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Abstract 
 

Problematic nuclear wastes and fuel residues plague the nuclear industry worldwide. In this 

Thesis thermal treatment is demonstrated through the development of various simulated 

nuclear wasteforms and surrogate materials from a variety of nuclear waste topics. 

Development of vitreous wasteforms for the treatment of intermediate level Magnox sludge 

from the Storage Ponds at Sellafield is discussed in this Thesis with both low activity uranium 

and surrogate materials. Magnesium borosilicate glasses were found to have comparable 

durability with current UK high level waste (HLW) glass whilst incorporating the whole 

spectrum of waste anticipated into a single composition. Highly metallic feeds could be 

incorporated into the wasteform with no adverse effects on the dissolution of such samples. If 

implemented, this composition could result in a 25% volume reduction in waste to be disposed 

saving approximately £82 million compared to the current baseline plan. 

Ascertaining the long-term integrity and safety of fuel residues arising from nuclear 

meltdowns, such as the Chernobyl and Fukushima accidents, through thermal synthesis of low 

activity simulants is explored in this Thesis. Two simulant Chernobyl ‘lava-like’ fuel 

containing materials (LFCM) were developed recreating the typical morphology and 

microstructure found in real samples, including a World first to successfully document 

formation of Chernobylite from a glass melt whilst aqueous durability was analogous to that 

of UK borosilicate HLW glass. 

Investigating how thermal treatment of americium waste built-up in stockpiles of civil 

plutonium is outlined in this Thesis. A novel cerium niobite, a simulant for americium, was 

synthesised with the crystal structure and suitability as a wasteform assessed. One potential use 

for an americium ceramic could be as a power source in a radioisotope thermoelectric generator 

(RTG); however it was determined an Am structured niobite for this application would be 

unsuitable, due to the phase transformation this material exhibited at elevated temperatures. 

This work opens avenues for further research on other potential materials. 
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1. Introduction – Research Impetus 
 

Since the dawn of the atomic age, radioactive fuel residues arising from civil and military use 

of nuclear power have, and continue to be, a major issue for the nuclear industry worldwide. 

The high levels or radioactivity, coupled with the biological toxicity of the fuel residues create 

hazards that are deemed intolerable in today’s society and need urgent attention to clear up and 

make safe. Fuel residues are often associated with all types of radiation from alpha and beta 

due to long lived radionuclides such as uranium plus gamma radiation from the many elements 

present in spent fuel. 

A significant number of first generation storage facilities built in the 1950s and 1960s are 

now decaying due to their age and are in urgent need of attention [1], [2]. There are several 

such sites around the world that are of concern including the United States Department of 

Energy (DoE) Hanford site, the French Atomic Energy and Alternative Energies Commission 

(CEA) Marcoule site and the United Kingdom’s Nuclear Decommissioning Authority (NDA) 

Sellafield site [3]. Each has their own unique problems specific to the types of materials that 

were handled at the respective facilities, but contain fuel residues ranging from radioactive 

sludges to separated plutonium. Fuel residues can also be found at sites of nuclear accidents 

such as at Chernobyl in Ukraine where residues of the destroyed reactor core and fuel can be 

found in various rooms and shafts [4]. High levels or radioactivity are frequently recorded at 

all these sites and subsequently they are the highest priority in terms of clean-up operations [5]. 

This thesis aims to address these issues through thermal treatment with representative simulant 

materials. 

The general background to the nuclear industry in the UK, including how such a varied and 

diverse amount of radioactive waste came to exist will be explored in the background section, 

Chapter 2, along with the science behind how nuclear energy is harnessed and utilised. A 

particular focus will be on the management of problematic spent nuclear fuel residues including 

how nuclear waste is dealt with in the UK past, future and present. This review of the literature 

will explore the nature of the sludge wastes and fuel residues, specific to the UK, arising from 

the First Generation Magnox Storage Ponds (FGMSP) and Magnox Swarf Storage Silos 

(MSSS) and charts their origin since the early 1950s. These wastes are high in magnesium 

content, in both metallic and hydroxide form as well as uranium in both its metallic and oxide 

forms and present a unique challenge to the industry today [5]. 

Fuel residues from the Chernobyl nuclear disaster are also introduced in Chapter 2 in the 

form of lava-like fuel containing materials (LFCM) which are crystallised glassy materials 

made from melted nuclear fuel and reactor structural material [6]. These materials are highly 

radioactive and present a significant hazard to the decommissioning and clean-up of the 

Chernobyl site, especially now the New Safe Confinement structure is in place (as of late 2016) 

[7].  
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Not all nuclear material is designated as waste however; in the UK plutonium stockpiles are 

currently considered an asset rather than a liability with potential uses as fuel in advanced 

reactors such as breeder and fast reactors [8]. Civil plutonium stockpiles, themselves a fuel 

product and/or residue, decay to produce americium-241 which has many potential uses, from 

smoke alarms to space batteries [9]. 241Am based space batteries are the planned power source 

for European Space Agency (ESA) missions beyond the orbit of Jupiter in the form of a 

radioisotope thermoelectric generator (RTG) [9]. Immobilising the americium in a stable 

advanced ceramic would be desirable for these applications or for disposal and is also explained 

in Chapter 2.  

Materials used during this research are listed in Chapter 3 alongside the processing 

conditions required for the synthesis of the glass, glass-ceramic, full-ceramic and dried sludge 

samples. Techniques for the characterisation of the samples are also detailed and explained 

from 1st principles in Chapter 3.  

Sludge wastes can be very diverse within a single storage pond or silo due to settling of 

heavier constituents and a combination of intact and partially intact fuel elements [10]. In 

Chapter 4 immobilisation of non-radioactive and low activity uranium doped simulant sludge 

waste arising from the FGMSP and MSSS are investigated. Durable glass wasteforms are 

intended as an alternative to the current cementation plan. The main aims of these projects are 

to ascertain the effectiveness of vitrifying high magnesium content Magnox sludge wastes at 

the Sellafield site, whilst analytically comparing the properties of the surrogate materials 

neodymium, mischmetal (mixed lanthanide metal) and low-activity uranium vitreous products. 

This chapter will also briefly look into the consolidation of the wet sludge wastes via 

calcination and immobilisation by hot isostatic pressing (HIPing) with the intention to create a 

product suitable for disposal. A hot isostatic press (HIP) was used to heat and apply high 

pressure to the calcined sludge wastes combined with glass formers to create glassy materials 

containing the radioactive waste components that would then be suitable for disposal.  

The synthesis of simulant lava-like fuel containing materials formed during the Chernobyl 

nuclear disaster is important to allow for assessment of the durability and longevity of real 

material formed during the nuclear disaster. Results from the synthesis of LFCM are detailed 

in Chapter 5 with comparison made between the samples produced in this study and those 

extracted from the analysis of actual samples from the 1990’s. The evolution of these materials 

with time was investigated via alteration experiments under wet and high humidity 

environments. 

Substituting americium for cerium, a novel cerium niobate ceramic was created for potential 

use as a wasteform or an 241Am space battery and the full characterisation of the new material 

is detailed in Chapter 6. High temperature solid state synthesis using cold-uniaxial pressing 

was used to create the ceramic phase with detailed characterisation, including neutron 

diffraction, performed to determine the single phase nature of the material and to define the 

lattice parameters and space group of the new material. 
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Overall conclusions will be collated in Chapter 7 with the key findings of the projects 

discussed. Chapter 7 will also present recommendations for future work that can be done in 

this area that will be of potential use to researchers and will hopefully inform the nuclear 

industries of the United Kingdom and Ukraine of prospective methods to assess and eventually 

clear hazardous wastes currently residing at Sellafield and in the Chernobyl Unit 4 reactor using 

simulant materials. 
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2. Background 
 

2.1. Historic & Current Use of Atomic Energy 

 

The atom is one of the most powerful, and destructive, sources of energy mankind has ever 

harnessed. German radiochemists Otto Hahn and Fritz Strassmann first discovered the 

phenomenon of nuclear fission by accident in 1938. Whilst searching for new transuranic 

elements produced when uranium was bombarded with neutrons, they discovered short lived 

substances lighter than expected. Instead of producing heavier elements, they had in fact split 

the heavy uranium atom into the lighter elements barium and krypton something previously 

thought not possible, see Figure 2-1 [11]. The result was later interpreted by Lise Meitner and 

Otto Frisch in their 1939 paper naming the process fission and definitively identifying these 

products as barium and krypton by subtracting the atomic number of barium from uranium 

[12]. Another paper by Otto Frisch in 1939 showed that the energy liberated from nuclear 

fission is in the region of 200 MeV and that the element thorium shows similar properties when 

bombarded with neutrons; this signified the potential of uranium and thorium as an energy 

source [13]. The realisation of a nuclear chain reaction was first identified by Frédéric Joliot-

Curie, Hans von Halban and Lew Kowarski after identifying that the number of neutrons 

emitted in a fission of uranium is greater than one and hence uncontrolled chain reactions, such 

as nuclear bombs, or controlled chain reactions, in nuclear reactors, is possible [14]. 

 

Figure 2-1. Fission of uranium-235 demonstrating splitting of the atom [15] 

 

Only 6 years after the discovery of nuclear fission, the Manhattan Project between the allied 

powers of Canada, the United Kingdom and the United States of America had succeeded in 

creating a large scale nuclear chain reaction of plutonium-239; the first atomic explosion at the 
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Trinity test site [16]. From 1947 the USA, UK, France and Soviet Union were testing nuclear 

devices and resulting in the arms race of the Cold War which would last until 1991. In July 

1941 the UK’s MAUD Committee produced two summary reports, titled ”Use of Uranium for 

a bomb” and “Use of Uranium as a Source of Power” [17]. The latter document concluded that 

controlled fission of uranium could be used to provide energy and that the idea of a ‘uranium 

boiler’, or nuclear reactor, was within reach [18]. Heat generated in such a nuclear reactor could 

be used to boil water and create steam to power a steam turbine generator and the reaction 

controlled by use of a moderator material such as water or graphite to slow neutrons allowing 

further fission events and sustaining a chain reaction. This new peaceful civil use nuclear 

energy was made famous in the “Atoms for Peace” speech by US President Eisenhower before 

the United Nations General Assembly in 1953 [19]. Nuclear propelled naval vessels such as 

the submarine USS Nautilus or the aircraft carrier USS Enterprise were among the first to show 

nuclear power harnessed for peaceful purposes and opened the door for the civil use of this 

energy. The icebreaker Lenin was the first civil nuclear powered ship to be launched closely 

followed by the cargo ship NS Savannah. Nuclear powered icebreakers continue to be used to 

this day due to the advantages of not needing to refuel the reactors for long periods of time and 

the long range that can be achieved, vital in extreme environments such as the Arctic and 

Antarctic regions [20]. The first nuclear reactor to generate electricity was the Experimental 

Breeder Reactor 1 (EBR-1) built by the Argonne National Laboratory in Idaho USA which 

created enough electricity to power four 200 W bulbs in December 1951, later increased to 100 

kW [21]. In 1954 the Obninsk reactor Atom Mirny (Peaceful Atom) AM-1 in Russia became 

the first to supply electricity to a grid with a generating capacity of 5 MWe which was later 

superseded by the Magnox type Calder Hall Reactors in Cumbria UK in October 1956, the first 

commercial nuclear power station, with a capacity of 50 MWe, later increased to 200 MWe 

(Figure 2-2) [22], [23].  

 

Figure 2-2. World’s first commercial scale nuclear power station, Calder Hall, UK [24] 
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2.2. Current Commercial Nuclear Power Reactors & Future Designs 

 

From the late 1950s and early 1960s significant investment into civil nuclear energy programs 

were underway worldwide, with power stations being constructed in Canada, France, Germany, 

Italy, Japan, Netherlands, UK, USA and the former USSR states [25]. Four major designs for 

reactors were researched and built, two using light water as a moderator and coolant, the 

pressurised water reactor (PWR) and the boiling water reactor (BWR), one utilising heavy 

water, the pressurised heavy water reactor (PHWR) and one using CO2 gas as a coolant and 

graphite as a moderator (GCR) [25]. There is also the USSR designed light water graphite 

moderated reactors (LWGR). The USA pioneered the use of the PWR and BWR designs with 

the UK leading GCR projects and Canada pursuing the PHWR. In the UK carbon dioxide 

cooled reactors moderated with graphite blocks were first implemented in the form of the 

Magnox fleet of power stations built from 1953 and of which one still remains operational (as 

of 2015) in Wylfa, North Wales UK, see Figure 2-3. The second generation of the GCR designs 

was the advanced gas-cooled reactors (AGR) which still operate in the UK today, generating 

approximately 20% of the nation’s electricity (Figure 2-4) [26]. The UK has 7 AGR power 

stations with two reactors each, situated along the coastline, becoming operational from 1976 

with electricity generation planned to continue until the late 2020’s [27]. The UK also has a 

third generation nuclear power station sited at Sizewell and is of the most common design 

worldwide, the PWR, which became operational from 1996, the last nuclear power station built 

in the UK to date (Figure 2-5) [20]. 

 

 

Figure 2-3. First generation Magnox type nuclear power station, Wylfa, Anglesey [28] 
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Figure 2-4. Second generation AGR type nuclear power station, Heysham [29] 

 

 

Figure 2-5. Third generation PWR type nuclear power station, Sizewell, Suffolk [30] 

 

Recent demand in low carbon electricity and policies curbing the use of fossil fuels has 

pushed the world into a “nuclear renaissance”. The UK government now has plans for new 

reactors at several sites across England and Wales (Scotland has decided against future nuclear 

power) in order to meet the gap from closing down coal power fire stations due to 

environmental policies such as the European Union’s Large Combustion Plant Directive [31]. 

An EDF Energy led consortium plan to build new power stations with each consisting of two 

Areva European Pressurised Reactor (EPR) light water reactors at Hinkley Point in Somerset 

and Sizewell in Suffolk. A Hitachi led program called Horizon Nuclear Power plan to build 

two Hitachi Advanced Boiling Water Reactor (ABWR) at sites in Wylfa Newydd in Wales and 

Oldbury, Gloucestershire, and a Toshiba lead company NuGen plan to build three 

Westinghouse AP1000 PWRs at Moorside in Cumbria, close to the Sellafield site [32].  

The next cohort of civil nuclear power stations to be built from 2030 onwards will likely be 

of a fourth generation reactor design, promised to bring enhanced safety and reliability, low 

cost electricity, proliferation resistance and reduced waste or even waste utilisation [20]. Six 

designs have been chosen as worthy of further potential: 

Gas cooled fast reactors (GFR) 
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Lead cooled fast reactors (LFR) 

Sodium cooled fast reactors (SFR) 

Molten salt reactors (MSR) 

Very high temperature gas cooled reactors (VHTR) 

Super-critical water cooled reactors (SCWR) [20], [33] 

Fast reactors are capable of using fast neutrons to fission uranium, plutonium and trans-

uranic elements without the use of a moderator to convert fast neutrons to thermal neutrons. 

The use of 239Pu or highly enriched uranium, 235U, is preferred due to the larger neutron capture 

cross section to fast neutrons compared to thermal neutrons. The ability of fast neutrons to 

fission trans-uranic elements and transmutate them to shorter lived elements has meant a 

resurgence in interest into gas, lead and sodium cooled fast reactors as a means of reducing the 

amounts of long lived radioactive waste produced supporting the safety case for disposal [34]. 

MSRs have been proposed as a Generation IV reactor type due to the theoretically enhanced 

passive safety by utilising molten liquid salt as both the fuel and coolant. Moderating is 

performed by the graphite core and extraction of fission products is achieved at a processing 

plant attached to the reactor. Refuelling can be done on load since fission products are removed 

and new fuel added simultaneously which adds to the cost effectiveness of this reactor type. 

Passive safety is implemented in the form of a drain plug which is melted at elevated 

temperatures such that in the event of accident, the fuel is drained from the reactor killing the 

chain reaction [33].  

VHTRs are an improvement upon the UK’s current Generation II AGR reactors by using 

graphite moderated core with helium gas as a coolant. Fuel particles are coated in graphite 

shells allowing for higher operating temperatures than conventional reactors offering greater 

electricity generating efficiency. The excess heat generation could also be used for heat 

intensive applications such as hydrogen gas generation, useful as a future energy source in the 

automotive industry. 

SCWRs enhance upon the current generation of PWRs but with the water heated to 

supercritical temperature and pressure providing greater thermodynamic efficiency and 

enabling the use of electrical turbines commonly used in fossil-fuelled power stations. 
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2.3. The Nuclear Fuel Cycle 

 

The almost closed cycle in which uranium is used as a fuel is termed the nuclear fuel cycle. 

The process is one of the most advanced and technically demanding industrial cycles involving 

various stages of mining, conversion, enrichment and fabrication before the fuel can be used. 

These first processes are termed the front-end of the cycle with the steps to remove the fuel, 

reprocess and dispose of the material termed the back-end. The possibility of reusing the spent 

fuel material after reprocessing makes this industrial process a true cycle in which nuclear 

material can be used repeatedly, see Figure 2-6. As a large proportion of the uranium remains 

unused after discharge from the reactor, typically 95% and residually enriched, it can be 

recycled to produce more fresh fuel. This has the added bonus of reducing the quantities of 

highly active material to dispose of reducing disposal costs but does require complex and 

challenging industrial processes [35]. 

 

 

Figure 2-6. The nuclear fuel cycle [36] 
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2.3.1. Mining 

 

Uranium, first discovered by Klaproth in 1789 [37], is the 48th most abundant element in the 

Earth’s crust at approximately 2 ppm making it 10 times more abundant than silver and mercury 

put together [38]. Up to 435 Bq/kg of 238U can be found in coal, up to 10% of which may be 

released into the local atmosphere and found within soils near fossil fuelled power stations or 

fertiliser plants due to emissions containing soot or ash [35], [36], [38], [39]. The majority of 

uranium ore is in the form of the mineral uraninite, or pitchblend, in the form of UO2 however 

it is also found in many other minerals such as coffinite, brannerite, uranothorianite, tobernite 

and autunite [25]. Over 88% of the worlds identified resources of uranium reside in only 10 

countries, with the majority (24.1%) in Australia, Kazakhstan (17.2%) and Canada (9.2%) [25]. 

There are three main ways of extracting the uranium ores from the ground, open-pit mining, 

underground mining and in-situ leaching [40]. If the ores are located near to the surface then 

traditional open-pits are dug into the ground, such as those used for copper mining. After the 

extraction and the pits are closed, the topsoil and waste is used to fill the pit, but still has a 

significant impact on the surface environment [41]. More akin to coal mining, deep uranium 

deposits can be extracted by creating roadways and shafts into the overlying material which 

has less of a surface impact than open-pit mining, but at a much higher cost so only used when 

high grade ore is present [41]. The third mining type, in-situ leaching, requires the injection of 

an acidic leaching solution into the ground at the depth of the uranium deposit and pumping 

the solution back up from surrounding wells [42]. The surrounding rock must be permeable to 

the leaching solution such that it can reach the ore and leach out the uranium. This technique 

is only of use in arid conditions where no drinking water is extracted from the ground due to 

the impact this method has on the subterranean environment. With any of these mining 

methods, the ore or leachate must be milled upon extraction and the uranium containing 

material separated from its surrounding host or leachate [25]. The output of the milling process 

is concentrates consisting of usually uranates such as Mg2U2O7 or oxides such as UO2, UO3 or 

U3O8 which is referred to as “yellowcake” [25]. 

