plants for decontamination of radionuclides. 

As a secondary orphan material, once spent, this type of exchange media is considered waste. 

Exchanged resin was prepared using a simulant caesium contaminated solution, before drying 

and thermally treating using a high-throughput SPS technique. The simulant waste compacts 

formed an aluminosilicate glass-ceramic under the hot-pressing conditions, with higher 

concentrations of caesium partitioning into a feldspar phase. Six individual crystalline phases 
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were identified in the wasteform with a small quantity of bonding glass matrix. Due to the 

heterogenous assemblage of the wasteform, conclusive underpinning of the source of particular 

elemental releases is limited under accelerated conditions with only  a 28-day study. A short 

term residual silicon loss rate was found to be comparable to that of UK HLW borosilicate 

glass waste streams. While this aluminosilicate composition may provide a suitable wasteform 

for treatment for immobilisation of ion exchange media, consideration should be made for 

process scale-up and further work is required to determine the precise dissolution mechanisms 

for such a wasteform. 
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6.1  Future work 
A significant aspect of treating the inventory of orphan nuclear materials, is for the use of hot 

isostatic pressing and multi-phase ceramic matrices. Some initial project work related to 

prototyping SYNROC ceramic materials for immobilisation of orphan waste is featured in a 

research output, see Appendix 1. Solubility of the matrix for simulant oxide fuel was 

promising, although a high degree of porosity developed under the atmospheric pressure 

sintering conditions. Further work could apply the use of hot pressing to thermal treatment and 

densification of such materials. 

Thermal behaviour of SIP and IPSAS glass melts could be studied using 

viscosity measurements and a wider gamut of Differential Scanning Calorimetry (DSC) and 

DTA methods, including an assessment of the low temperature reactions of batched reagents 

before softening and melting occurs. Alternation of phosphate source to phosphoric acid may 

provide a more passive melt without the generation of ammonia. Spectroscopic and microprobe 

techniques could be employed to study the composition of the glass phase in highly crystalline 

glass-ceramic samples, while aiding in the confirmation of crystallite composition. Use of 

depleted uranium oxide or simulated-fuel-fission product compositions with other additives 

such as chromium may also aid in simulating a stainless steel contaminated fuel feed. Laser 

Raman spectroscopy would support further X-ray absorption spectroscopy investigation of the 

local structure of the glass phases, while hot-stage microscopy could allow for an in-situ study 

of crystallisation. ICP-mass spectrometry could be employed to accurately quantify the lower 

concentrations of  iron and cerium in some samples, while a vapour hydration test of a glass 

coupon would permit study of glass alteration and gel layers.  

Further developments to the image analysis code are required to improve 

accessibility, portability, and ease of use. The quantification methodology has been 

demonstrated in the phosphate glasses project work, a small-scale experiment with barium 

containing ceramics, and a zirconolite glass ceramic loaded with plutonium (unpublished). 

Integration of microscope stage remote control by software may permit more rapid and 

repeatable automated analysis. Scale-up for SPS based immobilisation should be trialled, and 

application of a thermodynamic modelling study would inform the limitations of thickness and 

for waste feeds containing less resistive elements. Irradiation testing would aid in performance 

characterisation for high heat generating waste and for judgment of amorphisation resistance. 

Monitoring of SPS off-gasses would progress the understanding of temperature dependant 

releases of volatiles during sintering. 
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Appendix 1.  Development of phosphate glass and multi-phase titanate 

ceramic compositions for thermal treatment of irradiated nuclear fuel 

residues 
 

This publication formed part of a contribution to the European Commission THErmal treatment 

for RAdioactive waste MINimisation and reduction (THERAMIN) project. It features some 

early results from iron phosphate glass trials before processing conditions had been optimised. 

This article also discusses some of the SYNROC-F type titanate ceramic work and 

development of methodologies for precursor preparation prior to atmospheric pressure 

sintering experiments. 
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Abstract. The highly heterogeneous nature of UK legacy damaged and degraded spent nuclear 

fuels and so called, ‘orphan fuels’, prohibits the use of standard conditioning methods. An 

inventory of UK residual fuels yielded an account for three main fuel types: Magnox, AGR 

(advanced gas-cooled reactor) and MOx (mixed oxides). A series of glass and ceramic type host 

systems have been investigated for potential conditioning of these high uranium content spent 

fuel materials. Electron microscopy and powder X-ray diffraction techniques were used to 

characterise the prototypical wasteforms. Two sets of low-melt temperature phosphate glass 

compositions were trialled with additions of CeO2 to simulate the fluorite structure and large 

ionic radius of U in oxide fuels. Evolution of monazite-type phases at simulant oxide fuel 

loadings above 15 wt.% highlighted a potential development into a glass-ceramic hybrid 

assemblage.  Investigation into the use of an alkoxide nitrate synthesis route for SYNROC-F 

type ceramic precursors has allowed for the demonstration of a sintered host pyrochlore phase 

containing up to ~40 wt.% fuel simulant CeO2. Gas evolution has led to increased porosity at 

higher temperatures and longer sintering times, this may be mitigated by higher pre-calcination 

temperatures. 

1. Introduction

After operation in a nuclear reactor, spent fuel is retained in a storage medium, typically water, to allow

for the shielding of workers from the high radiation doses and cooling of decay heat. The UK uniquely

differentiates between ‘damaged nuclear fuel’ and ‘failed’ fuels: a moderate failure refers to a breach of

the fuel element (such as a pinhole), whereas a damaged fuel element has a significant deviation from

the typical fuel pin geometry (bent or fractured element). The severity of damaged fuel may confer

conditions that can lead to processing and manipulation problems. Failed AGR (Advanced Gas cooled

Reactor) fuel has historically been packed into containment using reactor-site facilities, to allow

transport to ThORP (Thermal Oxide Reprocessing Plant). Pond storage of some spent fuel has led to

degradation and non-conformable cladding geometry; some of this material was still reprocessed with a

slightly different procedure, but the stability and integrity of a significant quantity of damaged SNF

(Spent Nuclear Fuel) negates use of standard conditioning methods. In 2009, an IAEA working group
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defined damaged spent fuel as “any SNF that requires non-standard handling to demonstrate 

compliance with applicable safety, regulatory or operational requirements” [1].  Through a review of 

reactor-fuel specific literature and a collaborative liaison with a National Nuclear Laboratory spent fuel 

management team, a taxonomy of UK degraded spent fuel and fuel residues of interest was constructed. 

The major contributors by tons of heavy metal are: Magnox type with some Dounreay Fast Reactor 

breeder blanket material; low-enrichment type MOx (Mixed Oxide) fuel, steel clad AGR fuel; and a 

small quantity of experimental carbide fuels. 

Many of the spent fuel materials in the UK inventory cannot be processed by the ThORP separation 

facilities, since activities terminated in 2018, and may be unsuitable for Magnox reprocessing at 

Sellafield before the end of its operational lifetime in 2020 [2]. Much of this legacy spent fuel is 

unsuitable for typical vitrification treatments due to volatile content, damage to the fuel pins, 

contamination through corrosion of containment, novel assembly design, experimental fuel 

compositions and inclusion of cutting debris [3–6].  The UK is currently considering long term disposal 

solutions for high activity materials in a mined Geological Disposal Facility (GDF), although very deep 

boreholes may prove a viable alternative [7].  