 

2.3.2. Conversion 

 

Conversion of the uranium concentrates is required to create metallic uranium, used for 

Magnox fuel, or into a gaseous form for isotopic enrichment (See Section 2.3.3). In the gaseous 

conversion process, the “yellowcake” or other uranium concentrates are converted into the 

gaseous UF6 which is transported to the enrichment site [18], [20], [25]. 
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2.3.3. Enrichment 

 

Natural uranium consists of two main isotopes of uranium, ~99.3 % 238U and 0.7 % 235U [43]. 

A sustained chain reaction with natural uranium is difficult due to the very small amount of 

fissile isotope 235U but can be achieved with graphite or heavy water reactors such as the 

Magnox GCRs or Canadian PHWRs [44]. To reduce the costs of acquiring heavy water or the 

use of graphite the nuclear fuel can be enriched; whereby the 235U content is increased whilst 

the fertile 238U content is reduced. The 238U isotopes capture many of the neutrons created in 

the chain reaction, whilst 235U isotopes will fission after a neutron is absorbed, and hence are 

preferred in greater quantities in order to extract more energy. Two main methods for the 

isotopic enrichment of natural uranium exist, gaseous diffusion or ultracentrifugation [45]. 

 Gaseous diffusion relies on the mass of the 235UF6 being slightly lighter than that of 238UF6 

such that under high pressure in a semi-permeable vessel the lighter constituents of the gas will 

preferentially move towards the outside of the vessel and pass through the semi-porous 

membrane more so than the heaver constituents resulting in a content of UF6 fractionally more 

enriched in 235U than before. To increase the fraction of the fissile component the process is 

repeated with the slightly enriched component in a cascade and each time the quantity of 235U 

is increased until it reaches the desired enrichment, typically between 2 and 5 % [45]. 

Ultracentrifugation also relies on the difference in mass between the isotopes of uranium. 

The gaseous UF6 is introduced to a centrifuge where the gas is rotated; this creates a 

gravitational pressure/force gradient from the centre of the vessel towards the periphery where 

the force is greatest. Centrifugal forces cause the heavier isotopes to collect on the edge whilst 

the lighter 235U slowly migrates towards the centre where it can be extracted. Again, the amount 

of the fissile isotope separated is very low, so large numbers of centrifuges are required to 

achieve the enrichment needed [45]. 

 

2.3.4. Fuel Fabrication 

 

Once the enrichment level required has been reached, the UF6 is converted into UO2 as a 

ceramic for use as the nuclear fuel, or reduced to U metal for use in Magnox reactors. Ceramic 

based UO2 type fuel is used in PWR, BWR and AGR designs where the UO2 is pressed into 

pellets, the exact shape and size of which depends on the type of reactor. Pellets of fuel are 

loaded into long thin fuel pins which are sealed to prevent the release of radionuclides created 

during burnup in the reactor, this fuel cladding also serves to prevent corrosion of the fuel and 

provide a heat exchange surface. These fuel pins are assembled together in groups to form a 

fuel assembly which can then be loaded into the reactor core for use over several years. The 

choice of cladding material varies between reactor types with the most dissimilar being the 

Magnox (magnesium non-oxidising) alloy used in the UK’s first generation nuclear power 
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stations, composed of 99% Magnesium and 1% Aluminium. PWR fuel cladding is often an 

alloy called zircaloy-4, a zirconium alloy including tin or niobium due to the improved 

corrosion resistance in water compared to magnesium alloys whilst BWRs use zircaloy-2 

cladding [25], [39]. 

 

2.3.5. Reactor Use 

 

A fresh fuel assembly can remain in a nuclear reactor for several years before the concentration 

of 235U becomes too low to sustain chain reactions efficiently. Typically, over 90% of 238U 

remains in the fuel when it is removed due to the build-up of neutron absorbing components 

and the reducing amount of fissile material rendering further use uneconomical. This fuel is 

now spent, and termed spent nuclear fuel (SNF), which needs to be handled with care due to 

the high activity caused by irradiation and the build-up of new elements such as plutonium and 

short-lived minor actinides. 

 

2.3.6. Interim Storage & Reprocessing 

 

Interim storage and/or reprocessing are the back end of the nuclear fuel cycle where choices 

are made as to the future of the SNF. The fuel is first stored underwater to allow for cooling 

and the short lived isotopes to undergo nuclear transmutation, before it is transported to either 

the reprocessing site or disposal facility. Current UK practice, along with France, Japan and 

Russia, is to reprocess all spent nuclear fuel at the Sellafield site, such that SNF from reactors 

across the country is sent to the Thermal Oxide Reprocessing Plant (ThORP) facility for further 

processing and recycling [46]. Magnox SNF is reprocessed in the Magnox Reprocessing 

Separation Plant, with operations due to conclude with the reprocessing of all Magnox fuel by 

circa 2020 [47]. ThORP operations are expected to conclude in late 2018 with the completion 

of all reprocessing contracts [48] after which SNF will be used in an open fuel cycle where the 

material will be placed into interim storage after discharge from the reactor. Long-term/final 

disposal of SNF will involve the placement into geologically deep; engineered facilities (see 

section 2.4.2). 

 In a closed nuclear fuel cycle, or one in which SNF is reprocessed, the plutonium, uranium 

extraction (PUREX) process is the predominant industrial process by which the plutonium 

content built up in SNF is separated from the reusable uranium [25], [49]. In this process 

transport flasks containing SNF are opened under water and the fuel elements removed. These 

are then reduced in size fraction by cutting into small chunks and dissolved in nitric acid to 

separate the components and where the oxidation states are controlled to U (VI) and the 

plutonium to Pu (IV) [39]. This is extracted leaving behind a waste stream of fission products 
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which is scrubbed and disposed of separately as radioactive liquor. The plutonium is reduced 

to the Pu (III) oxidation state which is extracted leaving behind a pure uranium stream [35]. 

The plutonium is transferred to a secure storage facility and the uranium made available for re-

enrichment and reuse as nuclear fuel. The radioactive liquor contains the remaining ~3% of the 

SNF consisting of fission products which contribute to the majority of radioactivity and heat 

generating ability. Separated plutonium is stored securely due to the proliferation risk posed 

whilst the uranium can be re-enriched and used to form new fuel. The main advantage of 

reprocessing is the significant volume reduction in waste to be disposed, since over 90% of the 
238U remains in SNF, resulting in fewer costs for final disposal and the separation of the 

potentially useful plutonium (See section 2.7.1) [50]. Separated plutonium can be combined 

with uranium and utilised in a mixed U-Pu oxide fuel (MOX) for use in a nuclear reactor, as is 

the case in France [51]. The low content of plutonium (up to 30%) is used as the fissile 

component and can be combined with natural uranium and allow the reactor to run efficiently 

without enrichment of the uranium. This step allows for nuclear material to be recycled 

reducing the amount of waste that is generated which needs to be sent for final disposal. 

An open fuel cycle involves the ‘once through’ use of material in that no reprocessing takes 

place (see Figure 2-6). This is the preferred choice in several nations such as Canada, Finland, 

Germany, Spain, Sweden and the USA [46]; including the UK from 2018. The UK Government 

have specified that SNF from any new UK nuclear power station would not be reprocessed and 

instead proceed for direct disposal, citing availability and low cost of uranium on the world 

market [52]. Multi-barrier principles are often employed in reducing the risk from nuclear 

waste, with transport containers or casks often being the last level of protection forming a 

highly durable engineered barrier to the movement of material outside the containment. 
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2.4. Nuclear Waste Management 

 

The phrase “With great power comes great responsibility” is often used in the nuclear industry 

as although the power created from atomic energy can be massive, the duty of handling the 

long lived radiotoxic waste it produces is also a great responsibility that must be appropriately 

dealt with. In the UK, nuclear waste is divided into different categories depending on activity 

and heat generating ability and is managed very differently, as highlighted in the sections 

below. 

 

2.4.1. Waste Classification and Volume 

 

Low Level Waste (LLW) 

 

LLW is defined as nuclear material having a radioactive content less than 4 GBq/te from alpha 

radiation or 12 GBq/te from beta or gamma radiation [53]. This waste is generated from various 

activities such as medical, research, industry and military and although it represents more than 

90% of the UKs inventory by volume, it only accounts for less than 0.1% of the radioactivity 

[54]. Currently this waste is compacted and encapsulated in cement before disposal in steel 

containers at the LLW repository near the village of Drigg, Cumbria, a shallow subsurface 

disposal facility (Figure 2-7) [55]. Very low level waste (VLLW) can often be disposed via 

standard, civil landfill sites. The waste management plan for LLW is not expected to change in 

the interim since this is a well-established process however longer lived LLW would require 

storage in a deep geological disposal facility (see section 2.4.2). 

 

 

Figure 2-7. LLW waste storage containers [56] 
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Intermediate Level Waste (ILW) 

 

Waste that exceeds the limits set on LLW, but not excessively heat generating and not requiring 

heat to be factored into design of storage/disposal facility, is termed ILW [57]. This type of 

nuclear waste is predominantly generated from the decommissioning of legacy nuclear 

facilities but also from the reprocessing of nuclear fuel and from general operations of nuclear 

facilities [36], [58]. A significant volume of this type of waste exists from legacy operations at 

the Sellafield and Dounreay sites such as sludges and spent fuel cladding as well as a small 

amount from hospitals, research labs and the defence industry [59]. ILW is typically 

encapsulated in cement within stainless steel drums or boxes (Figure 2-8) and kept at interim 

storage facilities [55], [60]. As of the 2013 & 2016 UK waste inventory, ILW constitutes 6.4% 

of all radioactive waste volume at 290,000 m3, although this value is expected to rise due to 

further decommissioning of defunct facilities and continued reprocessing of SNF [61], [62]. 

No final disposal route for this waste category exists although plans are for transfer to a 

geological disposal facility (GDF) once the capability exists [58]. Current interim storage 

methods for sludges and other hazardous wastes include removal from current ponds and silos 

for transfer to new engineered storage facilities (See section 2.5) [63]. 

 

 

Figure 2-8. (A) Cross-section of cemented Magnox swarf [64] (B) Cemented wasteform 

canister [65] 

   

High Level Waste (HLW) 

 

HLW is the most hazardous category into which nuclear waste can be placed due to the 

temperature creating problems for disposal. HLW consists of the main fission products from 

uranium and plutonium burn-up. This waste is often in the form of radioactive liquor from the 

reprocessing of SNF and represents around 95% of the radioactivity of nuclear waste in the UK 

but is less than 0.1% of the total volume [61]. As of 1st April 2016, 1,150 m3 of this waste was 
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packaged into 7,650 containers [62]. These wastes emit intense radioactivity for tens of 

thousands of years and are a key focus of Sellafield and the NDA. UK HLW, as with most 

countries, is stored as a highly active liquor which is evaporated, or calcined, and vitrified into 

a solid, dense glass wasteform which is both chemically and physically durable. The molten 

vitrified waste is cast into 150 L stainless steel canisters (Figure 2-9) and sealed by remote 

welding. The design is such to allow for remote handling and manipulation to reduce the worker 

hazard. The sealed vitrified HLW canisters are currently stored at the Sellafield site in 

engineered, convection cooled vaults (Figure 2-10) where they will remain for up to 50 years 

before disposal. As with ILW, no final disposal option exists for HLW and hence the waste 

will remain in interim storage until a suitable disposal option is decided upon and implemented 

[60]. 

 

                

Figure 2-9. Stainless steel HLW canister & Figure 2-10. HLW interim storage facility 

[66] 

 

Spent Nuclear Fuel (SNF) & Exotic Materials 

This class of material is not currently deemed as waste as there is potential future use, however, 

if it was determined that it would have no realistic application, it would become waste and 

hence be assigned a waste management scheme [67].  

SNF still contains approximately 93% 238U, 1% 235U and 1% 239Pu by weight, all of which 

are currently considered an asset [68]. The uranium and plutonium can be extracted via 

reprocessing and the uranium used to create more nuclear fuel whilst the plutonium can be used 

to form MOX, or as a potential source of 241Am for the European Space Agency (ESA) 

radioisotope thermoelectric generators (RTG) programme (See section 2.7.1). UK separated 

plutonium is currently stored on the Sellafield site whilst awaiting an application [69]. 

Currently SNF can be either reprocessed or stored for direct disposal. 

Exotic materials includes items such as MOX fuel elements and associated material, highly 
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enriched uranium as well as wastes from the decommissioning of nuclear submarines. Material 

created during nuclear accidents can also be classed as ‘exotic’ such as damaged spent fuel and 

lava-like fuel containing materials from Chernobyl, see section 2.6. These materials are non-

standard and often require specialist waste management schemes which differ to those for 

LLW, ILW and HLW. 

 

2.4.2. Long Term Waste Management 

 

To date, reprocessing and long term disposal remain the exclusive solutions to managing the 

volume of nuclear waste. With reprocessing, highly active liquors are produced that require 

vitrification and storage, therefore long term disposal is the key focus of many national nuclear 

agencies around the world. As seen from Figure 2-11, circa 106 years are required for SNF 

(actinide content) to reduce in activity to that of background, natural uranium ore. These 

radioactive materials must remain safe and isolated from the environment for at least this length 

of time. 

 

Figure 2-11. Relative radiotoxicity of SNF as a function of time, adapted from [70] 

 

Many alternative solutions to long term disposal have been touted, and discounted in the 

past, including placement of waste canisters at subduction zones beneath the Earth’s crust, 

space disposal and placement in the deepest oceanic trenches [71]–[73]. Each of these concepts 

has advantages and disadvantages, for instance placement within a subduction zone has the 

advantage of waste packages eventually becoming absorbed into the Earth’s mantle and 

removed from the biosphere. Unfortunately, the fate of the waste would largely be unknown 

and there is possibility of re-release of the material back into the biosphere through geological 

events such as volcanism. Placement on the deep sea floor has the advantage of placing the 
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waste where there is little to no animal or plant life and away from human interference however 

this has already been made illegal by international treaties. When the containment barriers 

eventually breakdown, waste would enter the water and, although diluted, potentially be 

transported to the biosphere and through various food chains. Space disposal, either in near 

earth orbit, placement on the moon or destruction within the sun has been proposed several 

times, having the advantage of removing the hazardous material from Earth completely and, in 

the case of sending waste to the Sun, removing it forever. Space travel and rocket launches are 

inherently dangerous however and there is significant risk of a launch failure or accidental re-

entry in which the waste material would be spread over a wide area causing significant 

widespread contamination rendering this means of disposal impossible. The risks associated 

are still a concern for the launching of 238Pu radioisotope generators on NASA missions and 

results in the advanced design of packages containing radioactive material to mitigate these 

risks (See Section 2.7.1).    

 

Figure 2-12. Illustration of a GDF design for nuclear wastes [74] 

 

Long term disposal of nuclear waste is a management practice that involves the isolation of 

nuclear waste from the biosphere for circa 106 years. One way to ensure the waste remains 

isolated for this duration is the use of a multi-barrier concept deep below the Earth’s surface 

within a geological disposal facility (GDF), see Figure 2-12 [67]. The multi-barrier approach 

is the key to the GDF design, as highlighted in Figure 2-13. With this approach, the waste will 

be isolated from the environment via multiple layers of protection. Initially the waste will be 

immobilised or encapsulated in the wasteform itself, anticipated to contain the waste for the 

period of time in which it is deemed hazardous [75]. Surrounding this is the waste package in 

which the wasteform is placed, normally a stainless steel canister or drum which is used for 

transport. The waste package is placed in a vault which is surrounded by the first of 2 

engineered barriers, a buffer material that protects the waste packages from ground movement 
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and limits the mobility of radionuclides if they escape the first 2 barriers. The second 

engineered barrier is the structure of the GDF itself which is built within the last barrier, the 

ground or lithosphere itself. A GDF is designed to be built hundreds of meters below the ground 

in a stable geological rock formation which will act as the final barrier where ground water 

flow is expected to be very low such that any escape of radionuclides from the waste will take 

hundreds of thousands of years to reach the biosphere, by which time, radioactivity will have 

reduced to that of background levels [67].  

 

Figure 2-13. Example of the multi-barrier safety system for a GDF [67] 

 

LLW, ILW and HLW packages will be handled and disposed of via different means [75]. 

UK LLW is currently stored on the Drigg site in Cumbria in near surface disposal as cemented 

products, however, some specific longer lived LLW will be consigned to a GDF once 

completed. Cemented ILW packages will be packed in close proximity within a GDF and once 

the ILW vault is at capacity, will be covered and sealed with a cement buffer or back-fill 

material as seen on the left side of Figure 2-13. Vitrified HLW and possibly SNF will be 

separated from ILW and LLW, due to the heat created, and surrounded in a clay buffer or back-

fill material, most likely bentonite (see right hand side of Figure 2-13). Cement cannot be used 

with HLW as the heat generated will drive off the water used in cement hydration causing 

severe dehydration and cracking, providing a pathway out of the engineered barrier. A co-

location GDF design for HLW and ILW is the UK’s preferred option for long term disposal as 

it avoids the cost of building two separate expensive facilities and has a lower environmental 

impact. A second GDF has not been ruled out however [67].  
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2.4.3. Wasteform Alteration 

 

Once emplaced within a GDF, or other waste disposal concept, there is concern that alkaline 

cement leachate from the construction of such disposal systems could increase the corrosion 

and dissolution of vitrified materials [76]. Over extended time periods, vitreous wasteforms in 

the presence of water will undergo alteration and potentially release radioactive material from 

the disposal facility into the wider the environment. Therefore, the durability of such 

wasteforms to alteration and dissolution is of great significance to the planning of a nuclear 

waste disposal facility [77].  

Several processes are responsible for the alteration and dissolution of glass in the presence 

of water, including hydration, ion exchange, or inter-diffusion, hydrolysis and precipitation 

[77]. These factors are dependent on the properties of the glass and the alteration solution. Five 

distinct regions of dissolution of a glass can be determined, although 4 of which are a short 

term and relatively fast acting; these distinct regions are shown in Figure 2-14. Stage I of 

dissolution is dominated by inter-diffusion of water into the glass via ion-exchange with any 

alkali glass modifiers such as sodium, resulting in a silica rich region, and an increase in the 

local pH of the solution due to the presence of the alkali material. 

Stage II follows due to the increased pH causing hydrolysis of the glass network, breaking 

Si-O bonds, and the co-precipitation of the hydrated phases on the glass surface forming a gel-

like layer of silicon and other glass components. The hydrated gel layer is amorphous and can 

act as a passivation layer to prevent further alteration of the glass. 

The glass enters Stage III with a transition from high rates of dissolution to a residual rate 

(Stage IV). Two main reasons for the slowing of the alteration have been proposed, the gel 

layer forming a passivation layer for further alteration, and solution saturation (assuming static 

conditions) [78]–[80]. A potential alteration rate resumption is postulated (Stage V) due to the 

precipitation of secondary phases out of solution causing a deviation in solution saturation 

and/or due to the precipitated phases destabilising the gel layer [81].  