2. Existing thermal treatment methods

The vast majority of studied and applied vitrification techniques focus on the addition or development

of borosilicate glass (either through loading of frit or glass precursors), which can provide high chemical

durability and moderate waste loading for ILW (Intermediate Level Waste) streams. However,

borosilicate may be unsuitable for some HLW (High Level Waste) and orphan fuels: the poor actinide

loading capability may lead to large volume increases of waste, high temperature melts could cause

volatilisation of fission products, and the chemical durability may fall short for the particularly long-

lived radionuclides [8]. Phosphate glasses were first investigated by the US and Germany during the

1960s, as an alternative to borosilicate: attractive for the low melt temperature and solubility of sulfates

and molybdates [9]. Despite these advantages, research slowed as early phosphate glass compositions

were unsuitable for waste vitrification due to: highly corrosive melts (therefore propensity to damage

melters and refractories); crystallisation during annealing (nucleation of NaPO4 crystallites) [10]; and

devitrification at higher temperatures, leading to poor chemical durability [11]. Over the past several

decades, research has returned to improving phosphate glasses for actinide waste disposition; additions

of Na, Al and Fe oxides are a focus of this work since they may confer better dissolution behaviour

when compared to typical borosilicate glass, with complete loading of UO2 of at least ~12 wt.%, and

melting at 1150°C [12]. This research aims to partly build upon recent work that highlighted some

chemically durable SAP and SAIP (sodium-aluminium phosphate and sodium-aluminium-iron

phosphate) glass compositions that are capable of ~ 49 wt.% UO3 waste loading. Although annealing

did increase crystalline development for the SAIP composition, the leach rate of U was demonstrated to

be below 10 g m-2 d-1, under PCT-B (Product Consistency Test) conditions [13].

Extensive research and development work has been carried out concerning the use of crystalline 

ceramic materials for the immobilisation of radioactive waste. A multiphase titanate ceramic, SYNROC 

(synthetic rock), has been investigated by several nuclear science institutions, in collaboration with 

international nuclear materials research groups [14]. One compositional variant, known as SYNROC-F 

was specifically designed for high UO2 loading to directly immobilise spent fuel. The main components 

of this formulation are: 95 wt.% cubic U-pyrochlore type similar to betafite (CaUTi2O7) [15] for 

disposition of U, rare earths and Sr; up to 5 wt.% hollandite [Ba(Al,Ti)2Ti6O16] [16] for immobilisation 

of large ionic radius radionuclides like 137Cs; up to 5 wt.% tetragonal rutile or titanium dioxide (TiO2) 

[17]. While synthesis has been carried out using combinations of oxides, precursors generated using sol-

gel methods and proprietary techniques, further improvements could be made to streamline the 

preparation and improve the reactivity of SYNROC precursors, facilitating incorporation of dissolved 

waste and liquors. 
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3. Experimental methodology

3.1.  Phosphate glass wasteform

The phosphate glass systems explored were based on two Fe-phosphate compositions: one with small

oxide additions of Si, Al and Na, and another only with Na additions. Herein, these compositions will

be referred to as IPSAS and SIP, respectively. Oxide and organic constituents were batched and

homogenised with the main phosphate base as NH4H2PO4 (98% ACS, Alfa Aesar) and Fe2O3 (96%,

Sigma Aldrich), SiO2 (99.5%, Alfa), Na2CO3 (98%, Alfa), Al2O3 (99%, Alfa) and CeO2 (99.5%, Alfa).

CeO2 additions were used as an inactive simulant for UO2, as its fluorite structure can provide suitable

analogue behaviour prior to approval of active material trials. Batches were homogenised with between

0 – 20 wt.% CeO2 as simulated spent fuel. The oxide constituents were held for 6 hours at 200°C before

2 hours at a melt temperature of 1250°C under air in an alumina crucible. Glass samples were poured

onto a preheated casting plate before annealing for 4 hours at 550°C and slow cooled to room

temperature. Samples from the glass coupons were ball-milled for pXRD (powder X-ray diffraction)

using a Bruker D2 PHASER diffractometer with a LynxEye detector (Cu KĮ, Ȝ = 1.5418 Å radiation).

Diffraction patterns were collected in fluorescence mode between 10° < 2ș < 70° with a step size of

0.02° 2ș and dwell time of 3 s per step. Sections of the coupons were also mounted in resin before

polishing to a 1 µm mirror finish and coated with a layer of carbon for observation by SEM (scanning

electron microscopy). A Hitachi TM3030 electron microscope was coupled with a Bruker Quantax 70

EDX (energy dispersive X-ray) spectroscopy system for chemical analysis.

3.2.  Multi-phase titanate wasteform 

An alkoxide-nitrate synthesis method was used to generate the reactive titanate precursors. Reagents 

were sourced from the following: Ca(NO3)ā4H2O (99%, Acros Organics); Ba(NO3)2 (99%, 

Fluorochem); Ce(NO3)3ā6H2O (99%, Sigma); Al(OH)3 (98%, Acros); and C12H28O4Ti (96%, 

Fluorochem). Nitrate components were dissolved in an excess of warm de-ionised water, with the 

simulant waste added as Ce(NO3)3ā6H2O for co-precipitation and ease of homogenisation. Separately, a 

mixture of isopropyl alcohol and aluminium hydroxide were agitated before complexing with an equal 

volume of titanium isopropoxide. The resulting complex was then shear mixed with the dissolved 

nitrates to ensure rapid and homogenous precipitation. The slurry was dried before calcining for 12 

hours at 600°C, the resulting powder was ball milled to increase reactivity before uniaxial compression 

into pellets and sintering for 1 hour at a range of temperatures 1000°C – 1300°C. Samples were analysed 

by pXRD using the same instrument as in Section 3.1 but with adjustment of the detector energy 

discriminator for rejection of the Fe KĮ fluorescence emission from the sample for reduced background, 

collecting patterns between 10° < 2ș < 55° with a step size of 0.02° 2ș and dwell time of 1 s per step. 

SEM/EDX was also conducted on the specimens using an identical method as in Section 3.1. 

4. Results and discussions

4.1.  Phosphate glass wasteform

All glasses had a high viscosity during pouring and flowed from upturned crucibles, slowing at a rate

proportional to that of the increasing CeO2 content. A coupon was successfully cast for each

composition, and promptly annealed; only the 20 wt.% CeO2 Na-Fe-phosphate glass fractured in a brittle

mode after annealing. Figure 1 shows the X-ray diffraction patterns for IPSAS up to 20 wt.% CeO2. All

of the pXRD patterns demonstrated consistent diffuse scattering for 10° < 2ș < 40° in both systems,

indicating a disordered amorphous glass structure. At simulated fuel loadings above 10 wt.% CeO2,

minor developments of crystalline monazite (CePO4, COD 9001646) [18] and cristobalite (SiO2, COD

1010944) [19] were identified . Figure 2 is an SEM/EDX map of a SIP glass sample batched with

15 wt.% CeO2. Light grey angular particles with diameters between 5 - 30 µm show elevated Ce

detections and inclusion of P surrounding unreacted pure CeO2. Bulk sample surfaces analysed were

largely pristine, with only sporadic inclusion of partially reacted simulant waste and crystallised

monazite. The glass matrices of SIP samples had an apparent saturation point for dissolution of Ce, in
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the case of 15 wt.% waste SIP glass, the bulk composition by EDX had an average saturated Ce content 

of 9.8 ± 0.1 wt.%. However, the glass matrix local to monazite and CeO2 crystals revealed a significantly 

lower average Ce component of 4.8 ± 0.5 wt.%. The bulk glass content for SIP batched with 20 wt.% 

CeO2 similarly was found to have a saturated Ce component at 8.9 ± 0.1 wt.%. The waste loadings for 

IPSAS were not sufficient to confirm a Ce saturation point, although for the IPSAS sample batched with 

20 wt.% simulant oxide waste, an average bulk glass composition of 13.1 ± 0.4 wt.% Ce was determined. 

Further SEM observations on this sample found comparatively less frequent instances of undigested 

oxide and monazite (as compared to SIP with the same waste loading). 

 

 
Figure 1. pXRD of IPSAS glasses 10-20 wt.% CeO2 batches including stick patterns. 

 

 

 

Figure 2. SEM/EDX of IPSAS glass batched with 15 wt.% CeO2, scale-bars are 15 µm. 
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4.2.  Multi-phase titanate wasteform 

Sintering of the titanate ceramic material afforded significant pellet stability improvements, with 

increasing apparent hardness and darkening of colour correlating with raising the hold temperature. 

Figure 3 shows the pXRD patterns for the sintered pellets including data from the 600°C calcined 

material. The slight diffusivity of the calcined precursor indicates a moderate degree of miscibility and 

the presence of crystallised CeO2 (JCPDS 78-0694) is observed. After sintering the material becomes 

highly crystalline, with a majority pyrochlore phase with peak positions almost identical to the U-

containing equivalent pyrochlore (Ca,Ce)2Ti2O7 ([Ca,U]2Ti2O7, JCPDS 45-1477). A minor balance of 

crystalline rutile has formed and was detected for material sintered between 1000°C - 1200°C (TiO2, 

JCPDS 89-0555); over the same temperature range a concomitant decrease in the relative intensity of 

TiO2 and CeO2 reflections is also evident as the phase assemblage tends towards an apparent equilibrium. 

However, the diffraction pattern for sample material sintered at 1300°C exhibited what appeared to be 

some CeO2 reflections, a minor reflection corresponding to rutile at 40.62° 2ș, and severely diminished 
reflections for the pyrochlore phase. Figure 4 is a micrograph showing SEM/EDX data for the sample 

sintered at 1300°C. It was evident here and when analysing the bulk sample, that the light grey contrasted 

region with a Ce pyrochlore composition is still present as a majority primary phase. This would suggest 

that the titanate structure has undergone a phase transformation, to that of a new structure-type, with 

evolution of a gas that has led to the further development of 10 - 20 µm pores. Semi-quantitative analysis 

using EDX yielded an average pyrochlore composition of (Ca0.57, Ce0.43)2Ti2O7 (± 0.02 f.u.). Accounting 

for the oxygen from the CeO2 incorporated into the structure, the approximate waste loading of this 

phase is ~40 wt.%. Rutile was also found (dark grey region) as a minor phase with globular 

morphologies. 

 

 
Figure 3. pXRD of co-precipitated multi-phase ceramics, as-calcined and sintered at their 

respective temperatures, with phase representative stick patterns. 
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Figure 4. SEM/EDX of SYNROC-F type material cold pressed and sintered at 1300°C for 1 hour. 

Note Ti, Ba and Ca maps differ from Figure 2, scale-bars are 20 µm. 

5. Conclusions and further work

The work conducted was able to successfully demonstrate the incorporation of CeO2 as a waste simulant

up to 13.1 ± 0.4 wt.% in a phosphate glass matrix with a quantity retained in a durable crystalline

monazite phase. Further study is necessary to determine the effect of changing melt conditions, such as

pressure and temperature, durability assessment by dissolution, and the coordination of Ce and Fe using

XAS (X-ray absorption spectroscopy). Up to ~40 wt.% simulant CeO2 waste was also immobilised into

a pyrochlore host phase; further work will be directed at understanding structure evolution above

1200°C, generation of a hollandite secondary phase for minor actinide uptake, and durability of the

wasteform.
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Appendix 2.  Characterisation of sodium iron phosphate glass loaded with 

simulant nuclear fuel 
 

This report denotes the outcome of part of a series of beamline experiments at the KEK-Photon 

Factory synchrotron, Tskuba Japan. Three temperature series of IPSAS glass compositions 

were measured in transmission mode and iron redox was determined using a pre-edge fitting 

method. Data from the NSLS-II, Brookhaven NY, USA synchrotron was used in this thesis as 

the beamline used achieved featured an improved X-ray brilliance and fine adjustment 

monochromators allowed for more optimal energy resolution. 
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1   Introduction 
The UK holds a significant quantity of degraded nuclear 

fuel from research and decommissioning activities. 
Approximately 200 teHM of this inventory is clad with or 
stored using stainless-steel materials, in many cases 
degradation would prevent de-cladding prior to processing 
of the actinide components [1], [2]. A relatively novel 
method for immobilization of such materials, details the 
total chemical dissolution of degraded fuel using a similar 
chemistry to that of the PUREX process [3], followed by a 
pre-calcination step and vitrification with a sodium-iron 
phosphate glass composition. 

The relation of iron oxidation state to chemical 
durability in aqueous environments has been well 
established in literature [4]. Optimal redox behaviour 
describes speciation of Fe3+ ions to facilitate substitution 
of poor durability P-O-P bonding structures with the higher 
durability P-O-Fe counterparts. 
 
2   Experiment 

Sodium iron phosphate glass was batched with a base 
composition of ~61/18/9/7/5 mol.% of P2O5/Fe2O3/Na2O/ 
SiO2/Al2O3, using reagent grade oxides as precursors and 
(NH4)H2PO4 as a phosphate source. This base glass will be 
further represented as IPSAS (iron phosphate sodium iron 
silicate). 0-16 mol.% CeO2 was added to each base 
composition as the fuel simulant, followed by 
homogenisation, 6 hrs pre-calcination at 600 °C, followed 
by melting at a range of temperatures between 1250 - 1450 
°C, casting and annealing at 550°C for 4 hrs – all under an 
air atmosphere. 

Pulverised samples of annealed glass were diluted with 
PEG with addition masses selected for the relative cross-
section at the Fe-K edge. XANES spectra were collected 
in transmission mode at BL-27B. Standards of Fe3O4, 
Fe3(P2O7)2, Fe3(PO4)2 were also prepared and measured. 
The Athena software package was used to correct and align 
data, before use of a Lorentzian fitting function to integrate 
the area under the pre-edge features and determine the 
centroid position. 
 
3   Results and Discussion 

Figure 1 shows the result from integration of the pre-
edge features for the IPSAS glass compositions with 0 
mol.% CeO2 melted at two different temperatures. A 
significant variation in the higher 1450 °C melt sample is 
the larger contribution at a slightly lower energy, shifting 
the centroid position, indicating a change in iron 
oxidation state. Figure 2 details the centroid positions for 
IPSAS samples melted between 0 – 15mol.% CeO2 at 

temperatures of 1250 – 1450 °C, with reference 
compounds used to delineate Fe2+ and Fe3+ speciation. A 
clear correlation shows a decrease of average oxidation 
state with increasing melt temperature. 

Fig. 1: Pre-edge features of the Fe-K edge data for IPSAS 
melted at 1350 °C (a) and 1450 °C (b). 

Fig. 2: Average oxidation state of IPSAS glass samples 
plotted with Fe (II) and Fe (III) reference standards 
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Appendix 3.  Characterisation of glass-ceramic wasteforms using 

quantitative image analysis of electron micrographs 
 

This short publication discusses some of the motivations for development of the image analysis 

code and revises the early development and results. The work here concerns analysis of a 

smaller group of images than that reported in this thesis. Smaller image sets cover a less 

representative region of the sample surfaces, so values vary slightly when compared with 

analysis of larger image sets. 
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Abstract
Multi-phase material systems make up a significant proportion of the currently proposed and researched wasteforms for 
sequestration of heterogeneous nuclear material feeds. Quantification of the components for such multi-phase assemblages is 
typically performed using diffraction-based Rietveld methods, many of which necessitate long measurement times of several 
hours. Furthermore, careful additions of an internal standard are typically required, to facilitate inclusion of amorphous 
phases in the quantification. The application of an image analysis method has been investigated, using the z-contrast greyscale 
of back-scattered electron micrographs to determine the relative quantities of component phases in a suite of monolithic 
phosphate glass ceramic wasteforms. This work demonstrates an alternate methodology for accelerated quantification which 
could be applied to other heterogeneous wasteforms and multi-phase materials.