Alteration of glass is dependent on the test conditions such as pH of the alteration solution 

and the temperature in which the test occurs; however, the effect of these conditions varies 

according to glass composition. Figure 2-15 shows the effect of temperature and pH on the 

initial glass dissolution rate such that increased temperatures lead to increased rates of 

dissolution. It can also be observed from Figure 2-15 that high or low pH causes an increase in 

glass dissolution; these effects can be used to accelerate the alteration of nuclear waste glasses 

such that long length scales can be simulated in the laboratory using pH and temperature alone. 
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Figure 2-14. Aqueous dissolution mechanisms against time for a glass product 

 

Figure 2-15. Temperature & pH dependence on glass dissolution (illustrative purposes) 

derived from [82] 

  



40 

 

2.5. First Generation Magnox Storage Ponds & Silos 

 
The UK operated first generation Magnox nuclear reactors for electricity and plutonium 

production with the opening of Calder hall, the world’s first commercial nuclear power plant, 

in 1953 [23]. The last of the Magnox reactors to shutdown was Wylfa in 2015. These first 

generation graphite moderated, carbon dioxide cooled reactors used natural, unenriched 

uranium metal fuel clad in a magnesium non-oxidising (Magnox) alloy [25], [39]. Although 

all Magnox reactors are now in the process of being decommissioned, wastes generated during 

their operation continue to pose a significant radiological risk, particularly the sludges and 

swarf material found in the First Generation Magnox Storage Ponds (FGMSP), see Figure 2-16, 

and Magnox Swarf Storage Silos (MSSS). 

 

 

Figure 2-16. First Generation Magnox Storage Ponds, Sellafield [83] 

 

Magnox SNF is currently reprocessed, in a similar procedure to the ThORP plant, to recover 

uranium and plutonium at the Magnox Reprocessing Plant located at Sellafield. These 

operations are expected to continue until 2020 by which point all Magnox SNF should have 

been reprocessed [61], [63]. Magnox SNF arriving at Sellafield was initially stored in the 

FGMSP, open air water-filled cooling ponds, prior to reprocessing as seen in Figure 2-16. 

Sheared cladding created during the reprocessing stage was also stored underwater in the 

MSSS. SNF was intended to remain underwater for short periods of time whilst waiting for 

reprocessing, the water acting as radiation shielding and to reduce the risk of fire from the 

combustible Magnox cladding. Due to industrial action by coal miners during the 1970s and 

1980s, electricity production, and hence throughput of nuclear fuel, at Magnox stations was 

increased to in order to ‘keep-on-the-lights’. This increased throughput lead to a build-up of 

SNF arriving for reprocessing at the FGMSP. Lengthy shutdowns caused by downtime at the 

reprocessing facility also led to a build-up of SNF resulting in storage for periods longer than 
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originally anticipated [39], [63], [84]. The increased storage time led to considerable corrosion 

of the reactive Magnox cladding and uranium fuel forming a radiologically hazardous layer of 

magnesium hydroxide sludge on the bottom of the cooling pond [85]. Since Magnox is 

composed of 99% magnesium, it can be assumed the corrosion proceeds as per Equation 1 

producing magnesium hydroxide sludge and hydrogen gas.     

    

𝑀𝑔(𝑠) + 2𝐻2𝑂(𝑙)  → 𝑀𝑔(𝑂𝐻)2(𝑠)  + 𝐻2(𝑔)     Equation 1 

   

Magnesium hydroxide Mg(OH)2 is a white coloured inorganic compound with a low 

solubility in water and a decomposition temperature of 350 °C, yielding the oxide MgO [86]. 

This material forms a contaminated sludge layer that settles on the bottom of the FGMSP and 

MSSS which likely has the inclusion of corroded uranium phases from the corrosion of metallic 

uranium fuel. Reaction of uranium metal with water has shown to produce UO2 and hydrogen 

gas, via the process shown in Equation 2 below [87].  

 

𝑈(𝑠) + 2𝐻2𝑂(𝑙)  → 𝑈𝑂2(𝑠)  + 2𝐻2(𝑔)     Equation 2 

 

X-ray diffraction analysis of similar sludges formed from corrosion of metallic uranium at 

the Hanford site in the USA identify various uranium phases including UO2, U4O9, U3O7, U3O8 

and hydrated uranium oxide phases [87]. Higher uranium oxidation indicates a greater degree 

of corrosion of the metallic fuel. 

The NDA UK Radioactive Waste Inventory datasheets indicate around 3,148 m3 of ILW 

sludge is present in the storage ponds and silos at Sellafield, requiring extensive 

decommissioning to reduce the hazard posed [88]–[90]. Due to poor state of repair, Magnox 

sludge in the FGMSP will be retrieved and placed into interim storage within new engineered 

facilities, the Sellafield Sludge Plant 1. No final treatment route has been decided for this waste. 

MSSS waste remediation involves retrieval and encapsulation in a cementitious wasteforms, 

consistent with treatment of other ILW streams [63]. A Silos Direct Encapsulation plant has 

been constructed at Sellafield to this effect [63]. 

Research into a safe treatment route for the ILW Magnox sludge has been explored in Chapter 

4 along with an alternative method to cementation for the MSSS wastes which could effectively 

combine both waste streams with one processing solution.  
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2.6. Chernobyl Lava-like Fuel Residues 

 

April 1986 saw the explosive meltdown of the Chernobyl Unit 4 reactor in Ukraine (see 

Figure 2-17), causing 31 deaths and potentially many more due to widespread contamination, 

spread a large part of Europe and the former USSR [39]. The incident was caused by a loss of 

control of the reactor during an experimental power failure test, due to human operator error 

and reactor design [91]. The power failure test was intended to determine if, during a power 

outage, the slowing turbines could power emergency cooling pumps long enough for back-up 

systems to enable and take over the operation of pumps and other back-up systems. The speed 

of the turbines had to be increased to maximum before the test could begin and hence control 

rods were removed from the reactor core to enable more power to be created [92]. This was 

carried out without the knowledge of the reactor operation and safety team and subsequently 

more control rods were removed from the core than was considered safe and the reactors power 

began to surge. During this time it was apparent the slowing down turbines were not sufficient 

to power the emergency cooling pumps causing the temperature in the water cooled graphite 

moderated reactor to increase rapidly. The Chernobyl reactor was a RBMK-1000 design which 

had a positive void coefficient which allowed the reactivity of the core to increase with any 

voids in the coolant [92]. The rapid increase in temperature of the coolant caused the water to 

quickly flash to steam creating voids which accelerated further the number of fission events in 

the core and splitting open fuel pins before causing an explosion of the core [91]. A second, 

more powerful explosion occurred soon after resulting in the destruction of the reactor building, 

lifting a circa 1000 ton steel cover plate in the process, and exposing the core to the environment 

and atmosphere [93]. Upon reacting with the oxygen in the air, the hot graphite moderators set 

alight acting to pump various radionuclides such as 137Cs and 131I into the atmosphere [91]. 

 

  

Figure 2-17. Chernobyl Unit 4 as of July 2016, taken during site visit. 
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In the preceding explosion, the temperature was such to cause melting of the uranium 

dioxide and zirconium fuel cladding with temperatures in excess of 2600 °C [7]. The melted 

fuel and cladding breached the reactor containment vessel and interacted with structural 

materials from the building such as steel and concrete, forming a corium or lava-like fuel 

containing materials (LFCM) [7]. The LFCM combined with the silicate minerals in the 

concrete and formed a heavily crystalline silicate melt that subsequently flowed through 

various pipes into the sub-reactor rooms in the lower levels before cooling enough to vitrify 

[94]. It is estimated around 1200 tonnes of LFCM was produced containing circa 90 tonnes of 

SNF [95]. These nuclear wastes and fuel residues are a major issue requiring international 

support to remediate. The glassy, crystalline LFCM is observed in three distinct variants, brown 

lava, black lava and polychromatic lava [7]. Brown LFCM was found to contain significant 

quantities of uranium (~10 mass %) [94]–[98] and polychromatic samples had blue veins in a 

glossy surface [99]. LFCM is found to contain a majority glassy phase with crystalline 

inclusions of UOX relics of the original UO2 fuel, UOX with Zr substitution and a high uranium 

zircon (Zr,U)SiO4, termed Chernobylite [6]. The exact composition of the LFCM has been 

found to vary and therefore a survey of the literature identifies many differing compositions 

for Chernobyl lavas. A list of the various elemental compositions stated in the literature for 

brown and black type LFCM is shown in Table 2-1. 

 

Table 2-1. Various elemental compositions of LFCM in literature 

LFCM 

Type 

Ref. Elemental Composition (mass %) 

  Si Ca Zr Na Ba Al Mn Fe Cr Mg Ni B Ti Cu U 

Brown [6] 36.6 7.2 4.0 0.6 - 4.0 - 0.2 - 4.4 - - - - 2.0 

Black 37.2 8.2 2.9 0.4 - 3.8 - 0.3 - 1.3 - - - - 3.2 

Brown [96] 37.2 8.2 2.9 0.4 - 3.8 - 0.3 - 1.3 - - - - 3.2 

Black 29.8 5.5 3.2 4.2 0.1 4.8 0.3 1.4 0.2 2.4 0.1 - 0.1 0.5 4.7 

Brown [99] 30.0 4.9 4.0 4.0 - 4.2 0.9 - 0.4 3.6 - 0.1 - - 10.9 

Black 28.0 4.5 4.0 3.9 - 4.0 0.3 - 0.3 3.0 - - - - 6.4 

Brown [95] 27.4 4.4 4.4 3.6 0.2 3.3 0.4 0.8 - 3.9 - - - - 8.8 

Black 29.5 4.7 4.2 4.1 0.2 4.3 0.3 - - 3.2 - - - - 4.4 

Brown [98] 24.7 3.9 4.0 3.3 - 2.9 - 0.7 - 3.3 - 0.1 - - 8.8 

Black 29.8 5.5 3.2 4.2 - 4.8 - 1.4 - 2.4 - 0.1 - - 4.5 
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Plans to remediate the site and ensure the long term safety of Chernobyl Unit 4 include now 

in place, hermetically sealed, New Safe Confinement (see Figure 2-18) to cover the old 

sarcophagus; built hastily in the aftermath of the disaster to prevent the spreading of 

contamination). This new, 100 m high, 270 wide and 144 m long structure [91] will allow for 

dismantling of the destroyed core and recovery of the damaged SNF and LFCM for disposal, 

both of which require non-standard handling. Removal of the material from the site is the key 

priority to allow for further decommissioning activities to take place. The material will be 

placed into a specially designed and built facility for the storage of the abnormal waste from 

the Chernobyl reactor. LLW and ILW have been buried in a surface level trench type repository 

lined with clay for waterproofing and a system of ducts for drainage. HLW has been stored in 

a grouted form within the walls of the destroyed reactor, however these will eventually need to 

be moved [100]. SNF has yet to be moved from the site, with the current sarcophagus acting 

as the interim storage medium; however LFCM, SNF and other materials will eventually be 

disposed [101].   

 

 

Figure 2-18. New Safe Confinement for Chernobyl Unit 4 as of July 2016, taken during 

site visit. 

 

To allow for the safe disposal of LFCM, research has been carried out on creating low 

radioactivity simulant samples using natural uranium, intended to be of use for characterising 

the long term durability of Chernobyl LFCM. The results of this can be found in Chapter 5.   
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2.7. Plutonium Product and Residues 

 

Another important nuclear fuel product and residue that needs addressing is the large stockpile 

of separated civil plutonium currently residing in secure vaults at Sellafield (see Figure 2-19). 

As of 2017, the UK has the world’s largest stockpile of separated plutonium and is seen by the 

UK government as an ‘zero value asset’ which has potential for future use, therefore it isn’t 

classified as HLW or any other type of waste [8], [31]. Storage currently costs the UK at least 

£40 million/year so reducing the inventory or removing it all together is a priority. As described 

earlier, the separated plutonium can be used to create MOX fuel for fission within a 

conventional reactor, as in France, reducing the demand for uranium. Another possibility is the 

targeted transmutation of the plutonium via a fast reactor into stable isotopes or those with 

much shorter half-lives which can be stored in dedicated facilities; reducing the long term 

radioactivity of the material [102]. Stored civil plutonium consists of different isotopic amounts 

including 238Pu, 239Pu, 240Pu, 241Pu and 242Pu depending on where the plutonium was produced, 

the type of reactor and the burnup [103]. One of the major difficulties with storing plutonium 

is the unintended decay into shorter lived and hence more active radioisotopes for which 

additional radiation shielding is required. One such example is the successive neutron capture 

of 239Pu to 241Pu within a reactor and then beta decay to 241Am whilst in stores over 14 years as 

shown in Equation 3. This requires additional shielding of Pu containers and monitoring for 

build-up of 241Am, placing affected packages into over-packs or repacking altogether [75]. One 

potential solution to repackaging would be to remove the 241Am from the civil plutonium 

altogether. 

 

𝑃𝑢94
239

𝑛
→ 𝑃𝑢94
240  

𝑛
→ 𝑃𝑢94
241  

𝛽−
→ 𝐴𝑚95

241    Equation 3 

 

 

Figure 2-19. THORP Product Store for separated plutonium [104] 
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2.7.1. Americium Extraction & Use in RTG  

 

Extraction of 241Am from civil plutonium stockpiles is possible and has been demonstrated by 

the UKs National Nuclear Laboratory (NNL) [105]. Using a complex americium extraction 

process, americium can be separated from aged civil plutonium, reducing the overall activity 

of the plutonium stockpiles and enabling reprocessing of MOX fuel. An advantage of this route 

is the product, 241Am has many potential uses, chiefly in a European radioisotope 

thermoelectric generator (RTG), muted for use on European Space Agency (ESA) missions to 

the outer solar system where conventional solar powered craft would not function [9], [106]. 

RTGs utilise the thermoelectric, or Seebeck, effect, to generate electricity from the 

temperature gradient between the natural decay heat of radioisotopes and cold of space. 

Decaying radioisotopes emit radiation in the form of an alpha or beta particle or gamma ray. 

Some radioisotopes emit more than one type of radiation. Within an RTG the emitted radiation 

is stopped, or slowed, and the subsequent heat generated deposited into a solid transducer 

thermally attached to the hot side of the semiconductor, such as silicon germanium (SiGe) 

[107]. A flow of heated electrons flowing from the hot side to the cool side, or heat sink, of the 

semiconductor produces a direct current and electric potential that can be used to power a 

device. Efficiency is low in such devices with typically between 5 and 7% of the thermal energy 

converted into electrical power, as such, isotopic heating is also utilised to warm components 

and to achieve the maximum benefit from the device [106]. 

The choice of radioisotope to use was studied by the National Aeronautics and Space 

Administration (NASA) in 1968 [108], with the key requirements for a RTG radioisotope being 

the type of radiation emitted due to natural decay, the half-life of the isotope, power density 

and availability of the material [107]. Type of radiation is important as the energy needs to be 

deposited into the transducer material to ensure maximum efficiency. Alpha and beta radiation 

can be deposit their energy into a small area however gamma rays will require significantly 

sized transducers, rendering their use as an RTG inadequate. Alpha radiation would require the 

smallest size and hence mass of transducer therefore being more favourable. High energy 

gamma radiation can cause radiation effects in surrounding material such as sensitive 

electronics, and worker dose uptake, and are to be avoided. The half-life of the radioisotope is 

important as it defines the lifespan of the RTG and ability to generate electricity as well as how 

much can be generated. The power density, or amount of thermal output per gram of material, 

is often linked to the half-life and activity of the isotope with higher power density favoured. 

However, the higher the power density, the higher the resultant radiation damage on the 

semiconductor [107]. 

238Pu has been selected by NASA as the primary source of heat and electrical power used 

on spacecraft that travel beyond the orbits of Jupiter, or require an energy dense, reliable power 

source, as is the case for the Curiosity rover on Mars Figure 2-20. 238Pu is the preferred 

radioisotope of choice for these applications due to being a pure alpha emitter, resulting in less 

shielding required for when handled on the ground, for the launch mass into space and to reduce 

any interference with any sensitive scientific. The isotope also has a useful half-life (~88 years), 
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enough for long duration missions required for an outer solar system journey and 238Pu has a 

high power density (557 WT/kg), dependant on form [109]. 

Unfortunately this particular isotope is in short supply due to limited production, from 

irradiation of 237Np, and in order to power future missions such as that taken by the Voyager 

probes or the New Horizons craft, an alternative heat generating radioisotope is needed by 

nations without the capability of producing 238Pu. The ESA has identified 241Am, as an ideal 

candidate and can be obtained economically from stocks of civil plutonium [105], [110], [111].  

241Am is a moderately long lived isotope with a half-life of 432 years and, like 238Pu, decays 

only via alpha emissions making it ideal as a surrogate for plutonium in an RTG [107]. As a 

consequence of the longer half-life, the theoretical power density is reduced to 111 WT/kg, over 

5 times less than 238Pu, meaning a significant increase in mass would be required to achieve 

the same electrical or thermal output. 

 

 

Figure 2-20. NASA’s Curiosity Rover on Mars powered by a 238Pu RTG (Courtesy 

NASA/JPL-Caltech) [112] 

 

Developing durable ceramic phases for the immobilisation of americium has been explored 

in recent work including ceramic-metallic (cermet) encapsulation [109], [110], [113]. Research 

on finding the optimum form for americium, oxide or otherwise, is still ongoing. Americium 

compounds are often observed in the +III oxidation state, although the IV, V and VI oxidation 

states are also possible [114]. 

The use of americium in the laboratory is problematic due to the intensity of the radiation 

emitted and therefore the use of surrogate materials is needed. The most commonly used 

surrogates are neodymium and cerium due to comparable important properties, such as similar 

cationic radii, reduction and oxidation behaviour, crystal symmetry and space group [110], 
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[115], [116]. Due to auto-oxidation, Ce4+ is difficult to reduce to the trivalent +III state, hence 

Ce3+ was targeted as a surrogate of interest to cover a gap identified in the research, with few 

reports of cerium niobates recorded in the literature. 

 

2.7.2. Weberite-type ceramics 

 

One potential candidate form for americium immobilisation could be in durable weberite-type 

niobate ceramics, with a composition of Ln3NbO7, where Ln is all lanthanides except cerium, 

which have been extensively studied [117]–[119]. Hitherto, Ce3NbO7 had not been frequently 

reported in literature due to the difficulty in obtaining single phase material with the Ce cation 

in the +III oxidation state. The crystallographic space grouping of the larger ionic radii 

lanthanide in this ceramic has long been difficult to assign due to subtle differences in 

symmetry of the frequently postulated space groups. Larger ionic radii lanthanide in these 

compounds are generally assigned the Cmcm or D
17

2h
 (No. 63) space group [120], [121], 

however, recent research has shown the crystallographic symmetry to vary as a function of the 

ionic radius with La-Nd lanthanide aligning well with the Pmcn or D
16

2h
  (No.62) space group 

[117]. Only two publications on Ce3NbO7 exist in the literature, a publication focusing on 

impure Ce3NbO7 fitted X-ray data to the Fm3̄m space group [122] and a recent study by 

Inabayashi et al. [123] fitting X-ray data to the Pnma space group, an alternative setting of 

Pmcn. 