Introduction

Quantitative phase analysis is key to the development of 
glass ceramic nuclear wasteforms. In addition to presenting 
us with relative phase ratios, it can allow us to infer proper-
ties of the material as a sum of its constituent crystalline 
and glassy phases. Some of the most regularly implemented 
phase quantification techniques have centred around X-ray 
diffraction-based Rietveld and pattern refinement methods. 
While these can provide useful additional information on 
material structure and phase assemblage, there are some 
inherent limitations such as the necessity to use an internal 
standard to quantify amorphous phases. Moreover, many 
refinement techniques require a starting model and struc-
tural understanding of the material [1, 2]. Micrographic 
image analysis is not an uncommon technique to research 
areas such as cementitious materials, as it can be particularly 
well utilised to measure pore sizes efficiently and determine 
aggregate size distribution [3]. Quantitative phase analysis 
by electron micrograph thresholding across contrast regions 

has been observed in the literature, though in this exam-
ple, the technique was facilitated by proprietary-hard-coded 
microscope software with limited flexibility and user para-
metrisation [4]. This work aims to provide an open-source, 
fast and lightweight image analysis tool to complement com-
mon characterisation techniques for glass ceramics.

Materials and methods

The prototypical glass ceramic wasteform material used in 
this study was from a suite of sodium-iron-phosphate com-
positions, with additions of alumina and silica to melts and 
loading of cerium oxide as a fluorite surrogate for spent fuel. 
The composition used for initial tests consisted of compo-
nent oxides and ammonium dihydrogen phosphate, loaded 
with 40 wt%  CeO2 and melted at 1250 °C before casting 
and annealing for 4 h at 550 °C, henceforth, identified as 
IPSAS 40 wt%  CeO2, 1250 °C. Glass ceramic monolithic 
samples were sectioned, cold resin mounted and polished 
to a 1 µm mirror finish and carbon coated to reduce surface 
charge. BSEs (Back scattered electron micrographs) were 
collected using a Hitachi TM3030 instrument, with a tung-
sten filament and an accelerating voltage of 15 kV. Concur-
rent analysis by pXRD (powder X-ray Diffraction) and EDX 
(Energy Dispersive X-ray) allowed for confirmation of phase 
assemblage [5]. Image acquisition parameters were set to 
medium brightness and high contrast, with fine adjustments 

 * L. Harnett
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made, per sample, to maximise the contrast in grey values 
between the individual phases. The phase proportions can 
be delineated, as delimited by regions with different grey 
values, or BSE contrast, a factor influenced by the atomic 
number of the species in each phase. The free, open-source 
image processing software ImageJ, was used as a base plat-
form in the Fiji package [6]. The package utilises JavaS-
cript-based functions and macros to assist with automation 
of various post-processing tasks. This work concerns a script 
of approximately ~ 350 lines of code which will facilitate a 
quantitative-phase analysis methodology. An initial routine 
uses sample surface BSEs collected at a range of magnifica-
tions, measuring particle size to pixel count ratios and small-
est-feature statistics. The routine is followed by selection 
of an optimum magnification, such that small crystallites 
(> 5 µm) are properly resolved. A low-magnification broad 
micrograph of the material surface was collected, allow-
ing overlay of a coordinate grid, a pseudo-random number 

generator was then used to select cells of the grid to collect 
sample micrographs at the desired magnification, Fig. 1.

During following stages of the code progression, image-
scale calibration was unnecessary, as phase quantities were 
determined by ratio of pixel counts. The script analyses a 
histogram of grey values represented in the sample BSE, 
then calculating the points at which minima of intensity can 
be found. The peak intensities between such points were then 
used to represent the discrete phases, the areas for which 
were determined by thresholding between pairs of minima 
and counting the number of pixels remaining, Fig. 2a. Ratios 
of these areas were then used to infer relative phase quanti-
ties. Following the processing of a first BSE, the remain-
ing image set from a sample can be quickly processed to 
strengthen the measurement statistics. The user is given 
option to manually exclude mis-identified phases such as 
mounting material or pores Fig. 2b and can also generate a 
representative figure to accompany phase quantity statistics 
for publication. At the time of writing, the script can deline-
ate 2–6 individual phases.

Results

Following the measurement of an initial sample BSE, the 
remaining image set is loaded by the script as a stack, so 
results are supplied as an indirect volume percentage, as 
the direct measurements made to individual BSEs result 
in area percentage values. The test sample, IPSAS 40 wt% 
 CeO2, 1250 °C, was measured to collect statistics over a 
range of 10 BSEs, with the script identifying with 99.9% 
confidence: 61.9 ± 2.3 vol% glass, 34.9 ± 2.0 vol%  CePO4 
and 3.2 ± 0.5 vol%  CeO2 (darkest to lightest contrast, 
respectively), Fig. 3a. Another test sample, with a base 

Fig. 1  Broad-overview BSE of IPSAS 40 wt%  CeO2, 1250 °C, with 
coordinate grid overlay

Fig. 2  Grey value histogram for IPSAS 40 wt%  CeO2, 1250 °C (a), phase labelling and exclusion (b)
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sodium-iron-phosphate glass composition with 50 wt% 
 CeO2 melted at 1450 °C, was also measured using the same 
method over 10 BSEs, with 99.9% confidence: 22.0 ± 1.7 
vol% glass, 8.7 ± 0.4 vol% crystalline sodium-iron-phos-
phate, 68.5 ± 2.9 vol%  CePO4, 0.8 ± 0.2 vol%  CeO2 (darkest 
to lightest contrast, respectively), Fig. 3b. Each image was 
collected in about 30 s, with another 15 for adjustment and 
stage movement. Image sets of stack size 10 were measured 
by the script in approximately 30 s (as verified by a count-
ing function), on a moderately equipped workstation built 
in 2018.

Discussion

The results presented here, demonstrate how the script can 
be used to analyse micrographs of samples with varying 
phase assemblages and with different phase morphologies. 
Some preliminary tests with a SYNROC-F type multi-phase 
ceramic [7] and a barium phosphate multi-phase system [8] 
have indicated that adjustable sensitivity will be a neces-
sary feature to modify the minima-detecting algorithm, as 
some ceramic phases have surfaces with very well-defined 
contrast, such that the histogram of grey values presents with 

sharp peaks and phases with very similar contrast, such that 
overlap can occur. Implementation of sensitivity adjust-
ment is underway to facilitate measurement of such phase 
assemblages. The technique does, however, have an inher-
ent limitation with difficulty processing images containing 
phases with similar BSE grey contrast, as such, it would 
be unable to distinguish between two phases with exactly 
the same mean atomic number. A high degree of precision 
was achieved with the sodium-iron-phosphate glass ceramic 
materials, with error comparable to Rietveld-type analyses 
[2]; further improvements have been shown with larger sam-
ples of 20–25 BSEs. The key concluding advantage over 
more traditional methods often requiring several hours per 
sample is the data collection and processing time of image-
based QPA, represented as 8 min for a 10 BSE set, up to 
20 min for a 25 image set. The open nature of this platform 
will allow for ease of additional control, modification and 
integration with microscopes featuring motorised or com-
puter-controlled stages. Other heterogeneous multi-phase 
materials may be measured using this method, such as those 
studied by researchers in the fields of cultural heritage and 
archaeology. Such a technique may be applied to images 
acquired through other micro-analysis techniques such as 
optical and Raman spectroscopy; however, due care will be 

Fig. 3  Representative measurement summaries for 3-phase IPSAS 40 wt%  CeO2, 1250 °C (a) and 4-phase IPSAS 50 wt%  CeO2, 1450 °C (b)
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required to ensure defined contrast of both amorphous and 
crystalline phases, with minimum resolvable feature size 
constrained to the diffraction limit with light-based analyses. 
Further planned work includes measurement of samples of a 
zirconolite glass ceramic composition, use of a rapid X-ray 
diffraction-based quantification method to verify the perfor-
mance and accuracy of the image method [9], improvements 
to portability of the analysis package—including greater 
compatibility through Linux and macOS platforms with their 
respective filesystems.
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Appendix 4. Quantitative image analysis source code 

Current version of the image analysis code (please do not re-distribute). The code operates 

using an ImageJ macro language similar to JavaScript. Sample images stored in a specific 

folder, much of the set-up can be configured with user prompts or is managed automatically. 