A phase transition from lower symmetry Pmcn to higher symmetry Cmcm has been reported 

in Ln3NbO7 ceramics which occurs as a function of temperature and lanthanide ionic radii, 

which also confuses the correct space group to assign these compounds [124]. It was reported 

that the phase transition temperature reduces with increasing lanthanide ionic radii and also 

with the pentavalent cation radii. This phase transition is reportedly due to a distortion in ‘A’ 

site and ‘B’ site polyhedral [125], where the 'A' site and 'B' site are two cations, the ‘A’ site 

cation being the larger of the two. For cerium niobate samples, this phase transition is expected 

to occur around room temperature. 
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2.8. Processing Routes for Problematic Nuclear Wastes and Fuel Residues 

 

Treatment of all nuclear wastes involves creating durable solid wasteforms that can be 

packaged and stored effectively. Methods include drying and compaction, 

grouting/cementation and thermal treatments including ceramic synthesis and vitrification [36]. 

To date, most LLW is compacted and/or grouted in cement (see Section 2.4.1) and ILW is often 

grouted however novel processing techniques including vitrification are becoming more 

popular due to the increased passive safety and potential volume reduction [126]–[128]. An 

important challenge for the nuclear industry is consideration of appropriate waste treatments 

for the wide array of nuclear wastes present, ensuring a suitable wasteform is produced. This 

problem is compounded by the varying properties, characteristics and classification of some 

problematic nuclear wastes and fuel residues. A processing route that is cost effective and 

durable in the long term is required. 

Whilst an inexpensive and proven method of encapsulating nuclear wastes into a durable 

solid material, cementation is a concern for particular wastes of high volume and high content 

of reactive components, such as Magnox wastes from the FGMSP and MSSS. Modifications 

to ordinary Portland cement (OPC) such as the addition of pulverised fly ash (PFA) or blast 

furnace slag (BFS) are made to allow for a wasteform acceptable for nuclear waste purposes 

[129] however these do not account for the reactivity of metallic waste, such as Magnox, which 

will cause reaction with the pore water present in cement materials according to Equation 1 

[85]. Hydrogen released during the reaction causes swelling and dimensional changes in waste 

packages which reduces the expected life of cemented waste packages to ~350 years, but with 

a possible range of between 30 and 5800 years depending on conditions [85]. Gas generation 

from reaction with the reactive metals and from radiolysis of pore water combined with 

carbonation of the outer surfaces can cause instability in the cemented wasteforms [10]. Other 

more durable, less reactive and long-lived wasteforms, such as vitrified products, would be 

required for more hazardous material such as HLW and specific ILW.  

 

2.8.1. Vitrification  

 

Vitrification is the process of converting a substance to a non-crystalline amorphous solid, also 

known as a glass, where no long-range ordering of the structure exists. This process is exploited 

in nature through lightning strikes on sand and from molten lava interacting with water, 

forming obsidian, the oldest naturally occurring glass material dating to the cretaceous period, 

up to 100 million years ago with very low corrosion rates in the presence of groundwater [130]. 

These materials were used by pre-historic man for hunting and cutting by forming sharp blades 

and arrow heads. Humans have been creating glass glazes from around 12,000 BC and man-

made pure glass beads created over 9000 years ago before industrial production by the Ancient 

Egyptians 3500 years ago [36], [131]. 
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With the longevity of natural analogues, glass wasteforms, and hence vitrification, are seen 

as a means of ensuring nuclear waste is isolated and immobilised for the lengths of time the 

waste remains hazardous [131].Vitrification is widely accepted for the safe treatment of 

hazardous radioactive materials, with HLW currently immobilised as glass in the UK, France 

and the USA [44]. Interest in thermal treatment such as vitrification for ILW wastes has grown 

in recent years due to the key technological drivers including considerably higher waste 

loading, significant volume reduction and superior durability as well as enhanced passive safety 

[127]. This is possible by chemically bonding waste into the structure of a glass through 

oxidation of the waste components combined with evaporation of any waters of crystallisation 

and removal of any organic phases. The desired vitreous nuclear wasteform would be resistant 

to crystallisation, have low melting/processing temperatures, high physical and chemical 

durability, no phase separation and consistency in future melts [131]. A number of glass 

compositions have been developed since the introduction of nuclear waste vitrification in order 

to ascertain and improve the chemical durability, lower the melting temperature and improve 

the processing of glasses [44], [76], [126], [128], [132], [133]. 

 

 

Figure 2-21. Enthalpy vs temperature for a glass and crystal; highlighting Tg and Tm 

 

Any material that undergoes a glass transition, or transformation, is defined as a glass, 

including non-traditional materials such as metals, polymers and even water in the form of 

amorphous ice. The glass transition is the phenomenon observed when a material is converted 

from a liquid state to a supercooled liquid whereby crystallisation of the structure does not 

occur below the materials melting point (Tm). Viscosity in the supercooled liquid rises as the 
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temperature falls such that atoms cannot rearrange back to a liquid state and the material is 

essentially fixed as a frozen liquid in a solid form. The conversion from a liquid state to a solid 

form does not occur at a specific temperature but over a range of temperatures depending on 

the cooling rate; the temperature at which this region begins is referred to as the glass transition 

temperature (Tg), an approximation of when the supercooled liquid transforms to a solid upon 

cooling [36]. In terms of enthalpy of the system, it can be observed that the linear dependence 

between enthalpy and temperature of a liquid and supercooled liquid upon cooling is 

discontinuous upon reaching the glass transition temperature whereby the enthalphy deviates 

from the norm and is no longer dependent on temperature [134], as can be observed in the 

enthalpy vs temperature plot in Figure 2-21. In contrast, a crystalline melt undergoes a 

discontinuous change in enthalpy upon melting. 

Formation of an oxide based glass can readily be achieved with particular compounds, 

namely network forming oxides SiO2, B2O3, P2O5 and GeO2 [134], however many other 

potential glass formers, termed intermediates, include Al2O3, Sb2O3, PbO and ZrO2 which only 

form glass in the presence of a network former [135], [136]. Compounds which modify the 

properties of glass, termed network modifiers, act as charge balancers and often include Na2O, 

CaO, MgO and Li2O. These compounds have the effect of changing the melting temperature 

but reduce the structural connectivity in glass by reducing the number of oxygen atoms that 

can be bonded to [135], [136]. The commonly agreed structural model for glass follows that 

by the Zachariasen-Warren Network Theory [137]–[139] whereby polyhedral of the network 

formers are created, SiO4 tetrahedra and BO3 triangles, that edge share bridging oxygen atoms. 

The theory also explains how large, low charge cations such as Na+, Li+ and Ca2+ charge 

balance non-bridging oxygens (NBO), discontinuities formed between separated polyhedral 

groups, and modify the glass network, whilst small and highly charged cations such as Mg2+ 

and Zr4+ act as intermediates due to their relative field strength [139]. Nuclear waste can be 

chemically bonded to this glass network, incorporating the waste into the microstructure, with 

elements not capable of forming part of the glass network being encapsulated within the glass 

structure.  

The most commonly used glass type used by the UK nuclear industry is based on the 

borosilicate glass network, with SiO2 being the main glass forming oxide involving SiO4 

tetrahedra along with B2O3 forming BO4 tetrahedra and BO3 triangles which interlink via 

bridging oxygens [36]. NBOs are charge balanced by ionic bonding to large positive charged 

cations, which can include some waste constituents such as caesium, sodium or strontium. 

Uranium can be chemically bonded into glass as a network modifier or as an intermediate oxide 

depending on composition and synthesis conditions, with oxidising atmospheres during 

melting forming higher oxidation state uranium (V) and (VI) behaving as network modifiers. 

Under reducing conditions U (IV) can be produced which can act as an intermediate oxide and 

form part of the glass network [135], [140]. Inhomogeneity can be present in borosilicate 

glasses caused by the separation of the two distinct glass forming regions of boron and silica 

[134], [141]; this glass-in-glass phase separation can potentially reduce the corrosion resistance 

of the glass system in certain compositions [142]. Figure 2-22 shows the pseudo-ternary 



52 

 

liquidus phase diagram of an alkali-borosilicate glass highlighting the region in which nuclear 

waste glasses are formed and common commercial glasses [143]. 

 

 

Figure 2-22. Alkali-borosilicate glass pseudo-ternary liquidus phase diagram where A2O 

is any alkali oxide, adapted from [143] 

 

Glass production in the UK is by the Atelier de Vitrification de la Hague (Vitrification 

Workshop of the Hague) or AVH process, a two-step vitrification process where liquid waste, 

typically the radioactive liquor from the PUREX reprocessing (see section 2.3.6), is dried in a 

rotary calciner before vitrification in an induction-heated hot crucible melter [36], [144]. The 

molten product is cast into stainless steel canisters as seen in Figure 2-9 and sealed remotely 

by welding. An overview of the melter is shown in Figure 2-23. These melters could also be 

used for immobilising ILW [144], particularly for ‘wet’ or hydrated wastes from the FGMSP 

and MSSS.    
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Figure 2-23. AVH-like glass melter used at the UK vitrification plant  

 

2.8.2. Ceramication & Glass Composite Materials 

 

Creating full crystalline ceramic materials could be employed for various problematic nuclear 

wastes such as plutonium products and residues [144], [145]. Ceramication could include the 

immobilising of waste into a single phase ceramic, such as quartz first demonstrated at 

Pennsylvania State University in 1973 [143], [145] or into multiphase ceramics such as the 

often mentioned synthetic rock, Synroc, range of wasteforms [44], [143], [146], [147]. Single 

phase ceramics such as perovskite and pyrochlore are often researched and can be created with 

suitably high waste loading and density [44], however due to the difficulty in creating pure 

ceramics, the synroc multiphase ceramics and glass composite materials such as glass-ceramics 

are proposed for many problematic nuclear wastes. Within the typical conditions expected of 

a GDF, many crystalline materials are known have superior chemical durability to conventional 

nuclear waste glasses [44]. Glass-ceramics combine the beneficial properties of both ceramics 

and glasses with particular, targeted, radionuclides immobilised in the crystalline phases whilst 

other radionuclides are immobilised in the glass phase which is more flexible to chemical 

changes. These so-called advanced wasteforms can be produced by a variety of methods 

including devitrification of a host glass and hot isostatic pressing (See Section 2.8.3) to grow 

a crystalline phase within a bulk glass [148]. 
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2.8.3. Hot Isostatic Pressing 

 

Hot isostatic pressing (HIP) has been around since the 1950’s, with its first applications on 

manufacture of nuclear fuel, so the relevance to the HIP process on the nuclear industry is 

profound. Initially termed as gas pressure bonding due to the process requiring high pressure, 

HIPing has become a recognised industrial process for processing of metals and ceramics 

[149].  

This novel process for nuclear waste produces wasteforms that are created at lower 

temperatures than traditional production methods and using less time. The method involves 

pre-calcining batch material and then baking out whilst under vacuum and sealing into a HIP 

can before applying isostatic high pressure whilst simultaneous heating such that the initial 

batch becomes a liquidus body and is densified by the high pressure forming a material of 

almost theoretical density by bringing particles close together via the process of diffusion 

bonding along with creep and plastic deformation of particles [150]. Before the HIP run, the 

canister containing the sample is baked-out under vacuum to allow for volatilisation of any low 

temperature organics and impurities then sealed by tungsten inert gas (TIG) arc welding. The 

canister also acts as an initial over pack for the waste, much in the same way as nuclear waste 

glass is cast into steel canisters and cement into drums, but also has the advantage of containing 

all volatile fission products within. Care needs to be taken to ensure that no interaction will 

take place between the batch materials and the cans used; eutectics have the potential to alter 

the composition from the anticipated composition, melt temperature and pressure, hindering 

the formation of a stable and durable wasteform. The structure of the wasteform created by this 

method is often that of a glass ceramic, providing the beneficial properties of both. A glass or 

glass-ceramic could be created to immobilise various wastes under the HIP however pre-

treatment such as calcination of the waste would be required to remove any volatiles which, if 

present, would reduce the effectiveness of the HIP process and result in poor densification 

[151]. A two-step processing method, as with the UK HLW vitrification, could be employed 

to calcine waste and combine the required reagents. Whilst HIP’ing has the potential to produce 

high quality wasteforms, size restrictions limit its current full scale use and the capital 

investments required are high [22]. 

Thermal treatment of ILW using the HIP process has already been demonstrated with ion-

exchange media such as that used in the clean-up operations at the Fukushima Daiichi nuclear 

power station [152]. If applied to current ILW stocks in the UK, similar HIP wasteforms have 

the potential for significant volume reduction, calculated between 4 and 5 times compared to 

the non-processed ILW  [153], [154].  
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3. Materials and Experimental Techniques 
 

This chapter outlines the methodology used to produce glasses for immobilisation of Magnox 

sludge waste, glass-ceramics for simulating Chernobyl lavas and ceramics for americium 

immobilisation along with the chemicals used in their synthesis. The multiscale techniques 

used to characterise these materials including the basic principle of operation are also briefly 

summarised from Section 3.5.  

 

3.1. Magnox Sludge Glass Processing 

 

Base glass samples, from which the wasteforms were developed, were selected from surveying 

the available literature on high magnesium content borosilicate and aluminosilicate glasses 

with pseudo-ternary liquidus phase diagrams identified for each, see Figure 3-1. The lowest 

temperature eutectic from the magnesium aluminosilicate (MAS) and magnesium borosilicate 

(MBS) pseudo-ternary liquidus phase diagrams, whilst retaining at least 30% MgO, were 

identified at circa 1203 °C for MBS and 1355 °C for MAS; a suite of 6 test samples of 10 g 

were created around these points. Once the samples were observed, a second set of larger 

batches of 200 g were created to allow for testing and analysis. The results of this lead to the 

formulation of a single proposed composition to take forward for doping with simulant waste. 

 

Figure 3-1. Magnesium aluminosilicate (left) & magnesium borosilicate (right) pseudo-

ternary liquidus phase diagrams [155], [156] 
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Magnox sludge from the FGMSP and MSSS varies in consistency significantly; to represent 

this in the research two separate waste compositions were considered at the extremes of what 

is expected to encompass all possible scenarios. One extreme of the waste, representing 

Magnox fuel that has suffered severe corrosion, contains mostly hydroxides and oxides of 

uranium as a result of corrosion of the metallic uranium fuel. The other enveloping waste 

composition represents material that has suffered little corrosion and is mostly in the metallic 

form, including the uranium. The two bounding extremes of the waste are shown in Table 3-1 

below. The simulants were defined in consultation with Dr Sean Morgan of Sellafield Ltd. No 

fission products, such as Sr or Cs were added as, although their presence is likely in real 

samples, the anticipated concentration of such components is low compared to Mg and U. 

 

Table 3-1. Bounding simulant Magnox wastes 

Component Corroded Waste 

(wt%) 

Metallic Waste 

(wt%) 

Mg (metal): 5 12 

Mg(OH)2: 80 20 

U (metal): 5 68 

U3O8: 10 0 

 

The simulant wastes were added to MAS and MBS glass compositions forming a suit of 6 

samples to take forward for advanced characterisation, including the base glass compositions. 

Use of simulants for uranium, including neodymium and a rare earth alloy mischmetal (Mm), 

composed of approximately 50% Ce, 25% La and 25% Nd, were also explored such that the 

Nd or Mm replaced all U in samples on a molar level. This created an additional 8 samples. 

The major glass compositions created in this research are shown in Table 3-2, where ‘–C’ 

samples correspond to doping with corroded waste and ‘–M’ corresponds to doping with 

metallic waste. 
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Table 3-2. Compositions of batched glass samples 

Sample designation Oxide composition as batched (mol%) 

SiO2 B2O3 MgO Na2O Al2O3 UO3 Nd2O3 Ce2O3 La2O3 

 MBS test samples 21-35 19-27 46-55 - - - - - - 

 MAS test samples 40-59 0-20 20-30 0-20 10-12 - - - - 

B
a

se
 

G
la

ss
 MBS 25.4 25.0 49.6 - - - - - - 

MAS 48.0 2.0 20.0 20.0 10.0 - - - - 

W
a
st

e 
lo

a
d

ed
 G

la
ss

 

MBS-C (U) 25.1 24.7 49.1 - - 1.0 - - - 

MBS-M (U) 21.7 21.3 42.4 - - 14.5 - - - 

MAS-C (U) 45.5 1.6 28.3 18.4 5.6 0.6 - - - 

MAS-M (U) 40.8 3.7 25.4 16.5 5.0 8.7 - - - 

MBS-C (Nd) 25.2 24.7 49.2 - - - 0.9 - - 

MBS-M (Nd) 24.1 23.7 47.0 - - - 5.2 - - 

MAS-C (Nd) 45.6 1.6 28.3 18.4 5.6 - 0.5 - - 

MAS-M (Nd) 43.2 1.6 26.8 17.5 5.3 - 5.6 - - 

MBS-C (Mm) 25.3 24.8 49.4 - - - 0.1 0.3 0.1 

MBS-M (Mm) 23.4 23.0 45.8 - - - 1.9 3.9 2.0 

MAS-C (Mm) 45.7 1.6 28.4 18.4 5.6 - 0.1 0.1 0.1 

MAS-M (Mm) 43.9 1.6 27.3 17.7 5.4 - 1.0 2.1 1.0 

 

3.1.1. Batch Preparation - Glass 

 

Standard laboratory reagents used in the research are shown in Table 3-3. The reagents for 

specific glass samples were weighed into stoichiometric amounts using a calibrated balance 

with an accuracy of ± 0.01 g and transferred to polyethylene sample bags. Intimate mixing of 

the batches whilst in the sample bag was performed for over 1 minute to ensure the batch 

contents are evenly distributed and any conglomerates or lumps or material are broken down. 

Sample bags of batch were stored sealed in a dry location prior to thermal synthesis. Nd metal 

was sectioned to less than 3 mm3 before adding to the batch. 
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Radioactive materials, U and U3O8, were batched and weighed in stoichiometric amounts 

separately from the non-radioactive reagents with a balance within a dedicated U/Th glovebox. 

U metal monoliths were sectioned to less than 3 mm3. The radioactive components were added 

to the premixed non-radioactive reagents before further in-bag mixing. The U and U3O8 were 

added immediately before melting to avoid the risks of storing and unnecessary transport of 

hazardous material. Adding the batch to the alumina crucible was also performed within the 

dedicated U/Th glovebox for radioactive samples. 

 

Table 3-3. Reagents used in glass research 

Reagent Supplier Purity (%) 

SiO2 Sigma-Aldrich 99.5 

H3BO3 Sigma-Aldrich 99.5 

Na2CO3 Alfa Aesar 98 

Al(OH)3 Acros Organics 95 

Mg(OH)2 Sigma-Aldrich 95 

Mg (metal) Acros Organics 99.9 

U3O8 British Drug Houses 99 

U (metal) British Drug Houses 99 

Nd2O3 Sigma Aldrich 99.9 

Nd (metal) Alfa Aesar 99.1 

Mischmetal Contact Left Ltd. 99 

 

Initial test samples for scoping the eutectic on the MBS pseudo-ternary liquidus phase 

diagram consisted of 10 g batches which were scaled up to 200 g to produce sufficient material 

for testing purposes. The final optimised, waste loaded samples with U, Nd and Mm were 

produced in 80 g batches, sufficient for the detailed characterisation whilst minimising the use 

of expensive or hazardous reagents and radioactive waste produced. Table 3-4 shows the 

synthesis conditions, crucible and furnace type used for each set of samples.  

 



59 

 

Table 3-4. Synthesis conditions for glass samples 

 Sample designation 

 MBS test 

samples 

MAS test 

samples 

MBS MAS MBS 

waste 

loaded 

MAS 

waste 

loaded 

Crucible Mullite Alumina Alumina Alumina Alumina Alumina 

Furnace Electric Electric Gas Electric Electric Electric 

Synthesis 

conditions 

1200-1250 °C 

3 hrs 

1200-1500 °C 

5hrs 

1250 °C 

3 hrs 

1500 °C 

5 hrs 

1250 °C 

3 hrs 

1500 °C 

5 hrs 

Annealing 

conditions 

500-610 °C   

1 hr 

560 °C   1 hr 610 °C   

1 hr 

560 °C   

1 hr 

620 °C   

1 hr 

560 °C   

1 hr 

 

3.1.2. High temperature processing - Glass 

 

The prepared batch was added to alumina and mullite crucibles filling approximately 80% 

maximum volume to avoid any foaming-over of the melt and compacting down the powders 

to ensure a maximum yield of glass is produced from each crucible. Test samples used for 

scoping out the pseudo-ternary liquidus phase diagrams for optimum compositions were 

created in gas furnaces and electric muffle furnaces whilst the final optimised compositions 

loaded with waste were melted in alumina crucibles, supplied by Almath, in electric muffle 

furnaces only. The temperature and length of time required for synthesis are shown in Table 

3-4. Test samples were synthesised and annealed at varying temperatures to determine the 

optimum processing method, which was then applied for the waste loaded samples. Residual 

stress built-up in the cast samples was removed by annealing, when the temperature was not 

correct cracking of the glass ensued. All samples were annealed and cooled to room 

temperature at 1 °C/minute. 

Test scale samples were produced in an Elite Thermal Systems BRF15/5-2416 Muffle 

Furnace for 3 hours in mullite crucibles. Visual inspection of the melts at temperature was 

made to assess the fluidity and ability to cast. Upon reaching the desired synthesis time, the 

crucible was removed from the furnace using long steel tongs and placed into an annealing 

furnace for 1 hour. These samples were not cast as only visual inspection was required. 

MBS base glass sample was produced in a gas furnace dedicated for glass melting with 

stirring the melt using an automated alumina paddle to ensure a homogenous melt was 

produced. The alumina crucible with batch was preheated to 1100 °C overnight and added to 

the pre-set 1250 °C gas furnace for 3 hours with the stirring at ~60 rpm commencing after 1 

hour. Upon completion of the melting regime, the molten glass was cast into preheated steel 
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moulds arranged to form a rectangular bar sample. After cooling sufficiently enough to solidify, 

the mould was removed, and the glass bar placed into an annealing oven for 1 hour at 610 °C 

before cooling to room temperature. 

MAS and waste loaded samples were synthesised in an Elite Thermal Systems BRF15/5-

2416 Muffle Furnace as with the test samples but using alumina crucibles. The furnace was 

sited in a fume hood to extract any potentially contaminated fumes from the radioactive 

uranium melts. Due to concerns of the potential for radioactive contaminated fumes, 

mechanical stirring in an open furnace was not an option for the active waste loaded samples, 

and hence subsequent samples were created in the same electric muffle furnace for consistency. 

Upon completing the melting regime the molten glass was cast into bars and annealed for 1 

hour before cooling to room temperature in a controlled manor.  

 

3.1.3. Powdering & sectioning glass samples 

 

To create powdered samples for testing and analysis, a stainless steel percussion mortar was 

used to crush glass into smaller size fragments which were then sieved between two stainless 

steel sieves to provide material with three distinct size fractions, glass greater than 150 µm, in 

between 75µm and 150 µm and powdered glass less than 75 µm. Small scale test samples were 

crushed in the percussion mortar and ground to a powder using a pestle and mortar with a small 

amount of isopropyl alcohol. All crushed glass was checked with a magnet to remove any iron 

contamination from the steel mortar. Glass with a size fraction of between 75µm and 150 µm 

were used for glass dissolution studies, see 3.5.9. Powdered radioactive samples were created 

by the same method but in a dedicated laboratory for active materials whilst sealed within 

polyethylene bags to contain any hazardous dusts produced.  

To section and polish samples into representative monoliths for use in the scanning electron 

microscope, a Buehler IsoMet slow saw with cutting fluid and Kemet 300 polishing wheel were 

used. The process of grinding and polishing sectioned samples starts with P400 followed by 

P800 and P1200 grade silicon carbide grit papers. This is followed by polishing using 3 µm 

diamond suspension (Buehler) and a Planocloth pad before final polishing with 1 µm diamond 

suspension (Buehler) and a cashmere pad to create an optically blemish free surface. Sectioning 

and polishing of radioactive samples was performed in a dedicated laboratory for handling low 

quantities of active material; all radioactive liquors created were collected and stored securely 

in the laboratory. 
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3.2. Magnox Sludge HIP Processing 

 

Glass compositions developed from Magnox sludge glass processing mentioned in Section 3.1 

were synthesised in an alternative method using HIP equipment. This method, outlined below, 

required additional processing steps to ensure volume reduction in the final sample. A simulant 

Magnox sludge was provided by the UK National Nuclear Laboratory produced by 

hydrothermal alteration of fresh Magnox AL80 fuel elements composed of approximately 99.2 

wt% Mg and 0.8 wt% Al. 

 

3.2.1. Batch Preparation – HIP 

 

Preparing the simulant Magnox sludge provided by NNL required calcination to remove free 

water and bound waters of hydration from the hydroxide material, both of which would reduce 

the effectiveness of the HIP and not provide the necessary densification and pose a risk of 

internal pressurisation of the HIP can. Developing from the base borosilicate glass samples 

from previous work (Section 4.1 and Section 4.2), the MgO content was replaced with that of 

the simulant waste, using 87% Mg(OH)2 & 13% Mg for total MgO content; in order to preserve 

stoichiometry of corroded waste stream described in Section 3.1. Batched material was 

calcined at 600 °C & 1000 °C in two samples before packing into a pre-prepared HIP can. 

 

3.2.2. Thermal Synthesis – HIP 

 

HIP cans are created from 1.5 inch outer diameter 316 seamless stainless steel piping with the 

lid and base components fabricated from stainless steel bar; the evacuation tube is also seamless 

stainless steel piping. All parts are welded using TIG welding technique with the lid attached 

after the can has been packed. Prepared batch is packaged into HIP cans using a hydraulic press 

to ensure maximum amount of material is produced and densification is effective. A 5 mm 

space is left between top of the compacted batch and top of the can to allow for the countersunk 

lid and so as not to interfere with the welding process. Once sealed the dimensions, mass and 

volume displacement of the can are made to determine the degree of volume reduction after 

the synthesis process.  
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3.3. Chernobyl Lava-Like Fuel Containing Material Processing 

 

To recreate the microstructure and morphology of Chernobyl LFCM samples with a low 

radioactive simulant, a survey of the literature was required to determine the composition of 

the solidified lavas and the conditions in which they formed, see Table 2-1. A composition 

based on the literature was created and further refinement, via increasing the Zr content, was 

performed to obtain a representative sample. For the thermal synthesis, consideration of the 

conditions in the remains of the reactor core in which the real material was made was 

considered. It was found from the presence of zircon in LFCM, that the temperature of the melt 

could not have exceeded 1500 °C, since zircon cannot form above this temperature [6], for this 

reason the thermal synthesis was conducted at 1500 °C. Due to the long and slow cooling of 

the reactor over many days and weeks, a long cooldown of the sample to room temperature at 

1 °C/minute was selected. To further simulate the conditions expected a reducing atmosphere 

was selected for the thermal synthesis due to the absence of Zircaloy cladding, the melting of 

which is thought to have caused reducing conditions by removing oxygen from the local 

atmosphere [4]. 

 

3.3.1. Batch Preparation – LFCM 

 

Chernobyl LFCM was produced in a similar method to Magnox sludge glass, using the reagents 

listed in Table 3-5. 316 grade stainless steel powders were used to represent the steel LFCM 

would have interacted with during its creation. Non-radioactive batch components were 

weighed into stoichiometric amounts using a calibrated balance with an accuracy of ± 0.01 g 

and transferred to polyethylene sample bags. The radioactive components, uranium, were 

batched separately in a dedicated glovebox and added to the non-radioactive batch before in-

bag mixing. The batching of uranium components was performed directly before the thermal 

synthesis step to reduce the risk of storing the radioactive powder for longer than necessary. A 

table of the compositions batched in this work are shown in Table 3-6. Batch sizes were circa 

20 g, depending on crucible availability, with the final representative samples produced in 23 

g batches. Samples Brown_1 and Black_1 were developed for the initial results paper as 

described in Section 5.1 whilst Brown_2 and Black_2 were developed for the second results 

paper as outlined in Section 5.2. 
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Table 3-5. Reagents used for LFCM research 

Reagent Supplier Purity (%) 

SiO2 Lochaline Quartz Sand 99.6 

CaCO3 Fisher 98 

ZrO2 Aldrich 99 

Na2CO3 Alfa Aesar 98 

BaCO3 Alfa Aesar 99 

Al(OH)3 Acros Organics 95 

Mn2O3 Aldrich 99 

Fe/Cr18/Ni10/Mo3 Goodfellow 99 

Mg(OH)2 Sigma-Aldrich 95 

UO2 British Drug Houses 99 

 

Table 3-6. Compositions of batched LFCM samples 

Sample designation Oxide composition as batched (mol%) 

SiO2 CaO ZrO2 Na2O BaO Al2O3 MnO Fe2O3 MgO UO2 

Brown LFCM 65.6 7.3 3.3 5.3 0.1 4.2 0.5 0.5 10.7 2.5 

Black LFCM 67.9 8.2 3.0 5.8 0.1 5.1 0.4 - 8.4 1.2 

Brown LFCM_1 65.5 7.3 3.9 5.3 0.1 4.1 0.5 0.5 10.6 2.2 

Black LFCM_1 64.0 7.9 7.7 7.1 - 4.3 - - 7.8 1.2 

Brown LFCM_2 65.2 7.3 7.6 7.9 - 1.9 - 0.6 10.1 2.4 

Black LFCM_2 65.2 6.9 7.8 5.2 0.1 4.4 0.5 0.4 8.0 1.6 
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3.3.2. Thermal Synthesis – LFCM 

 

The prepared batch was added to rectangular alumina ‘boat’ crucibles to approximately 90% 

of the volume, to avoid any spill over from a bubbling or foaming of the batch during melting. 

The crucible was filled in the dedicated active area for U samples and transferred to the furnace 

laboratory with transport containment.  

The filled crucible was placed in an Elite Thermal Systems TSH 15/50/450 tube furnace 

where the ends were sealed with silicone oil bubblers. Flowing H2/N2 gas was passed over the 

sample and into the furnace for 3 hours prior to starting the heat cycle to ensure oxygen is 

displaced and a reducing atmosphere is present. To ensure the atmosphere remains reducing, a 

positive pressure of H2/N2 was maintained at 1 bar throughout the thermal synthesis. A heating 

profile for the thermal synthesis is shown in Figure 3-2. 

 

 

Figure 3-2. Heating profile for LFCM samples 

 

An annealing step at 690 °C for 70 hrs with cooling to room temperature at 5 °C/min was 

performed using an Elite Thermal Systems BRF15/5-2416 Muffle Furnace to reduced cracking 

and stresses within the sample, but also to grow the crystalline phases present with the samples 

to aid detection and characterisation. For the development of representative samples (Section 

5.2), samples were heat treated at 720 °C for 72 hrs in an electric muffle furnace with cooling 

to room temperature at 5 °C/min. No reducing atmosphere was needed for these experiment. 

 

3.3.3. Powdering and sectioning LFCM samples 

 

Sections of the synthesised LFCM samples were cut using a Buehler IsoMet slow saw with 

cutting fluid as for Magnox sludge glass. Since these samples all contain uranium, the 

sectioning was performed in the dedicated radioactive materials laboratory. Grinding of the 

LFCM sections was performed by hand using successive grades of silicon carbide grit paper 

P400, P800 and P1200 followed by polishing to an optical finish using 3 µm diamond 

suspension (Buehler) on a Planocloth polishing pad and 1 µm diamond suspension (Buehler) 



65 

 

on a cashmere polishing pad. Monolithic sample sized 10 mm by 5 mm by 1 mm were sectioned 

for use in vapour hydration testing (VHT) durability studies [157]. 

 Small, previously sectioned, representative samples were ground into powders using a Fritz 

Pulverisette 23 micro mill with zirconium oxide pot and milling media. Milling was performed 

for 3 minutes at 40 Hz with isopropyl alcohol whilst the mill pot was double sealed with 

polyethylene bags, before air drying within a fume cupboard. Milled powders were stored dry 

in polypropylene sample pots prior to use.  
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3.4. Cerium Niobate Ceramics Processing 

 

Conventional solid state ceramic synthesis methodology was employed to create Ce3NbO7 

samples from oxides of cerium and niobium. This method involves calcining the batch 

components before batching them, creating green-body pellets and then reacting at high 

temperature. The last two steps were repeated with regrinding until a single phase material was 

achieved. Sintering of these pellets was not performed in this research. To create cerium in the 

+III oxidation state, when batching as Ce (IV), a reducing atmosphere was required when 

performing thermal synthesis. The production method and reaction temperature selected was 

adapted from that most frequently used in the literature for similar weberite-type ceramics 

[125], [158]–[161].  

 

3.4.1. Batch Preparation – Ce3NbO7 

 

Reagents used for batching cerium niobate ceramics, shown in Table 3-7, were calcined at 600 

°C for 12 hours before stoichiometric amounts were batched using a calibrated balance with an 

accuracy of ±0.01 g into polystyrene weighing dishes. The batched material was transferred to 

a zirconium oxide mill pot with zirconium oxide milling media and isopropyl alcohol for wet 

mixing to ensure homogeneity. This was performed in a Fritz Pulverisette 6 mill at 550 rpm 

for 6-8 minutes, after the wet mix was dried at 110 °C for 3 hours. The dried batch was pressed 

into 10 mm by 6 mm ‘green body’ pellets by applying 41 MPa (3 ton-force/inch2) of uniaxial 

pressure for 1 minute. Some dried batch material was not pressed. Typical batch size was 10 

g, with extra material initially weighed out to account for any potential losses incurred during 

calcination. 

   

Table 3-7. Reagents used in preparation of Ce3NbO7 sample 

Reagent Supplier Purity (%) 

CeO2 Acros Organics 99.9 

Nb2O5 British Drug Houses 99.5 
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3.4.2. Thermal Synthesis – Ce3NbO7 

 

Green-body pellets were placed into rectangular alumina boat crucibles and covered with the 

powdered batch material to act as an oxygen-getter and prevent surface oxidation. The crucible 

was placed in an Elite Thermal Systems TSH 15/50/450 tube furnace with the ends sealed with 

silicone oil airlocks. Flowing H2/N2 gas was passed though the furnace for 3 hours prior to 

starting the heat cycle to create a reducing environment and ensure oxygen is displaced. To 

ensure the atmosphere remains reducing, a positive pressure of H2/N2 was maintained at 1 bar 

throughout thermal synthesis. A heating profile for the thermal synthesis of Ce3NbO7 is shown 

in Figure 3-3.  

 

 

Figure 3-3. Heating profile for Ce3NbO7 

 

After reaction it was observed the outer layer (<1 mm) of each pellet was visibly darker 

from the interior and was therefore abraded off using P800 silicon carbide grit paper. In some 

cases, multiple reactions were required to form phase pure samples, this involved grinding the 

pellets to a powder and pressing into a ‘green-body’ and reacting for a further 24 hours. 

 

3.4.3. Powdering Ce3NbO7 samples 

 

To create powdered samples from which to characterise the novel material, the reacted pellets 

of Ce3NbO7 were crushed in a pestle and motor before wet milling with isopropyl alcohol in 

the Fritz Pulverisette 6 mill at 500 rpm for 8 minutes. The milled powder was dried at 110 °C 

for 3 hours to form fine dry powdered Ce3NbO7. This process was also used to grind reacted 

pellets for a second or third reaction, if required. Powered samples were stored dry in sealable 

polypropylene storage containers until use.  
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3.5. Characterisation techniques 

 

3.5.1. X-Ray Diffraction 

 

To determine the crystalline phase assemblage or to confirm the amorphous nature of materials, 

powder X-Ray Diffraction (XRD) analysis was conducted with corresponding phase analysis. 

A Bruker D2 Phaser in reflectance mode (30 kV, 10 mA) and a STOE STADIA P (PSD) in 

transmission mode (40 kV, 35 mA), both with Cu Kα1 radiation sources, were the main 

diffractometers used in this research. Data in reflectance mode was collected over the range 

10° < 2θ < 70° whilst data from transmission mode XRD was collected over 10° < 2θ < 120°. 

Kβ radiation was removed from the Bruker D2 Phaser using a Ni foil filter ensuring 

monochromatic Cu Kα1 (1.5406 Å), however the STOE STADIA P did not have filtering.  

Collected XRD data was processed using the Bruker DiffractEva 3.0 software with indexing 

of any crystalline peaks using the built in database and/or the International Centre for 

Diffraction Data (ICDD) database [162]. 

Powder samples were prepared for XRD depending on the equipment being used and the 

sample in question. For the Bruker D2 Phaser, standard non-radioactive samples were placed 

onto a dedicated sample holder and made flush with the surface of the holder with glass slides. 

Radioactive samples for the D2 required preparing in the radioactive laboratory where the 

powder was be mixed with white Elmer’s (PVA) glue and spread in an even layer across a thin 

acetate disk. This disk would then be placed onto a dedicated zero background sample holder 

and secured into place using a spray on fixative. Sample preparation for the STOE STADIA P 

was similar to the radioactive D2 preparation with the sample glued onto an acetate disk which 

is fixed to an iron specimen holder for placing into the instrument. Figure 3-4 shows the 

internals of the Bruker D2 phaser used for XRD analysis, the X-ray source is located on the 

left of the image and the detector on the right; the rotating sample holder is situated in the 

middle. 
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Figure 3-4. Bruker D2 Phaser XRD internals 

Diffraction by X-rays has been known since 1912 with the experiments by Max von Laue 

and explained by the Bragg’s [163], [164]. The determination of crystal structure by XRD due 

to diffraction of incident beams of X-rays by lattice planes of the crystal is described by Bragg’s 

law, see Equation 4 [165]. 

 

𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃     Equation 4 

 

Where λ = wavelength of incident radiation, d is interplanar spacing and θ = angle of 

incident beam. When constructive interference of diffracted radiation occurs, peaks are formed 

in a diffraction pattern that correlate with the lattice planes of the crystalline structure. In 

amorphous glass materials, there is no long range ordering of lattice planes and hence the 

diffraction pattern for glass is that of diffuse scattering centred at the d-spacing associated with 

long range Si-Si next nearest neighbour and Si-O bonds [165], [166]. This peak broadening is 

increased with decreasing crystallinity. 