Detailed instructions for specific use-cases can be provided. 

https://drive.google.com/drive/folders/1fpwyegxcBLRd1uoXjkh1z-

O85bNETG7D?usp=share_link 

OR

See accompanying files (PAGIS).

https://drive.google.com/drive/folders/1fpwyegxcBLRd1uoXjkh1z-O85bNETG7D?usp=share_link
https://drive.google.com/drive/folders/1fpwyegxcBLRd1uoXjkh1z-O85bNETG7D?usp=share_link
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Appendix 5.  Reactive spark plasma sintering of Cs-exchanged chabazite: 

characterisation and durability assessment for Fukushima Daiichi NPP 

clean-up 
 

This article summarises the findings of the aluminosilicate wasteform produced by thermally 

treating simulant ion exchange material with SPS. The parametric study of processing 

parameters is discussed, with exchanged and sintered material characterised. The study 

culminated in a short term accelerated dissolution experiment. 
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ARTICLE

Reactive spark plasma sintering of Cs-exchanged chabazite: characterisation
and durability assessment for Fukushima Daiichi NPP clean-up
Liam. C. Harnett , Laura. J. Gardner , Shi-Kuan Sun , Colleen Mann and Neil. C. Hyatt

Immobilisation Science Laboratory, Department of Materials Science and Engineering, University of Sheffield, Sheffield, UK

ABSTRACT
Ion-specific media (ISM) have played an integral role in the clean-up and remediation efforts
at the Fukushima Dai-ichi disaster site, through the processing of contaminated wastewaters.
The use of these materials generates a secondary nuclear waste stream, presenting its own
series of engineering problems arising from stringent handling and long-term storage
requirements. A reactive spark plasma sintering (SPS) method was investigated for condition-
ing of the spent cesium exchanged zeolite, chabazite. A natural form of the zeolite was used
as an analogue to the engineered ISM used at the Fukushima NPP site. Simulant wasteforms
were sintered using different temperature and pressure parameters followed by analysis of
phase assemblage, density, and durability (using the product consistency test (PCT)). The
results indicated that zeolite structure had collapsed completely, with the exchanged cesium
partitioned primarily into a durable feldspar to assure stability of the sintered material for
passively safe storage or geological disposal.
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1. Introduction

The March 2011 earthquake and tsunami led to
a series of serious coolant loss incidents at the
Fukushima Daiichi nuclear power plant (NPP) [1].
Three reactor units experienced partial core melt-
downs, but reactor water levels were eventually stabi-
lised by the pumping of sea water and fresh water,
achieving cold shutdown conditions. Cesium-137 is
a high yield fission product (t ½ = 31.17 yr) and,
consequently, it is present at high concentrations in
the NPP wastewater. Due to the radiotoxicity of Cs-
137 and other radionuclides present in these effluents,
treatment is necessary before the used cooling water
can be reused or released.

One method of effluent treatment is the use of ion
exchange materials, such as zeolites. These microporous
aluminosilicates are available commercially as mineral or
synthetic materials, finding common usage in ion
exchange as adsorbents. The individually unique struc-
tures of these media result in both high selectivity and
specificity for ion exchange. To facilitate Cs removal
from the contaminated coolant water, one of the main
effluent treatment facilities installed on the Fukushima
Daiichi NPP site is the KURION ion exchange plant,
using engineered Na-chabazite as an exchange medium
[2]. The high porosity of this material, based on a ~3.8 Å
diameter “8-ring” framework structure, provides a large
surface area for exchange with high selectivity for Cs
[3,4]. As of October 2018, this facility has treated
a cumulative Cs-contaminated water volume of

391,870 m3, producing 771 large exchange columns of
spent material [5]. Conditioning of the large volumes of
spent zeolite waste is one of the more demanding
unsolved engineering issues as part of the clean-up effort,
with strict acceptance criteria and constraints [6] that
must be followed: limited space at potential disposal
sites necessitates a high reduction in volume of waste-
forms, minimal leaching, and corrosion of containment
and long-term chemical stability. Vitrification using bor-
osilicate glasses has been considered but volatilisation of
cesium at high processing temperatures (up to 1300°C)
poses a potential challenge [7]. Encapsulation of ion
exchange materials using standard cementitious compo-
sitions has been studied [8–10,11], though systems such
as ordinary Portland cement (OPC) may necessitate
particle size reduction of zeolites, and degradation of
the ion exchange framework, as a result of the internal
pH, releases the incorporated radiocesium.. Cement
encapsulation is also expected to result in arelative
volume increase for the final wasteform.

Spark plasma sintering (SPS) is a relatively novel
sintering technique that operates on the principle of
a Joule heating effect via a very high applied current
coupled with uniaxial pressure, which facilitates mass-
transport and grain growth. Rapid heating rates and the
application of pressure allow near-theoretical densities to
be achieved in the final pellet product using relatively low
temperatures [12], with the potential for high wasteform
volume reduction. This work demonstrates the viability
of spark plasma sintering as a method for the thermal
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treatment of spent chabazite ion exchange materials and
evaluates the wasteform chemical durability using the
ASTM Product Consistency Test (PCT-B).

2. Experimental methods

2.1 Material synthesis

The chabazite used in this study was a natural source,
supplied from Verdi S.p.A as “Zeover.” The reported
manufacturer data were as follows: the particle size
range of 0.1–0.7 mm, a cation exchange capacity (CEC)
of 2.2 ± 0.2 meq/g, and a reported composition of (Na0.14
K1.03Ca1.00Mg0.17)[Al3.46Si8.53O24]∙9.7H2O [13]. This
constituted a mineral composition of 70 ± 2 wt.% cha-
bazite with minor constituents at: 18 ± 5 wt.% obsidian
glass, 5 ± 2 wt.% potassium feldspars, 3 ± 1 wt.% pyrox-
enes, 2 ± 1 wt.% biotite, and 2 ± 1 wt.% phillipsite [10].
Chabazite was exchanged in a 0.1 M CsNO3 (Arcos
Organics, 99% purity) solution using UHQ water
(18.2 MΩ). The chabazite was agitated on a roller mill
for 24 h at room temperature. The exchanged material
was rinsed twice with 1 L of distilled H2O, filtered, and
dried at 95°C for 24 h.

The Cs-chabazite was calcined in air at 300°C for 12 h
to remove remnant water. 3 g of the dried Cs-chabazite
was pressed into a 20 mm graphite die and consolidated
using a HP-D 25 SPS system (FCT Systeme GmBH). The
average measured apparent density of green-body
pressed pellets was 1.556 ± 0.041 g/cm3. Samples were
consolidated according to the method used by Sun et al.
[14], at 1000°C or 1100°C at 50°C/min under an argon
atmosphere with a dwell time of 10min, under a uniaxial
pressure of 15MPa or 50MPa. Sintered samples were
allowed to cool naturally to ambient temperature.
Residual graphite foil was removed by manual grinding
using SiC paper. The total processing time per sample,
including die loading, was 60 min.

2.2 Characterisation

The phase assemblage of the as-received, exchanged, and
SPS samples was determined by powder X-ray diffraction
(XRD) on a Bruker D2 PHASER diffractometer with
a LynxEye detector utilising Cu Kα (λ = 1.5418 Å) radia-
tion, a Ni foil was used to filter the Kβ radiation.
Diffraction patterns were collected between 5° < 2θ <
50° with a step size of 0.02° 2θ and dwell time of 1 s per
step. X-rayfluorescence (XRF) analysis was used to quan-
tify the bulk oxide constituents of the as-received, Cs-
exchanged, and SPS samples. XRF beads were prepared
using a lithium tetraborate flux (Sigma Aldrich, 99.995%
purity) at a 1:10 sample-to-flux ratio and analysed using
a PANalytical Zetium spectrometer under vacuum with
a Rh tube operating at 50 kV and 30 mA (Table 1).
Microstructures were observed using a Hitachi TM3030
scanning electron microscope (SEM) coupled with

a Bruker Quantax 70 energy dispersive X-ray spectro-
scopy system (EDX) at a working distance of
7.4 ± 0.1 mm using a silicon drift detector. Samples
were resin mounted, polished to a 1 µm finish, and
carbon coated. The approximate stoichiometry was
determined on the average composition of 10 EDX data
points per microstructural feature. Semi-quantitative
phase analysis assumed oxygen stoichiometry required
for charge neutrality. Density measurements were con-
ducted using a Micrometrics AccuPyc II 1340 gas pycn-
ometer with a 1 cm3 sample cell (chabazite samples) and
a 0.1 cm3 cell for the SPS powder for proof of concept
studies. The density of the SPS fragments was determined
using a Mettler Toledo Archimedes balance (Table 2).