A sketch of the diffraction of X-rays off a crystal lattice in the reflectance geometry is shown 

in Figure 3-5. The incident X-rays are diffracted off the lattice and reflected from the surface. 

In transmission mode, the detected X-rays scatter off the lattice and are detected on the opposite 

side of the incident beam, as opposed to in reflection mode, which requires thin samples. 

 

 

Figure 3-5. X-Ray diffraction by a crystal  
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3.5.2. Neutron Diffraction 

 

Using the same principles as X-ray diffraction, neutron diffraction utilises neutrons which due 

to wave-particle duality, have a comparable de Broglie wavelength to X-rays, but interact with 

an incident atom differently. Whereas X-rays interact with orbital electrons, neutrons, being 

neutral in charge, interact with the atoms comparatively small nucleus via the strong nuclear 

force, resulting in sharper, more defined diffraction peaks [167], [168]. Being weakly 

interacting, neutrons have a large penetration (low absorption) depth into a sample and can 

interact well with atoms of any atomic number, unlike X-rays which are absorbed by many 

heavier elements and have a smaller scatting length for lighter elements. A consequence of the 

weak interaction is that incident neutrons are poorly scattered, resulting in a necessity to have 

larger samples available for analysis than would be required by X-ray diffraction, therefore this 

is a bulk analysis technique. 

A pulsed neutron source, or spallation source will produce neutrons in pulses which are 

incident onto a sample, resulting in a wide range of neutron energies. The time at which each 

scattered neutron arrives at a detector after irradiation is recorded producing a diffraction 

pattern from various scattering angles where the independent variable is the time of flight 

(TOF) of neutrons instead of the usual 2θ scattering angle from XRD. Combining the de 

Broglie and Bragg equation, seen earlier, results in Equation 5, where h = Planck’s constant, m 

= mass of neutron, v = velocity of neutron, t = time of flight of neutron and l = length of the 

flight path. From this equation the interplanar d-spacing can be determined.  

 

𝜆 =
ℎ

𝑚𝑣
=
ℎ𝑡

𝑚𝑙
= 2𝑑 𝑠𝑖𝑛 𝜃     Equation 5 
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Figure 3-6. Schematic of ISIS HRPD diffractometer 

Neutron diffraction was only used for the structural analysis of cerium niobate samples. 

Powdered material was analysed at the high resolution neutron diffraction at the ISIS spallation 

source, part of the Rutherford Appleton Laboratory in the UK, using the High Resolution 

Powder Diffractometer (HRPD) instrument with TOF neutrons. This diffractometer, with the 

highest resolution of its kind in the world, performed a two hour scan at 80 µA beam current 

on powdered sample from 30 ms to 130 ms using a NBS solid state silicon backscattering 

detector bank [169]. A schematic of the diffractometer used is shown in Figure 3-6 where the 

incident beam enters from the left and interacts with a sample in the 1 m position with detection 

of diffracted neutrons in the rear backscatter detectors, 90° detectors and forward low angle 

detectors. 

Rietveld refinement, developed by Hugo Rietveld, is a method for fitting the peaks of a 

crystalline diffraction pattern, obtained from either neutron or X-ray analysis. This function 

uses the crystal structure limitations, atomic coordinates, site occupancy and thermal 

parameters with the experimental parameters such as the unit cell size and analysis conditions 

to effectively refine a hypothetical model to observed data [170]. This method was used to 

determine the crystal structure of the cerium niobate compound using the EXPGUI GSAS 

software (version 1251) [171], [172]. 

 

3.5.3. Electron Diffraction  

 

Comparable to principles of X-ray and neutron diffraction, electron diffraction relies on the 

elastic scattering or diffraction of electrons by planes of atoms within a thin section of a 

crystalline material and is achieved using a transmission electron microscope (TEM). In this 

technique, the negatively charged electrons interact with the positively charged core of an atom 

and unlike X-rays, electrons negative charge allows for accurate focusing meaning diffraction 

from a single crystal of a sample can be obtained [173]. Whilst XRD and neutron diffraction 

have a beam size greater than that of a single crystal, thereby sampling many crystallites and 

forming many Debye-Scherrer rings, an electron diffraction beam is smaller than a single 

crystal and hence can interact with a single crystallite more easily resulting in a sharp single 

crystal Bragg peak or Debye-Scherrer ring, that correspond to a scattering angle twice the 

atomic plane Bragg angle [174].  

By using a second, or intermediate, aperture within the TEM, a selected area for electron 

diffraction can be defined and through use of a double-tilt specimen holder, a sample can be 

manipulated and orientated within the electron beam to provide a diffraction pattern on the 

back focal plane aligned along a known crystal axis informing as to the composition or structure 

of the crystallite under investigation. This is shown in Figure 3-7 below. 

Compared to X-ray and neutron diffraction, electron diffraction is less quantitative due to 

probing smaller regions, however this can therefore be used to distinguish features that would 
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be missed in both X-ray and neutron diffraction such as the correct space group for a crystalline 

system as will be discussed in Chapter 6. Selected area electron diffraction patterns were 

obtained at the University of Manchester on a FEI Techni F30 TEM with an accelerating 

voltage of 300 keV. An accompanying Gatan Orius CCD camera was used to collect diffraction 

patterns. Data collection was performed by Dr Heath Bagshaw with my assistance. A finely 

ground powder sample was placed onto a holey type carbon TEM grid which was placed within 

a double tilt sample holder for manipulation within the sample beam. Comparison of the 

obtained diffraction pattern to those simulated using the SingleCrystal v3.1.1 software allowed 

for identification of the crystal zone axis and any forbidden reflections which would determine 

the correct space group for the sample. 

 

 

Figure 3-7. Selected Area Electron Diffraction TEM 
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3.5.4. Scanning Electron Microscopy & Energy Dispersive X-Ray Spectroscopy 

 

Scanning electron microscopy (SEM) is a powerful tool for determining the morphology of a 

sample as well as its microstructure, especially when coupled with energy dispersive X-ray 

spectroscopy (EDX) for elemental data. Electron microscopy is superior to traditional optical 

microscopy due to the smaller wavelength of the incident beam; de Broglie wavelength of 15 

kV electrons (0.01 µm) is considerable less than the wavelength of visible light (400-700 µm) 

[175], [176]. Care must be taken to prepare the sample being observed due to interactions 

between electrons and the surface whereas visible light does not interact. The incident beam of 

electrons causes the ejection of secondary electrons and the back scattering of the original 

electron along with X-rays from relaxation of excited atoms. Occasionally visible light can be 

emitted due to cathodoluminescence from low energy relaxation events. An overview of the 

interactions of electrons with the sample surface that are detectable is shown in Figure 3-8. 

To ensure electrons are drawn to the sample the chamber must be evacuated of air and the 

sample surface must be conductive, for glass and ceramics that are inherent electrical insulators 

this requires coating with a thin film of carbon. Samples also need to be polished flat to ensure 

back scattered electron emission is consistent since rough surfaces cause a significant variation 

in tilt angle of the scattered electrons [177]. 

 

 

Figure 3-8. Usable signals from electron-surface interactions 

 

The depth of interaction between electrons and the sample surface depends on two main 

factors, the density of the sample and the incident beam voltage. Many secondary electrons are 

absorbed into the sample and only those created very near the sample surface can be detected. 

Likewise some incident, or primary, electrons are absorbed into the sample though 

thermalisation whilst others manage to escape as backscattered electrons; the depth at which 

these originate is greater than for secondary electrons. X-rays are the least interacting signal 

emitted and as such have a much greater depth of origin within the sample; the volume of 
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material contributing to this is called the interaction volume [175], [176], [178]. The interaction 

volume for the various signals sources is shown in Figure 3-9. 

 

Figure 3-9. Interaction volume from where usable signals are detected 

 

Characteristic X-rays produced from relaxation events within excited atoms can deduce the 

chemical identity of that atom. A transition of an electron from an outer electron shell to the 

inner shell vacancy produces an X-ray with an energy quantified to that atom. These X-rays 

form a spectrum where the peak positions indicate the presence of a particular element. Many 

elements have several X-ray energies depending on the specific electron orbital shell the 

transition occurred from. These X-rays are detected in an EDX system simultaneously with 

imaging. 

SEM-EDX data for all projects in this study was collected on a Hitachi TM3030 (15 kV 

acceleration voltage) equipped with a Bruker XFlash 430H EDX system (30 mm2
 detector area) 

capable of detecting all elements between boron and americium; with microanalysis of EDX 

data on the Bruker Quantax 70 software. All images were obtained with back scattered 

electrons. To obtain an optically flat sample surface required for SEM-EDX, samples were 

sectioned and mounted in two part epoxy resin which were ground and polished to a 1 µm 

finish, as described in Section 3.1.3. To obtain a conductive surface, carbon coating of the 

samples was employed involving high temperature spluttering of graphite within a vacuum. 

Samples were then fixed to conductive stainless steel SEM stubs using conductive silver 

adhesive with a conductive patch running from the base to the conductive surface.    
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3.5.5. Simultaneous Thermal Analysis 

 

The determination of thermal events, dehydration, de-hydroxylation, de-carbonation, glass 

transition, crystal formation and melting, can be achieved through various techniques, but most 

commonly used are differential thermal analysis (DTA), differential scanning calorimetry 

(DSC) and thermal gravimetric analysis (TGA) [22]. DTA instruments record the temperature 

difference between a sample and an internal reference whilst heating, such that endothermic 

events such as melting or a second order glass transition cause the sample temperature to lag 

behind the reference temperature. Conversely, an exothermal event such as crystallisation or 

oxidation, cause the sample temperature to increase relative to the reference [179]. DSC 

equipment operates in very much the same way except the two samples are thermally connected 

and the energy required to keep the sample and reference at the same temperature is recorded 

instead, leading to much more accurate results [180]. TGA instruments measure the mass 

change in a sample as a function of temperature utilising a very accurate calibrated balance; to 

ensure signals are purely from the sample and not high temperature interactions with air, inert 

atmospheres are used typically nitrogen or argon [181]. TGA is often combined with DTA or 

DSC to provide simultaneous thermal analysis (STA) and information on thermal events and 

associated mass changes in real-time. This provides several benefits including using the same 

sample ensuring any thermal events can be accurately correlated between data and that the 

same size, morphology, mass and composition of sample is analysed leading to more accurate 

interpretation of results [182]. 

 

Figure 3-10. STA 449 F3 Jupiter schematic from Netzsch [183] 

All thermal data was collected on a Netzsch TG 449 F3 Jupiter simultaneous thermal 

analyser (Figure 3-10), at temperatures up to 1500 °C under an argon gas atmosphere with a 
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heating rate of between 5 °C/min and 20 °C/min, depending on the information required. Non-

radioactive powdered samples of at least 200 mg were placed in dedicated alumina crucibles 

for thermal analysis whereas sectioned monoliths of uranium bearing samples were used to 

reduce the hazard of handling radioactive powders.  

 

3.5.6. Helium Pycnometry 

 

Measurement of a powder sample’s volume or density can be determined by gas expansion 

pycnometry, whereby the difference in pressure due volume expansion can be directly related 

to the sample volume. Helium is the preferred gas to use for pycnometry due to the small atomic 

size and lack of reactivity with any sample. Figure 3-11 shows a schematic for a gas expansion 

pycnometer with a sample cell, pressure monitoring transducer, reference cell and gas valves.  

 

Figure 3-11. Gas expansion pycnometer schematic 

 

The equation for determining the volume of the sample is shown in Equation 6 [184]. The 

volume of the sample corresponds to the density of the sample through the know mass of the 

sample, as recorded on a calibrated balance with an accuracy of ±0.01 g.  

 

𝑉𝑆 = 𝑉𝐶 + 
𝑉𝑅

1−(
𝑃1
𝑃2
)
     Equation 6 

 

Where VS = volume of the sample, VR = reference volume, P1 is the pressure recorded when 

the sample chamber is filled and P2 the pressure recorded when the expansion valve is opened. 

In all work projects powder samples of know mass were added to a 1 cm3 sample holder 

insert and placed within a Micrometrics Accupyc II 1340 instrument. Helium gas at a fill 

pressure of 82.7 kPa was used with 10 purges over 10 cycles and experiments were performed 
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in room temperature with little variation. The density was calculated automatically from the 

determined sample volume and recorded sample mass. 

 

3.5.7. X-ray Absorption Spectroscopy 

 

X-ray absorption spectroscopy (XAS) can be described as the sharp increase in absorption of 

X-rays at specific energies which is unique to that particular element. These sharp increases in 

absorption are called absorption edges corresponding to the energy required to excite electrons 

into higher electronic states [185]. This analytical technique uses a synchrotron to generate 

high energy X-rays which are made monochromatic using a two-bounce, or double crystal, 

monochromator composed of silicon. The monochromatic beam is focused onto a prepared 

sample with the transmitted beam, or the detection of fluorescence X-rays, providing 

information on the local environment of the element being probed [186], [187]. Due to the low 

concentrations of U probed, coupled with sample attenuation and the hard X-ray absorption 

edge being investigated, U samples were analysed in fluorescence mode. High concentrations 

of Ce meant transmission mode was selected for Ce samples. A schematic of the XAS set-up 

used is shown in Figure 3-12, where I0 is the intensity of the incident beam, IT is the intensity 

of the transmitted beam and IF is the intensity of the secondary fluorescence photons produced 

as a result of de-excitation.  

 

 

Figure 3-12. XAS experimental set-up schematic (X05LA beamline) 

 

X-ray absorption near edge spectroscopy (XANES) provides information on the oxidation 

state and coordination of an element whereby the absorption edge and profile/shape changes 

with increasing or decreasing oxidation state, compared to known standards. This is due to 

effect of different X-ray energies required to excite electrons into different excited electronic 

states, such that more energy is required to excite electrons in higher oxidation state samples 
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[188]. To probe the oxidation state and to understand the behaviour within a material, the main 

L3 absorption edge of uranium and cerium was explored in this project. 

XANES on uranium bearing samples was performed at the Paul Scherrer Institute at the 

Swiss Light Source in Switzerland focusing on the U L3 edge feature at 17,166 eV. The X05LA 

beamline uses double crystal Si (111) monochromators and Si drift detectors mounted at 45 ° 

to the incident beam for detection of fluorescence X-rays. The sample flux was around 400 mA 

with a flux of 2 x 1012 photons/second on the sample. XANES on cerium niobate samples was 

performed on the BL-9A beamline at the KEK Photon Factory, High Energy Accelerator 

Research Organisation in Japan exploring the Ce L3 edge at approximately 5,723 eV in 

transmission mode. The beamline is equipped with double crystal Si (111) monochromators 

and ionisation chamber detectors. Flux on the sample was roughly 6 x 1011 photons/second and 

with energy of 450 mA. For data reduction and analysis, the Athena Demeter software package 

(version 0.9.24) was used. XAS sample preparation and raw data collection was performed by 

Dr Martin Stennett. 

 

3.5.8. Bulk Chemical Analysis 

 

The chemical composition of thermally synthesised materials was required to determine the 

amount of material in a sample, particularly the target waste or waste simulants, compared to 

the originally batched composition. Preparation for the chemical analysis required powdered 

samples with a size fraction less than 75 µm to be digested into hydrofluoric acid. This liquid 

form of sample was fed into a Spectro Ciros Vision inductively coupled plasma emission 

spectrometer (ICP-ES). The digestion into hydrofluoric acid and ICP-ES analysis was 

performed by an external laboratory, The University of Sheffield’s Department of Chemistry 

ICP Spectrometry laboratory.  

ICP-ES can determine the elemental makeup of a liquid phase by vaporising the liquid 

sample into high temperature plasma where the sample is decomposed. The high temperatures 

cause excitation and ionisation of the vaporised sample atoms which release a characteristic 

radiation when decaying back to the ground electronic state. These emissions are collected and 

recorded whereby specific wavelengths, or frequencies, of radiation correspond with particular 

atoms, and hence the make-up of a sample can be determined [189], [190]. Solid state detectors 

are commonly used for the detection of the emission photons. Figure 3-13 shows a schematic 

diagram of typical ICP-ES equipment with the plasma torch vaporising a sample and the 

resulting polychromatic radiation separated and collected in a multiplexer device. For further 

use of the ICP-ES, see Section 3.5.9. 
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Figure 3-13. Schematic of a typical ICP-ES set-up 

  

3.5.9. Aqueous Dissolution 

 

It is predicted through thermodynamics that glass, a metastable product, will hydrate in the 

presence of water and exchange constituent glass elements, the rate at which this process occurs 

is of fundamental importance in the planning and licensing of a nuclear waste facility [77]. 

Concentrations of chemical species released as a result of dissolution within an aqueous 

medium under accelerated leaching conditions was performed according to a modified version 

of the ASTM Product Consistency Test method B (PCT-B) protocol [191]. Relative durability 

of a test nuclear waste glass can assessed compared to other homogenous, phase separated, 

devitrified or glass-ceramics samples using this method which is commonly used in the 

literature [76], [128], [192], [193]. 

The normalised elemental release is often used to determine the loss of each element from 

a sample subject to a corrosion test and is calculated from Equation 7, where NLi = normalised 

elemental release, Ci = concentration of element ‘i’ in solution, fi = elemental fraction of 

element ‘i’ in the sample and SA/V = reactive surface area of the sample over the volume of 

leachate used [191]. The concentration of elements in the leachate was originally zero parts per 

million due to the use of ultra-high quality water. The surface area of the powder samples was 

calculated on the assumption that the material is spherical with an average particle diameter of 

112.5 µm (based on sieving to between 150 and 75 µm). 
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𝑁𝐿𝑖 =
𝐶𝑖

(𝑓𝑖×
𝑆𝐴

𝑉
)
     Equation 7 

 

The fraction of element ‘i’ in each unleached sample was calculated on the basis the 

constituent elements, derived from bulk chemical analysis (Section 3.5.8), were evenly 

distributed throughout the sample. 

To simulate the length scales nuclear waste glass can expect to be required to remain passive 

in a GDF, circa 100,000 years (see Section 2.4.2), accelerated leaching experiments were 

performed on Magnox sludge glass and on simulant Chernobyl LFCM samples. 

Alteration of Magnox sludge glass samples utilised the 75 µm – 150 µm size fraction glass 

powder which was cleaned and rinsed in ASTM-Type 1 compliant (UHQ) water to remove any 

smaller fines and size fraction of sample. Small volumes of the cleaned glass were placed into 

high density polyethylene containers such that a constant surface area of glass to volume of 

solution of 1200 cm-1 was achieved. Samples were run in duplicate using a modified PCT-B 

test over 28 days at a constant temperature of 90 °C with monitoring of samples on days 1, 3, 

7, 14, 21 and 28. Solutions obtained from each container were run through a Thermo Scientific 

iCAP 6000 Series ICP-ES to obtain the type and concentration of elements present, see Section 

3.5.8 for information on the ICP-ES methodology and operation. 