The chemical durability assessment (sample SPS-2
only) was performed in duplicate using the Product
Consistency Test (PCT-B, ASTM methodology C1285-
14 [15]). Powdered samples (75–150 µm) were prepared
and washed using IPA. Tests were carried out at 90°C in
a 15 mL PTFE vessel with 9 mL of leachate (UHQ water,
18.2 MΩ) to give a surface area-to-volume ratio of
1200 m−1, based on geometrical assumptions. Sacrificial
samples were taken at time points: 1, 3, 7, 14, 21, and
28 days, aliquots were passed through a 0.2 µm filter, pH
measured using aMettler Toledo pHmeter, and acidified
with nitric acid (Ultrapure NORMATOM 67–69%,
VWR). The leachates were analysed using inductively
coupled plasma-optical emission spectroscopy (ICP-
OES) (Thermo Fisher iCAPDuo 6300) and ion chroma-
tography (IC) (Thermo Scientific ICS-1100) using the
cation column for cesium analysis.

3. Results and discussion

3.1 Exchanged material characterisation

The phase assemblages of the as-received and Cs-
exchanged materials were determined by powder XRD
(Figure 1). The observed major phases present were

Table 1. Results for compositional analysis by X-ray fluores-
cence, including calculated values for approximate water loss
on ignition and standard deviations for all averaged data.

Compound
As-Received

Average (wt.%)
Cs-Exchanged
Average (wt.%)

SPS-2
Average (wt.%)

SiO2 52.10 ± 0.23 50.82 ± 0.02 55.55 ± 0.21
Al2O3 18.90 ± 0.03 18.40 ± 0.08 20.45 ± 0.07
K2O 6.87 ± 0.05 6.60 ± 0.05 7.44 ± 0.03
CaO 6.13 ± 0.01 5.30 ± 0.09 5.46 ± 0.02
Fe2O3 5.48 ± 0.02 4.73 ± 0.02 4.28 ± 0.04
MgO 1.98 ± 0.01 1.86 ± 0.02 1.77 ± 0.03
Cs2O * 1.96 ± 0.02 2.09 ± 0.20
Na2O 1.14 ± 0.02 0.73 ± 0.02 0.85 ± 0.03
TiO2 0.69 ± 0.01 0.62 ± 0.01 0.60 ± 0.01
I 0.44 ± 0.01 0.45 ± 0.01 0.33 ± 0.10
SrO 0.23 ± 0.01 0.20 ± 0.01 0.25 ± 0.05
H2O ** 5.30 ± 0.22 7.76 ± 0.24 *
Total 99.25†† 99.45†† 99.07††

*Below the detection limit
** Determined by mass loss of structural water upon ignition
†† Less than 100% of the composition is reported as the trace components
were discounted.
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chabazite, Ca2[Al4Si8O24]∙12H2O (JCPDS-ICDD,
Powder Diffraction File, PDF #34–0137), the K-feldspars
K[AlSi3O8]: sanidine (PDF #71–0992) with microcline
(PDF #83–1604), and pyroxene, Fe0.07Na0.16Ca0.84Mg0.94
[Si2O6] (PDF #86–0005). Several less intense reflections
were found to correspond to biotite, KMg3[AlSi3O10]
(PDF #73–1661), phillipsite, Na2[Al2SiO6]∙12H2O (PDF
#12–0195), quartz, [SiO2] (PDF #81–1665), and
anorthite, Ca[Al2Si2O8] (PDF #89–1461). There were
only very slight differences between the two diffraction
patterns, post Cs-exchange, such as the relative intensi-
ties of the low angle reflections for phillipsite, biotite, and
chabazite (2θ < 20°), due to Cs ion exchange and pre-
ferred orientation effects associated with the biotite mica
(where preferred orientation refers to the crystallo-
graphic phenomenon of some crystallites having
a tendency to pack in favour of a particular direction,
influencing the diffraction pattern).

Elemental compositions of the as-received and Cs-
exchanged materials were determined using XRF spec-
troscopy. Table 1 shows the compositions of the pre-
and post-exchange samples, by relative average
weight percent of oxide components. The water losses,
as calculated by the sample mass lost on ignition, had
the largest degree of variability, likely resulting from
residual water from the exchange process. The large
size of the Cs+ cation means that there is a preferential
exchange to the sites of wide ~7Å aperture “8-ring”
structure within the chabazite framework [3,4]. XRD
and XRF analysis confirm that the bulk mineral and
chemical composition is consistent with reference to the
manufacturer data sheet.

A BSE micrograph and EDX maps of the Cs-
exchanged sample provided a survey of individual
particle morphologies and compositions. In Figure
2, a particle with high porosity and grain sizes ran-
ging between 200 and 300 µm was characteristic of
a chabazite, and semi-quantitative analysis of a region
yielded a composition of Cs0.5Ca0.9K1.2[Al4Si8
O24]∙12H2O, demonstrating the exchange and cation

variation on the primary Ca-chabazite (C) phase
detected by XRD. This corresponds to a Cs loading
of 7.2 ± 3.1 wt.% for individual chabazite particles,
this is comparable to the Cs-exchange achieved by Du
et al. for pure chabazite – 6.4 wt.% [16]. A series of
angular, low porosity particles were also found, cor-
responding to K-feldspar (K) K0.8[AlSi3O8], pyroxene
(X) Fe0.2Al0.2Mg0.8Ca1.1[Si2O6], and a silica/quartz
(Q) SiO2. In addition, spherical particles associated
with the 18 wt. % ± 5% obsidian glass present within
the chabazite source material [13] were observed in
the analysis of microstructure, although not apparent
in Figure 2 (see Supporting Info 3).

The density of the as-received chabazite
(2.4411 ± 0.0015 g/cm3) was observed to increase after
Cs-exchange to 2.4679 ± 0.0017 g/cm3 (Table 2). This
increase is associated with the incorporation of Cs within
the chabazite structure, displacing the cation occupancy
at the sodium or potassium sites, and increasing the
cation atomic mass by ~3–5 fold.

3.2 Characterisation of reactive spark plasma
sintered material

Phase assemblages for each of the SPS pellets (SPS-1–3)
were determined by powder XRD. The reflections asso-
ciated with chabazite were entirely absent from the dif-
fraction patterns (Figure 3). This demonstrated that
a complete collapse of the zeolite structure was achieved
using SPS as a thermal treatment method for ion
exchange materials, forming known mineral crystalline
phases. Themajor phases present in all SPS samples were
K-feldspars, K[AlSi3O8] in the form of sanidine (PDF
#83–1657), orthoclase (PDF #83–1253), and microcline
(PDF #83–1604), with minor reflections corresponding
to anorthite, Ca[Al2Si2O8] (PDF #12–0301) and pyrox-
ene, Fe0.07Na0.16Ca0.84Mg0.94[Si2O6] (PDF #86–0005).

Although the SPS-1 (1000°C, 10 min, 15 MPa) and
SPS-2 (1000°C, 10 min, 50 MPa) samples had con-
sistent phase assemblages based on the minerals

Table 2. The density and phase assemblage reference matrix for all samples in this study.
XRD Phases*

Sample
Processing
Conditions Major Minor

Main Cs bearing Phase
(EDX Formula)

Main Phase
Cs (wt.%)

Average Density
Archimedes (g/cm3)

Average Density Gas
Pycnometry (g/cm3)

As-received – C B, K N, P,
Q, X

Ca1.5K1.0 [Al3Si8
O24]∙12H2O**

- †† 2.4411 ± 0.0015

Cs-exchanged Cs-exchange C B, K, N,
P, Q, X

Cs0.5Ca0.9K1.2[Al4Si8
O24]∙12H2O**

7.2 ± 3.1 †† 2.4679 ± 0.0017

SPS-1 SPS, 1000°C,
10 min, 15MPa

K B, L, N,
Q, X

Cs0.7Ca0.5K1.1[Al3Si8O22] 11.0 ± 2.8 2.658 ± 0.004 2.6657 ± 0.0038

SPS-2 SPS, 1000°C,
10 min, 50MPa

K B, L, N,
Q, X

Cs0.9Ca0.5K1.1[Al3Si8O22] 13.7 ± 4.2 2.658 ± 0.003 2.7314 ± 0.0017

SPS-3 SPS, 1100°C,
10 min, 15MPa

K L, Q, X Cs0.5Ca0.3K1.6[Al3Si8O24] 8.4 ± 3.3 2.588 ± 0.003 2.6050 ± 0.0059

* Where: B = biotite KMg3[AlSi3O10], C = chabazite Ca2[Al4Si8O24]∙12H2O, K = K-feldspars K[AlSi3O8], L = leucite K[FeSi2O6], N = anorthite Ca[Al2Si2O8],
P = phillipsite Na2[Al2SiO6]∙H2O, Q = quartz [SiO2], and X = pyroxene Fe0.07Na0.16Ca0.84Mg0.94[Si2O6]

** Assuming complete hydration to 12H2O
†† Not measured as there was only granular sample
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present, there were, however, subtle differences in the
relative intensities observed. For example, the reflec-
tion at 2θ ≈ 27.7°, corresponding to sanidine feldspar
(K), was observed with a significantly higher relative

intensity in the SPS-1 sample, compared to that of the
SPS-2. Conversely, the peak at 2θ ≈ 29.3° assigned to
anorthite and pyroxene phases (N/X) had
a significantly lower relative intensity in SPS-1.

Figure 1. XRD patterns for the (a) as-received and (b) Cs-exchanged samples.

Figure 2. SEM/EDX micrographs of the Cs-exchanged chabazite, where labelled phases correspond to (C) chabazite, (K)
potassium feldspar, (Q) quartz, (R) resin, and (X) pyroxene.
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Compared to SPS-1, the effect of an increased pro-
cessing temperature (SPS-3, 1100°C, 10 min, 15 MPa)
resulted in quartz (Q) having the highest relative inten-
sity rather than the K-feldspar. Also observed was the
emergence of diffuse scattering between 17.5° < 2θ <
37.5°. These features are consistent with vitrification
mechanisms and amorphous glass phases formed after
the complete breakdown of aluminosilicate frameworks
[17,18]. Therefore, it is possible to state that for the SPS-
processing conditions investigated, the effect of pres-
sure had little impact on the phase assemblage (only the
proportion), which was juxtaposed to the effect of tem-
perature. The absence of pollucite (CsAlSi2O6) was due
to the molar ratio of alkali:aluminium:silicon in the SPS
composite (approximately 1:2:4.7 – as derived from
Table 1), which is closer to the ideal ratio of the feldspar
observed in the microstructure (1:1:3) than to that of
pollucite (or leucite, the K-counterpart (1: 1: 2)) [19].
The Cs was resultantly taken into the feldspar solid
solution during melt crystallisation. The normalised
Cs2O content of the ion exchanged material immedi-
ately before and after SPS treatment (i.e. accounting for
the loss of water in the calcination pre-treatment step)
was determined by XRF analysis to be 2.14 ± 0.02 and
2.11 ± 0.18 wt.%, respectively. Nomeasurable change in
the Cs2O content was determined, within the precision
of the analysis, and thus the full inventory of Cs2O was

retained. This is likely due to the very short processing
time combined with uniaxial pressure. Further work is
required to demonstrate which SPS-processing tem-
perature for waste management of Cs-ion exchange
materials is optimal, based on microstructure, chemical
stability, and radiation tolerance.

Microstructure and semi-quantitative analysis was
undertaken for the SPS pellets, shown in Figures 4–5.
The SPS-1 microstructure was observed to contain sev-
eral distinct phases, all with very low apparent visible
porosity. A dark, angular particle with a width of 90 µm
had a high calcium intensity with the absence of potas-
sium, EDX quantification provided a composition of
Ca0.8[Al1.7Si2O8], corresponding to anorthite (N). In
Figure 4, A magnesium-calcium rich region yielded
a more complex EDX composition of Fe0.2Al0.2Mg0.8
Ca0.9[Si2O6], indicating a diopsidian pyroxene with
incorporation of small amounts of iron and aluminium,
associated with the XRD phase match for pyroxene (X).

The bulk matrix phase encapsulating the crystal
grains within the sample was reviewed, with EDX
maps over two regions showing evenly distributed
intensities for potassium and calcium as well as a high
detection of aluminosilicate constituents. A bright glob-
ular 5–10 µm precipitate phase was abundant in the
matrix and appeared to have a high Cs content. This
matrix-precipitate complex appeared to have an

Figure 3. XRD patterns for powdered SPS samples: (a) 1000°C, 10 min, 15 MPa, (b) 1000°C, 10 min, 50 MPa, and (c) 1100°C, 10
min, 15 MPa.
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intermediate potassium and plagioclase feldspar com-
position of Cs0.7Ca0.5K1.1[Al3Si8O22], equating to a Cs
waste-loading of 11.0 ± 2.8 wt.%. A breakdown of the
cesium containing zeolite structure appears to have
formed a combined matrix of the lower free energy
alkali feldspars (K type and Cs type) [20] and anorthite,
for which only limited powder diffraction reference
data were available. Analysis of SPS-2 (Supporting
Info 4) displays very similar features to the 15 MPa
microstructure: namely a mixed feldspar-plagioclase
composition of Cs0.9Ca0.5K1.1[Al3Si8O22], correspond-
ing to a Cs waste-loading capacity of 13.7 ± 4.2 wt.%.
This indicated that pressure had little effect on the
microstructure and local chemistry of the sintered
wasteform.

In Figure 5, the higher temperature SPS-3 sample
(1100°C) resulted in a noticeably sparser distribution of
distinctive phase regions. The Cs-rich matrix (white
precipitate) demonstrated the lowest cesium loading
of the three SPS wasteforms, with a calculated composi-
tion of Cs0.5Ca0.3K1.6[Al3Si8O24], which corresponds to
a Cs waste-loading capability of 8.4 ± 3.3 wt.%. This

could be indicative of a greater abundance of this phase
or Cs incorporation into other phases (e.g. the vitreous
phase). The remaining features of SPS-3 corresponding
to a ~100 µm diameter dark, angular anorthite (N)
particle with a formula Ca0.8[Al1.7Si2O8] continue to
remain out of the solid solution. The elongated particle
with apparent delamination can be observed reacting
with the matrix phase, where the bulk particle had an
EDX quantified chemistry of K0.8[AlSi3O8],
a K-feldspar (K), and that of the reaction-rim was
Ca0.2K0.5[AlSi3O8], a combination of plagioclase and
K-feldspar (K + N).

Density balance measurements, Table 2, indicated
that lower temperature sintering conditions (1000°C)
gave the best density values, 2.658 ± 0.004 g/cm3 for
SPS-1 and 2.658 ± 0.003 g/cm3 for SPS-2. The poorest
density balance results were those of the SPS-3 sam-
ple, with an average of 2.588 ± 0.003 g/cm3. The
results for gas pycnometry of SPS samples were in
agreement with the Archimedes balance data, show-
ing that the optimum density was achieved with the
lower sintering temperature of 1000°C and higher

Figure 4. SEM/EDX micrographs of SPS-1 (1000°C, 10 min, 15 MPa), where labelled phases correspond to (N) anorthite, (X)
pyroxene, and (Cs-K) cesium–potassium feldspars dispersed in anorthitic matrices.
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pressure of 50 MPa, with 2.7314 ± 0.0017 g/cm3. This
corresponded to a 10.7% increase from the Cs-
exchanged source material. The ground material
from the SPS-3 pellet achieved poorer densities com-
pared to the low temperature counterparts, which
may have been due to a microstructural bloating
effect resulting from the evolution of water [21].
Considering the measured average apparent density
(see material synthesis) and the gas pycnometry
results, the wasteform volume reductions achieved
for SPS-1, 2 and 3 were 41.6 ± 1.0%, 43.0 ± 1.0%
and 40.3 ± 1.0%, respectively. With the highest den-
sity and volume reduction, the SPS-2 material was
selected as an optimal candidate for a 28-day chemi-
cal durability study.