 Chernobyl LFCM samples were altered using both the method outlined above for a 

modified PCT-B test and via the vapour hydration test (VHT). This was performed using a 

modified ASTM C1663 standard [157] with monolithic coupons sectioned to approximately 

10 x 5 x 1 mm using a Buehler Isomet Low Speed Saw before being ground and polished to an 

optical finish using 3 µm diamond suspension (Buehler) on a Planocloth polishing pad and 1 

µm diamond suspension (Buehler) on a cashmere polishing pad as outlined in Section 3.3.3.  
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4.  Thermal Treatment of Simulated 

Magnox Sludge 
 

In this chapter, work on thermal treatment of simulant Magnox sludge waste from the FGMSP 

and MSSS via vitrification and HIP techniques is explored. Section 4.1 investigates synthesis 

of samples whereby the uranium content from the expectant wastes (Table 3-1) was replaced 

with the surrogates neodymium and mischmetal creating a suite of 8 samples to analyse. The 

expectant wastes were deemed bounding for the potential extremes of waste anticipated within 

the storage ponds. Section 4.2 discusses the vitrification and analysis of the base magnesium 

borosilicate and aluminosilicate base glass compositions as well as low activity uranium 

simulant waste loaded compositions, forming a suite of 6 samples with additional analysis to 

that in Section 4.1 for oxidation state determination. Section 4.3 explores a ‘once-through’ 

process for thermal treatment via HIP of simulant Magnox sludge, with similar waste 

compositions to those described in Sections 4.1 and 4.2, through analysis of the pre-treatment 

and synthesis conditions. The waste simulant used in this section was hydrothermally altered 

Magnox fuel elements without uranium content and was provided by the NNL. 

 

4.1. Draft paper: A Comparative Study between Non-Radioactive 

Surrogates Neodymium and Mischmetal in Magnesium Borosilicate 

and Aluminosilicate Glasses 

 

This work takes the form of a draft paper ready written in the style of that for the Journal of 

Nuclear Materials. This work was written by myself with the aid of co-authors for feedback 

and comments, with all the work performed by myself with the exception of the chemical 

analysis which was performed on my behalf by Sheffield University Chemistry Department. 

The article presented here is presented with references, figures and section numbering 

adapted to retain continuity with this thesis.  

 

A Comparative Study between Non-Radioactive Surrogates Neodymium and 

Mischmetal in Magnesium Borosilicate and Aluminosilicate Glasses 

Sean T. Barlow1, Adam J. Fisher1, Martin C. Stennett1, Claire L. Corkhill1, Russell J. 

Hand1, Sean P. Morgan2 & Neil C. Hyatt1  

1. Department of Materials Science & Engineering, The University of Sheffield, 

Sheffield S1 3JD, UK 

2. Sellafield Ltd., Hinton House, Risley, Warrington WA3 6GR, UK 
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Abstract: The use of surrogates of uranium for use in the development of novel nuclear 

wasteforms has often included the lanthanide neodymium (Nd) or the rare-earth alloy 

mischmetal (Mm). Aluminosilicate and borosilicate glass melts were performed using Nd and 

Mm with comparable elemental composition and subject to the same analysis regime to 

determine the effectiveness and validity of using these substitutes in scientific studies of glass 

microstructure, morphology and dissolution behaviour within aqueous environments. Samples 

with significant quantities of metallic Nd and Mm (> 4 mol%) caused crystallisation within the 

glass to various boron and oxide phases which did not significantly affect the chemical 

durability of the glasses. Borosilicate samples showed the lowest residual dissolution rates, no 

greater than as RL(B): (3.28 ± 8.85) x 10-2 g/m2/d and comparable to simulant UK high level 

waste glass. Mischmetal doped samples showed the lowest rates of dissolution, typically an 

order of magnitude less than neodymium doped glass. 

 

4.1.1. Introduction 

 

The United Kingdom has a significant inventory of hazardous nuclear wastes from its long 

history in nuclear power generation from 1953 to the present day. These wastes vary in nature 

but an important component of the inventory is residues and sludges arising from degraded 

nuclear fuels. To model and understand the key properties of new wasteforms for the 

immobilisation of such wastes, surrogate materials are utilised to approximate the behaviour 

of radionuclides in wasteforms when performing early stage feasibility studies, minimising the 

hazard and dose uptake. Neodymium, along with alloys or mixtures of lanthanides, are often 

used to replicate the use of uranium and other radionuclides such as americium and plutonium 

due to comparable ionic radii and oxidation/reduction behaviour [22], [110], [194]–[196]. 

Mischmetal (Mm), a rare earth alloy with a compositions of circa 50% Ce, 25% La and 25% 

Nd (trace Pr), also has great potential in this role as a surrogate for spent nuclear fuel [197]–

[199]. This study will look to incorporate Nd and Mm surrogates into simulant glass 

wasteforms for UK Intermediate Level Waste (ILW). 

Incorporation of significant quantities of uranium into wastes from the First Generation 

Magnox Storage Ponds (FGMSP) and Magnox Swarf Storage Silos (MSSS) at Sellafield is a 

significant problem with work currently underway to move the hazardous material to new safe 

buffer stores, Sludge Packing Plant 1 (SPP1) [5]. Bounding extremes for the composition of 

waste anticipated within the FGMSP and MSSS is shown in Table 4-1, with corroded waste 

representing Magnox fuel that has seen considerable hydrothermal alteration and metallic 

waste representing Magnox fuel with little corrosion consisting of primarily uranium and 

magnesium metal. Beyond the initial containment in temporary stores, the approach to final 

conditioning and disposal of the ILW sludges, is still to be defined. One promising approach, 

considered here, is thermal treatment via vitrification of sludges to produce a glass or slag like 

wasteform. Vitrification is often considered promising due to the enhanced passive safety 
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offered by immobilising radionuclides at the atomic scale within a glass structure, where very 

low dissolution kinetics can be achieved. The approximately 100,000 years nuclear waste needs 

to be isolated from the biosphere [70], [200] is potentially problematic for some cementitious 

materials which remain reactive and could affect the lifetime performance [10], this is not the 

case for vitrified materials, where natural analogues such as obsidian have been observed to 

endure these timescales [144], [201]. 

This study considers the use of uranium surrogates neodymium and mischmetal in 

comparable glass compositions, based on magnesium borosilicate (MBS) and magnesium 

aluminosilicate (MAS) pseudo-ternary liquidus phase diagrams [155], [156], [202] where a 

suitable, low temperature isotherm or glass forming region where ~40 wt% incorporation of 

MgO was identified in the MBS system and ~20 wt in the MAS system. The results of the 

synthesis of comparable glass samples containing uranium will be considered in a forthcoming 

publication. 

 

Table 4-1. Bounding extremes waste composition from FGMSP and MSSS. 

Composition Corroded Waste 

(wt%) 

Metallic Waste 

(wt%) 

Mg 5 12 

Mg(OH)2 80 20 

U 5 68 

U3O8 10 0 

 

4.1.2. Methodology 

 

Borosilicate and aluminosilicate glass compositions doped with either neodymium or 

mischmetal (Mm) were created with two bounding extremes of the waste anticipated within 

the FGMSP and MSSS, resulting in the compositions shown in Table 4-2. The bounding waste 

scenarios, shown in Table 4-1, were used where Nd or Mm surrogates were added at an 

equivalent molar quantity to the expected U inventory, as Nd, Mm, Nd2O3 and Mm2O3 

(mischmetal oxide). 

All borosilicate glasses were batched without alumina; the Al2O3 content reported in Table 

4-2 arises from corrosion of the alumina crucibles used during thermal synthesis. 

Aluminosilicate glass compositions included 1.6 mol% B2O3 to act as a tracer during 

dissolution experiments. 

Reagents used for batching of glass samples, SiO2, H3BO3 (Sigma-Aldrich 99.5 %), Na2CO3 

(Alfa Aesar 98%), Al(OH)3 (Acros 95%), Mg(OH)2 (Sigma-Aldrich 95%), Nd2O3 (Sigma-

Aldrich 99.9%), Mg (Acros 99.9%), Nd (Alfa-Aesar 99.1 %) and Mischmetal (Sellafield), were 

stoichiometrically weighed into sample bags and closely mixed for 1 minute. Each batch was 

placed into an alumina crucible and melted individually within an Elite Thermal Systems 
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BRF15/5 furnace. Based on previous work with base glass compositions without simulant 

waste, Magnesium borosilicate samples were synthesised at 1250 °C for 3 hours and 

magnesium aluminosilcate samples at 1500 °C for 5 hours, before casting into bars and 

annealing for 1 hour. The borosilicate samples were annealed at 610 °C and the aluminosilicate 

samples at 560 °C. No mechanical stirring or bubbling of the melt was performed and the melts 

remained static (except for convection currents) during melting.  

Elemental analysis of each sample, shown in Table 4-2, were determined by an inductively 

coupled plasma optical emission spectrometer (ICP-OES) after digestion into hydrofluoric 

acid, using powdered samples with a size fraction < 75 µm. 

 

Table 4-2. Analysed and batched glass compositions studied. 

Sample 

Analysed oxide composition (±0.2 mol%) [as batched] 

S
iO

2
 

B
2
O

3
 

M
g
O

 

N
a

2
O

 

A
l 2

O
3
 

N
d

2
O

3
 

C
e 2

O
3
 

L
a

2
O

3
 

MBS-C (Nd) 
24.3 

[25.2] 

22.8 

[24.7] 

49.2 

[49.2] 
- 

3.3 

[0] 

0.4 

[0.9] 
- - 

MBS-M (Nd) 
27.1 

[24.1] 

21.1 

[23.7] 

42.8 

[47.0] 
- 

4.0 

[0] 

4.9 

[5.2] 
- - 

MAS-C (Nd) 
45.1 

[45.6] 

1.2 

[1.6] 

27.4 

[28.3] 

18.5 

[18.4] 

7.6 

[5.6] 

0.2 

[0.5] 
- - 

MAS-M (Nd) 
42.4 

[43.2] 

1.3 

[1.6] 

23.8 

[26.8] 

16.0 

[17.5] 

12.2 

[5.3] 

4.4 

[5.6] 
- - 

MBS-C (Mm) 
21.5 

[25.3] 

25.9 

[24.8] 

48.5 

[49.4] 
- 

3.8 

[0] 

0.1 

[0.1] 

0.2 

[0.3] 

0.1 

[0.1] 

MBS-M (Mm) 
21.1 

[23.4] 

23.3 

[23.0] 

47.4 

[45.8] 
- 

4.4 

[0] 

0.9 

[1.9] 

1.9 

[3.9] 

1.0 

[2.0] 

MAS-C (Mm) 
41.3 

[45.7] 

1.5 

[1.6] 

29.7 

[28.4] 

18.1 

[18.4] 

9.2 

[5.6] 

0.0 

[0.1] 

0.1 

[0.1] 

0.1 

[0.1] 

MAS-M (Mm) 
42.3 

[43.9] 

1.5 

[1.6] 

25.7 

[27.3] 

15.9 

[17.7] 

11.5 

[5.4] 

0.6 

[1.0] 

1.7 

[2.1] 

0.9 

[1.0] 

 

Vitrified samples were crushed using a stainless-steel percussion mortar and sieved to a size 

fraction between 150 and 75 µm. Material less than this was ground using a pestle and mortar 

for characterisation.  

Multi-scale characterisation included powder X-ray diffraction (XRD) using a Bruker D2 

Phaser in reflectance mode for identification of any crystalline phases present. Scans over the 

range 10° ≤ 2θ ≤ 60° using Cu Kα radiation was used with a beam voltage of 30 kV and current 

of 10 mA. Kβ radiation was stripped using a built in Ni foil filter. Data were processed using 

the Bruker DiffracEva 3.0 software package with Crystallography open database [203] and 
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analysed using standards from the International Centre for Diffraction Data (ICDD) database 

[162]. 

Scanning electron microscopy (SEM) was combined with elemental dispersive X-ray 

spectroscopy (EDS) for identifying any phase separation or crystallisation using a Hitachi 

TM3030-SEM with semi-quantitative analysis performed by a Bruker Quantax EDS system. 

Samples were prepared for SEM-EDS by mounting in hard-setting resin and polishing to a 1 

µm finish using SiC grit papers followed by diamond suspension polishing solution. To create 

a conductive surface, samples were splutter carbon coated and earthed using silver paint. 

The density of vitrified powder samples was obtained using a Micromeritics Accupyc II 

1340 helium pycnometer and 1 cm3 sample chamber. Experiments were performed at room 

temperature with fill pressure of 82.7 kPa and 10 purges over 10 cycles with an equilibration 

rate of 0.034 kPa min-1. 

Thermal analysis was performed using a Netzsch TG 449 F3 Jupiter simultaneous thermal 

analyser, collecting both DTA and thermogravimetric (TG) data. Glass transition, Tg, 

crystallisation, Tc, and liquidus, TL, temperatures were recorded. Experiments were performed 

up to 1500 °C under an argon atmosphere. 

The ASTM Product Consistency Test B (PCT-B) protocol was applied to obtain glass 

durability [191]. Material with a size fraction between 150 and 75 µm was washed according 

to the standard protocol and subject to alteration for 28 days in ultra-high quality water at 90 

°C with a surface area to volume ratio of 1200 m-1. At each time point, aliquots of solution 

were obtained, and the pH was measured prior to acidification (conc. HNO3) with analysis of 

dissolved elements by ICP-OES (Thermo-Fisher iCAP6300). The normalised mass loss of 

elements from the materials was determined according to:  

NL,i =
Ci

fi × (SA V⁄ )
 

 

where NLi is the normalised mass loss (g m-2) of element i, Ci is the elementary concentration 

(mg L-1) in the solution, fi is the mass fraction of element i, and SA/V is the ratio (m-1) between 

the surface area of the glass (m2) and the volume of solution used (m3). The normalised 

dissolution rate, RLi (g m2 d-1), is defined as the time-derivative of the normalised mass loss: 

 

RL,i =
dNL,i
dt

=
1

fi × (SA V⁄ )
×
dCi
dt

 

 

4.1.3. Results 

 

Thermal Synthesis & Visual Observation 

During melting of the batch material, no foaming or violent reactions between the 

metallic/corroded waste components and the batch were observed. Corrosion of alumina 
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crucibles in MBS samples was evident as the melt line on the crucible, causing alumina 

inclusion into these samples as demonstrated by the analysed composition data in Table 4-2. 

Corroded waste (-C) samples formed fluid melts and a visually homogenous glass with a 

blue/purple colour in the case of Nd, or an orange/yellow colour for Mm samples. No apparent 

crystallinity was observed by visual observation. A noticeable colour change was observed in 

Nd glass when subjected to different lighting conditions, with fluorescent lighting producing a 

clear-blue tone whilst natural or incandescent light caused the colour to change to a purple hue 

as shown in Figure 4-1; this dichromatic effect is due to sharp absorption of yellow and green 

light [38]. Mm samples did not exhibit this phenomenon.  

 

 

Figure 4-1. Dichromatic neodymium doped glass. 

 

The metallic type waste glasses were more viscous than their corroded waste counterparts 

and formed a porous glassy-slag phase that was not fully incorporated into the glass melt. This 

resulted in a lower than batched amount of Nd and Mm uptake into the glass. The component 

of this melt that was investigated further was that which was successfully poured from the 

crucibles. The same colouration of samples was observed, with darker, more opaque, hues in 

the metallic waste samples and lighter hues from corroded waste samples. The metallic-type 

waste glasses appeared more crystalline by visual observation.  

 

Phase Analysis  

Corroded Waste Glass Samples 

Corroded waste samples MBS-C (Nd), MBS-C (Mm), MAS-C (Nd) and MAS-C (Mm) were 

all X-ray amorphous and exhibited diffuse scattering between approximately 20° ≤ 2θ ≤ 40°. 

Asymmetric diffuse scattering was present in XRD data from MAS samples, split into two 

distinct components with maxima at 20° and 30° 2θ, indicative of phase separation. Figure 4-2 

and Figure 4-3 show the diffraction data for all corroded waste samples, no distinct Bragg 

reflections caused by crystalline components were detected. 
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Figure 4-2. Powder X-ray diffraction data for Nd corroded waste samples. 

 

Figure 4-3. Powder X-ray diffraction data for Mm corroded waste samples. 

 

MBS-C (Mm) was observed to exhibit distinct inhomogeneity as verified from variable 

contrast in back scattered SEM images (Figure 4-4). However, no crystalline inclusions were 

observed in any corroded waste sample. EDS analysis of the phase separation shows darker 

regions depleted in Al and mischmetal components, La, Ce and Nd, compared to the lighter 

phase. All other corroded waste type samples were homogeneous with an even distribution of 

all elements present, evidenced by the consistent greyscale contrast across the sample, as seen 

in Figure 4-5.  
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Figure 4-4. Backscattered SEM of inhomogeneous MBS-C (Mm) and EDS spectra for the 

marked points of interest. 

 

 

Figure 4-5. Backscattered SEM image of MAS-C (Nd) showing sample consistency. The 

small (50 µm) bubble in the bottom left corner is a relic from the casting process.   

 

Metallic Waste Glass Samples 

Mischmetal Samples 

XRD patterns of the metallic mischmetal waste loaded compositions presented clear Bragg 

reflections present in addition to diffuse scattering arising from the amorphous glass (Figure 

4-6). Bragg reflections in the XRD data indicated the presence of Ce1-xLaxB6-x/2, where x=0.5, 

in borosilicate compositions and Ce1-xNdxO2-x/2, where x=0.3, in aluminosilicate compositions; 

both crystalline phases consisted of components from the original mischmetal, namely La, Nd 

and Ce.  
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Figure 4-6. Powder X-ray diffraction data for metallic waste loaded Mm glass samples. 

 

Small crystallites, ~0.3 µm in diameter, were observed in backscattered SEM images of 

MAS-M (Mm), with complimentary EDS confirming the presence of Ce and Nd within this 

phase, see Figure 4-7. Also present were crystals < 5 µm in size, also comprised of Ce, Nd and 

B, plus an Mg-Al-O phase (Figure 4-9); these phases were too low in concentration to be 

detected by XRD of the bulk sample. Figure 4-8 shows the presence of large (< 10 µm) Ce-

Nd-B crystals present in MAS-M (Mm) glass via the backscattered image and EDS element 

maps whilst Figure 4-9 shows a Mg-Al-O phase present in the sample. In both images the 

scattered small white crystals are the crystallites shown in Figure 4-7. 
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7  

Figure 4-7. Backscattered SEM of MAS-M (Mm) showing Ce1-xNdxO2-x/2 crystallites and 

corrosponding EDS Spectra. 

 

 

Figure 4-8. Ce-Nd-B crystals within SEM image of MAS-M (Mm) and corresponding 

EDS element maps. 
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Figure 4-9. Mg-Al-O crystals within SEM image of MAS-M (Mm) and corresponding 

EDS element maps. 

 

SEM images of MBS-M (Mm) sample shows crystallites < 5 µm that are present in the glass 

matrix, supplementary EDS indicates these are composed of B, Ce, La and Nd as seen in Figure 

4-10. This phase correlates with the Ce1-xLaxB6-x/2 phase identified by XRD. 

 

 

Figure 4-10. SEM image of MBS-M (Mm) and EDS spectra of regions of interest. 