3.3 Durability study of reactive spark plasma
sintered material

The short-term chemical durability of Cs-chabazite
processed as SPS-2 (1000°C/50 MPa) was performed
using ASTM PCT-B methodology [15]. Figure 6

describes the normalised mass loss of elements as
detected by ICP-OES (IC for Cs, standard deviations
were obtained from duplicate samples). The average pH
(day 0–28, 7 time points) during testing was observed to
be pH 10.64 ± 0.24, and this low standard deviation
indicated that the sample naturally buffered during
experiment initialisation. In Figure 6, there was a high
initial elemental release rate observed between day 0
and day 1, especially prominent for Si, Al, and Cs. This
behaviour is associated with the rapid dissolution of
residual fines within the sample, even though due care
was taken to remove fines during sample preparation by
washing with IPA until clear.

In Figure 6, the Si concentration (present at SiO2

55.6 wt.%, Table 1) was observed to increase commensu-
rate with experiment duration, indicative of accelerated
dissolution for the SPS-2 sample. The normalised release
rate for Si was calculated as 1.13 ± 0.12 × 10−3 g m−2

d−1, day 28 was excluded due to significant evaporation
of the leaching solution. In comparison, clinoptilolite
simulant converted into NaAlO2 and NaB4O7-based
glasses (via hot isostatic pressing) resulted in Si release

Figure 5. SEM/EDX micrographs of SPS-3 (1100°C, 10 min, 15 MPa), where labelled phases correspond to (K) potassium feldspar,
(N) anorthite, and (Cs-K) cesium–potassium feldspars dispersed in anorthitic matrices.
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rates of 4.21 × 10−4 g m−2 d−1 and 6.80 × 10−4 g m−2 d−1,
respectively [22]. Prototype fast reactor (PFR) raffinate
immobilised in a barium borosilicate glass achieved a Si
release rate of 7.19 × 10−3 g m−2 d−1 [23]. The durability
of SPS-2 is therefore comparable to proposed thermal
treatment options for two different UK ILW waste
streams; however, it should be noted that the cited exam-
ples were performed at a higher SA/V ratio (2000 m−1)
than this study. The Cs-chabazite immobilised in SPS-2

resulted in a multi-phase matrix with Si present in all of
the crystalline phases (K-feldspar, leucite, anorthite, and
pyroxene) and the vitreous phase, which makes it diffi-
cult to assign dissolution to a specific phase within the
sample.

A general trend was observed for the dissolution
behaviour of Al, Ca, Cs, and K (Figure 6), where the
concentrations appeared to remain steady throughout
the duration (within error). This would suggest the

Figure 6. Normalised elemental mass loss of SPS-2 (1000°C, 10 min, 50 MPa) from PCT-B experiments performed at 90°C in
18.2 MΩ water.
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sample underwent congruent/constant dissolution. It
is considered that the elemental loss spikes observed
at day 21 could be associated with the evaporative
loss resulting in artificially increased concentrations.
XRD performed post-dissolution (Figure 7) revealed
that the relative intensity of K-feldspar reflections
significantly reduced compared to those for anorthite.
The relative intensity of the biotite reflection at ~9°
2θ increased compared to the SPS-2 before dissolu-
tion (Figure 3). As no further thermal treatment
process occurred to this sample, it could be assumed
that the overall degree of crystallinity decreased as
a result of the experiment rather than an increased
presence of biotite.

Analysis of the Cs-chabazite SPS-2 particles post-
dissolution by SEM/EDX (Figure 8) demonstrates that
the dissolution of the material occurs heterogeneously,
with preferential alteration of some phases. Within the
central particle, regions rich in Ca, Al, and Si are
representative of anorthite concurring with the XRD
(Figure 3) for the continued presence of anorthite. The
micro-cracks observed across several particles are
from sample preparation rather than dissolution
effects, shown in Figures 4 and 5.

The greyscale differences in the central particle elu-
cidate the presence of two Cs-bearing K-feldspar
regions with differing behaviour under dissolution con-
ditions. The first K-feldspar can be assigned to the light
grey region (surrounding the anorthite grain and left-
hand side particles), where no dissolution effects were
observed. The composition of this region was deter-
mined to be Cs0.3Mg0.4Ca0.6K0.9[Al3.4Si8O22], with
a Cs concentration of 5.8 ± 1.8 wt.%. In contrast, the
development of pitting/visible porosity was observed
within the darker grey region (central particle, bottom
left) suggestive of preferential dissolution. The calcu-
lated composition post-dissolution was Cs0.1Na0.2Mg0.4
Ca0.2Fe0.2K2.0[Al3.3Si8O22], with a Cs concentration of
1.0 ± 0.4 wt.%. Due to the complex nature of a multi-
phase wasteform, future work to observe the retreat rate
of the component phases by vertical scanning interfero-
metry (VSI) and perform micro-analysis techniques to

identify the phases would help to determine the driving
mechanism behind the dissolution behaviour observed
in this study.

4. Conclusions

Microstructural characterisation and phase assemblage
revealed the diverse mineral composition of a natural
chabazite source used as a simulant for spent ion
exchange media arising on the Fukushima NPP site.
A proof of concept study demonstrated the efficacy of
SPS for conditioning of such aluminosilicate zeolite
wastes. Conceptual wasteforms were successfully pro-
duced using different SPS conditions, where the collapse
of the porous zeolite framework led to an increase in
absolute density. The highest Cs waste loading (in the
main Cs-bearing phase) was obtained at sintering condi-
tions of 1000°C/50 MPa. The uniaxial application of
pressure and high temperature for 10 min provides
a combination of parameters, which was ideal for ensur-
ing collapse of the chabazite framework with partitioning
of the exchanged Cs into a feldspar phase. The long-term
durability of the SPS-2 sample is challenging to under-
stand due to the heterogeneous nature of the sample and
requires further work to understand the contributions of
the component phases to the overall dissolution beha-
viour. Although use of this technology for waste condi-
tioning is at a stage of relative infancy and Technology
Readiness Level of 2–3, SPS has the potential for high
volume reduction of wastes, providing a significant
advantage over cement encapsulation, due to the antici-
pated waste volume increase and potential waste / encap-
sulant reaction. The process is the markedly faster and
less energy intensive than hot isostatic pressing, at com-
parable lab scale. Some limited scalability studies for
ceramic-metal type functionally graded materials were
reported by Gullion et al. and Tokita who demonstrated
capability for homogenous consolidation of disc-shaped
samples with up to 100 mm diameter and 40 mm thick-
ness [24–26]. Clearly, considerable additional research
would be required to translate the conceptual approach
developed here to application at full scale for

Figure 7. XRD pattern for the SPS-2 (1000°C, 10 min, 50 MPa) before and post-dissolution at day 0 and 28.
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conditioning of inorganic ion exchange materials.
Nevertheless, the full retention of the Cs2O inventory in
processing and durability experiments achieved in this
conceptual study provide a compelling case for such
future research. Although the product geometry, in the
form of large sintered discs, might be considered
a limitation, such geometry would offer the potential to
control the thermal characteristics of the waste package
by separating such discs with thermally conductivemate-
rials. Future work should use a more realistic simulant to
allow for more accurate modelling and characterisation,
and the radiation stability of the wasteforms should then
be assessed.
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