 

Neodymium Samples 

XRD of metallic waste loaded neodymium compositions, MBS-M (Nd) and MAS-M (Nd) 

shows strong Bragg reflections inferring the presence of crystalline inclusions within the glass 

as seen in Figure 4-11. MBS-M (Nd) contained several crystalline phases with the ICSD 

database and DiffracEva software identifying Nd(OH)3, NdB6 and Nd2O3, whilst MAS-M (Nd) 

only contained the crystalline phase, Na1+xAl1+xSi1-xO4 where x=0.45.  The presence of 
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Nd(OH)3 is likely due to hydration of Nd2O3 during sample storage and preparation, assisted 

by the high surface area of powders, < 75 µm particle size, utilised for XRD. 

 

Figure 4-11. Powder X-ray diffraction data for metallic waste loaded Nd glass samples. 

 

MAS-M (Nd) contains fractal-like crystalline formations along with homogeneous glass 

backscattered, as seen in Figure 4-12 A and Figure 4-12 B. High magnification SEM images 

and corresponding elemental mapping/EDS spectrum analysis (Figure 4-12 C and Figure 4-12 

D) show darker regions are enriched in Si, Na and Al compared to the brighter regions which 

are enriched in Nd and Mg. 

The analogous borosilicate glass, MBS-M (Nd) formed multiple crystalline phases by XRD, 

however only NdB6 crystallites were observed in BSE images and from EDS analysis (Figure 

4-13). NdB6 crystallites had a sufficiently high B concentration to allow detection by the EDS 

system. This sample also exhibited a small amount of liquid-liquid phase separation, 

differentiated by back scattered electron contrast, however the compositional difference 

between each phase was too small to be distinguished by EDS as shown in Figure 4-13. 
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Figure 4-12. BSE micrographs highlighting various morphologies present within MAS-M 

(Nd). A – BSE image of crystalline phase. B – BSE micrograph of homogenous phase. C 

– High magnification BSE image of crystalline phase with light and dark phases labelled. 

D - Associated EDS spectra for the light and dark phases shown in C. 
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Figure 4-13. BSE images of MBS-M (Nd), exhibiting NdB6 crystallisation and associated 

EDS spectra. 

 

Thermal Analysis 

A summary of results from thermal analysis are shown in Table 4-3 and DTA data collected is 

shown in Figure 4-14. Glass transition temperatures (Tg) were obtained from the point of 

maximum rate of slope for the first thermal event, crystallisation temperatures (Tc) were taken 

as the point of maximum intensity in exothermic events and the final liquidus temperature (Tliq) 

taken as the lowest point in intensity from the final endothermic event. Complementary 

thermogravimetric (TG) data showed no noteworthy mass loss upon analysis. 

 

Table 4-3. Extracted thermal event temperatures for all samples. 

Sample 
Thermal Event (°C) ±5 °C 

Tg Tc1 Tc2 Tliq  

MAS-M (Nd) 669 786 853 1282 

MAS-M (Mm) 668 812 846 1269 

MAS-C (Nd) 617 837  1154 

MAS-C (Mm) 628 834  1210 

     

MBS-M (Nd) 669 810 1100 1130 

MBS-M (Mm) 672 908 982 1163 

MBS-C (Nd) 670 900  1150 

MBS-C (Mm) 668 848  1142 

 

All MAS samples were liquid only above 1200 °C whilst all MBS samples were fully melted 

and liquidus below 1200 °C. Crystallisation temperatures depend significantly on the sample 

composition, varying from 786 °C to 1100 °C with all metallic waste doped samples forming 

a second crystallisation peak. All metallic waste-loaded samples were observed to undergo two 
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exothermic events indicating the formation of multiple crystalline phases within the melt. Glass 

transition occurred at a similar temperature for all samples studied, with MAS samples having 

a slightly lower Tg than borosilicate counterparts.  

 

Figure 4-14. Collected DTA for samples created in the study, with glass transition (Tg), 

crystallsation (Tc) and liquidus points (Tl) labelled. 

 

Helium Pycnometry & Waste Incorporation 

Density measurements, by helium pycnometry on powdered samples, identified the metallic-

type glasses have a higher density than those from corroded waste. Overall the effect of 

mischmetal or neodymium has little effect on the density of the glass, as can be seen in Table 

4-4, however the determined density of borosilicate compositions are greater than that of the 

counterpart aluminosilicates glasses. 

Incorporation of Nd, in the form of Nd2O3, and Mm, in the form of Ce2O3, La2O3 and Nd2O3 

from both extremes of the waste was near identical in comparable samples (Table 4-2). From 

the analysed compositions obtained and shown in Table 4-2, the lowest Nd incorporation 

achieved was 1.2 wt% from MAS-C (Nd) and the highest was 24.1 wt% from MBS-M (Nd) 

whilst the lowest Mm waste incorporation achieved was 1.4 wt% from MAS-C (Mm) and the 

highest 18.8 wt% from MBS-M (Mm). It appears that generally Nd is better able to integrate 

into the glass network compared to Mm, and that borosilicate compositions are able to 

incorporate more of either Nd or Mm into the glass structure than aluminosilicate compositions. 
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Table 4-4. Measured density of glass compositions. 

Sample Average density (g.cm-3) 

MAS-M (Nd) 3.034 ± 0.005 

MAS-M (Mm) 2.964 ± 0.005 

MAS-C (Nd) 2.625 ± 0.004 

MAS-C (Mm) 2.650 ± 0.005 

  

MBS-M (Nd) 3.164 ± 0.007 

MBS-M (Mm) 3.101 ± 0.007 

MBS-C (Nd) 2.684 ± 0.003 

MBS-C (Mm) 2.697 ± 0.006 

 

Aqueous Chemical Durability 

The normalised mass loss (NL) of B, Mg and Si were determined for all samples along with 

the pH of the alteration solution, at various time points from PCT-B experiments. The rate of 

normalised mass loss of Nd, Ce and La were determined; no appreciable leaching of Ce and 

La was observed, while Nd leached from only one sample, MAS-C (Nd). A forward (0-7 day) 

and residual (7-28 day) dissolution rate for B, Si, Mg and Na were calculated and shown in 

Table 4-5, along with the average solution pH. 
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Table 4-5. Forward and residual dissolution rates with average pH. 

 Normalised forward dissolution rates (NRi, g m-2 d-1)  

Samples B Si Mg Na 
Average 

pH (±0.1) 

MAS-M (Nd) (1.01 ± 0.20) x 100 (1.38 ± 1.95) x 10-2 - (5.83 ± 1.84) x 10-1 12.1 

MAS-M (Mm) (6.18 ± 3.77) x 10-2 - - (4.36 ± 5.00) x 10-2 11.6 

MAS-C (Nd) (1.10 ± 0.19) x 100 (2.68 ± 0.36) x 10-1 (2.57 ± 0.59) x 10-3 (5.31 ± 1.30) x 10-1 12.0 

MAS-C (Mm) (8.64 ± 3.49) x 10-2 (1.32 ± 1.87) x 10-3 - (4.37 ± 3.82) x 10-2 11.5 

      

MBS-M (Nd) (2.65 ± 1.02) x 10-1 (1.45 ± 0.59) x 10-3 (3.50 ± 1.18) x 10-2 - 8.6 

MBS-M (Mm) (6.08 ± 3.42) x 10-2 - (4.92 ± 4.54) x 10-3 - 8.7 

MBS-C (Nd) (5.94 ± 1.61) x 10-1 (7.84 ± 2.86) x 10-4 (6.77 ± 1.82) x 10-2 - 8.7 

MBS-C (Mm) (6.18 ± 4.03) x 10-2 - (6.99 ± 5.48) x 10-3 - 8.6 

 

 Normalised residual dissolution rates (NRi, g m-2 d-1)  

Samples B Si Mg Na 
Average 

pH (±0.1) 

MAS-M (Nd) (7.12 ± 0.76) x 10-2 - - (4.78 ± 6.41) x 10-2 12.6 

MAS-M (Mm) (1.27 ± 0.85) x 10-2 - - (1.09 ± 1.01) x 10-2 11.6 

MAS-C (Nd) (8.32 ± 0.76) x 10-2 (5.05 ± 2.24) x 10-3 (3.41 ± 0.45) x 10-3 (3.40 ± 4.75) x 10-2 12.5 

MAS-C (Mm) (1.46 ± 0.85) x 10-2 (1.19 ± 0.70) x 10-3 - (1.24 ± 0.82) x 10-2 11.6 

      

MBS-M (Nd) (7.06 ± 0.33) x 10-3 - (5.69 ± 6.51) x 10-3 - 8.5 

MBS-M (Mm) (3.11 ± 0.71) x 10-3 (2.59 ± 0.80) x 10-5 (5.12 ± 8.89) x 10-4 - 8.6 

MBS-C (Nd) (3.28 ± 0.89) x 10-2 (2.24 ± 1.36) x 10-4 (5.44 ± 10.2) x 10-3 - 8.6 

MBS-C (Mm) (4.83 ± 0.83) x 10-3 (3.26 ± 0.54) x 10-5 - - 8.6 
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Figure 4-15. Average pH of Nd (left) and Mm (right) samples during PCT-B 

experiments. 

 

The average pH of the leachate solution from each experiment buffered quickly to an almost 

constant pH (±1 pH unit) and did not deviate significantly throughout the 28 days. Leachate 

from aluminosilicate samples was considerably more alkaline (pH 11.5-12.4) than leachate 

originating from the borosilicate samples (pH 8.5-8.7), as shown in Figure 4-15. This difference 

is due to leaching of Na ions from the aluminosilicate glass network; borosilicate samples did 

not contain Na and consequently the leachate was less alkaline. The initial leachate, and blank 

samples leachate, was on average pH 6.95. 

 

 

Figure 4-16. Normalised mass loss of B from Nd (left) and Mm (right) samples as a 

function of time. 
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Figure 4-17. Normalised mass loss of Si from Nd (left) and Mm (right) samples as a 

function of time. 

 

The normalised mass loss of major structural glass components, B and Si, is shown in Figure 

4-16 and Figure 4-17. With Nd loaded samples, the normalised mass loss of B from MAS-M 

(Nd) glass was three times greater than in the borosilicate counterpart MBS-M (Nd), and B 

release from MAS-C (Nd) was almost twice that of MBS-C (Nd). The normalised mass loss of 

B from Mm compositions was between 75% and 90% lower than the equivalent Nd loaded 

compositions. Little to no release of Si was detected from MBS glasses whilst the equivalent 

MAS compositions released an order of magnitude more Si into solution. The normalised mass 

loss of Si was reduced by a factor of 20 in Mm glass compositions, compared to their Nd 

counterparts.  

The high normalised mass loss of Na of from MAS compositions results in rapid buffering 

of the solution to pH 11 – 12, compared to ca. pH 8.5 for MBS compositions, consequently the 

greater normalised mass loss of Si from MAS compositions is a result of both the higher 

hydroxide concentration, responsible for nucleophilic attack on and release of Si from the glass 

network, and greater solubility of silica at high pH [82], [204]. After approximately 7 days the 

rate of change in mass loss of Si generally decreases, as shown in Figure 4-17, signifying 

saturation of the leachate and steady state conditions have been approached or that Si has 

precipitated out of solution and formed passivating alteration layers on the surface of glass 

particles (as shown in Figure 4-19), increasing the resistance to further dissolution of the glass 

network. 

The normalised mass loss of Mg from both Nd and Mm compositions follow comparable 

trends with borosilicate glasses leaching more into solution than aluminosilicate counterparts, 

as seen in Figure 4-18. The rate of normalised loss of Mg reduces after approximately 7 days, 

akin to B and Si, signifying leachate saturation and the formation of Mg containing alteration 

layers. 
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Figure 4-18. Normalised mass loss of Mg from Nd (left) and Mm (right) samples as a 

function of time. 

 

SEM-EDS analysis of 28 day altered glass samples identified alteration layers in MAS-C 

(Nd) with a thickness of 8 µm from the pristine glass to water-surface interface; see Figure 

4-19. Alteration layers were also observed in MBS-C (Mm), with a thickness no greater than 1 

µm (Figure 4-20), too small for detailed EDS analysis. Constituent elements of the glass are 

present in the alteration layer and distributed evenly throughout, as evidenced by the consistent 

greyscale in BSE images and distribution of elements from EDS maps shown in Figure 4-19. 

The only exception was Na where an increased concentration at the water-surface interface 

occurred. Dehydration of the alteration layer is apparent from shrinkage and pull-away from 

the bulk glass, evidenced by a dark band in BSE images at the glass-alteration interface in 

Figure 4-19 and Figure 4-20. 

No alteration layers were detected in 28 day aged metallic waste loaded samples from either 

Nd or Mm glasses, indicating these samples are more resistant to aqueous corrosion. This is 

evidenced by lower normalised loss of B and Si for metallic waste glass samples as shown in 

Figure 4-16 and Figure 4-17. 
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Figure 4-19. BSE micrographs of alteration layers on MAS-C (Nd) glass after 28 days 

and corresponding EDS maps. 

 

 

Figure 4-20. BSE image of alteration layers on MBS-C (Mm) after 28 days. 

 

Altered glass samples from the 28 day experiment were analysed by XRD to investigate 

alteration of the incorporated crystalline phases and the formation of precipitated secondary 

alteration products. XRD analysis of the 28 day altered Nd samples showed no change in phase 
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assemblage compared with the original pre-leaching data, see Figure 4-21 and Figure 4-22, 

however a reduction in the intensity of reflections associated with the NdB6 phase is apparent. 

XRD of recovered Mm glass powders, post dissolution, identified the presence of the same 

crystalline phases that were present before alteration, as shown in Figure 4-23. Corroded waste 

samples doped with mischmetal also showed no change from the original sample with no 

detectable Bragg reflections (Figure 4-24).  

 

 

Figure 4-21. XRD pattern for Nd doped metallic waste glasses after 28 day alteration. 

 

Figure 4-22. XRD pattern for Nd doped corroded waste glasses after 28 day alteration. 
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Figure 4-23. XRD pattern for Mm doped metallic waste glasses after 28 day alteration. 

 

Figure 4-24. XRD pattern for Mm doped corroded waste glasses after 28 day alteration. 

 

4.1.4. Discussion 

 

Thermal Synthesis & Visual Observation 

Borosilicate glasses were produced at temperatures comparable with current High level waste 

(HLW) operations below 1200 °C [200], without the use of typical glass fluxes such as Na, due 

to the high concentration of boron, > 21 mol% in the final glass (see Table 4-2), allowing lower 

melting temperatures. Aluminosilicate glasses required temperatures slightly above 1200 °C, 

based on DTA results, for form a fluid melt due to the more refractory nature of alumina; the 

presence of Na2O acts to reduce the melt temperature but Al2O3 negates this to necessitate an 
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increase in temperature. The addition of either Mm or Nd made no effect on the final liquidus 

temperature, see Table 4-3 and Figure 4-14. 

Samples produced from metallic waste formed crystalline glasses and slag-like phases, 

whilst all corroded waste samples formed visually homogenous glass, free from crystallinity. 

MBS-M (Mm) reacted with silica to form a slag like phase not incorporated into the bulk glass 

whereas MBS-C (Mm) is fully vitrified; as evident from the difference between analysed and 

batched compositions in Table 4-2.  

It is unlikely these samples would be reproducible within a conventional glass melter due to 

the method of introducing glass forming agents into the waste before melting, rather than the 

conventional waste vitrification techniques of blending waste with a pre-prepared glass frit 

before vitrification [36]. However, this composition would be reproducible in modern Geomelt 

or other in-container vitrification technology [197], [205], and has been demonstrated in trials 

of vitrifying Magnox sludges as outlined by Matlock et.al [194].  

 

Phase Analysis 

Metallic waste compositions contained various crystalline phases as observed from XRD 

analysis, shown in the summary Table 4-6 below; these phases were verified by SEM-EDS 

analysis. Na1.45Al1.45Si0.55O4 , also known as nepheline, identified from XRD of MAS-M (Nd) 

was detected as a dark phase in SEM micrographs (Figure 4-12 A & C) and subsequent EDS 

(Figure 4-12 D). This is a phase know to form in commercial nuclear waste glass, and is 

generally deleterious for aqueous durability [206]–[208]. The NLB results obtained show 

leaching for MAS-M (Nd) was high compared to MAS-M (Mm), which may be linked to the 

presence of this phase. Nd0.3Ce0.7O1.85 from MAS-M (Mm) was observed in SEM micrographs 

as small crystallites distributed throughout the glass (Figure 4-7), however a Ce, Nd and B 

crystalline phase and Mg, Al and O phase were also observed (Figure 4-8 & Figure 4-9) that 

were not detected in XRD data. Since these phases were observed infrequently within the 

sample they are likely below the detection limit for XRD. 

Various phases including Nd(OH)3, NdB6 and Nd2O3were present within MBS-M (Nd) by 

XRD analysis, with the boride phases observed in SEM micrographs and EDS spectra, note the 

carbon content within the EDS map (Figure 4-13) was due to carbon coating of samples to 

ensure sample surface conductivity. Nd(OH)3 is likely formed from exposing Nd2O3, during 

the crushing process in order to create powdered samples, which hydrated to form small 

quantities of Nd(OH)3. These phases were not observed in MAS-M (Nd) due to the higher 

temperature melt conditions fully oxidising and digesting Nd into the glass with no Nd oxide 

phases formed (Figure 4-11).  

All corroded waste samples, with either Mm or Nd feed, were X-ray amorphous by XRD 

analysis, indicating successful oxidation and incorporation of metallic components into the 

bulk glass with no resulting crystallinity or sharp Bragg reflections. Striations observed from 

BSE images of MBS-C (Mm) were caused by the sample not being fully homogenised due to 
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insufficient mixing of the melt by thermal currents alone; mechanical stirring or bubbling of 

the melt would reduce this, improving the mixing of the mischmetal components identified in 

the lighter phase into the bulk glass. Such heterogeneous glass samples are often seen in the 

nuclear industry with waste glass often possessing a heterogeneous microstructure, and do not 

pose a fundamental challenge to disposability [209], [210]. The increased Al and Mm content 

in the lighter phase of MBS-C (Mm) was likely to have resulted from interaction between the 

alumina crucible and Mm components at the melting temperature. This was not observed in 

the Nd doped counterpart despite uptake of a similar amount of Al2O3 from corrosion of the 

crucible (Table 4-2), suggesting more agitation of the melt is required to incorporate Mm 

compared to Nd. Higher temperatures required by the equivalent aluminosilicate samples 

resulted in greater thermal currents and better mixing of the melts resulting in a more 

homogenous sample, as observed in Figure 4-5. 

 

Table 4-6. Summary of phases observed in all samples by XRD analysis. 

Sample Phases Present by XRD 

MAS-M (Nd) Na1.45Al1.45Si0.55O4 

MAS-M (Mm) Nd03Ce0.7O1.85 

MAS-C (Nd) Amorphous 

MAS-C (Mm) Amorphous 

  

MBS-M (Nd) Nd(OH)3, NdB6, Nd2O3 

MBS-M (Mm) Ce05La0.5B5.74 

MBS-C (Nd) Amorphous 

MBS-C (Mm) Amorphous 

 

Thermal Analysis 

Similar (± 50 °C) glass transition temperatures for all samples were obtained from extracted 

DTA data, however the first exothermic recrystallisation point occurred at a higher temperature 

in borosilicate glasses than aluminosilicates (Table 4-3). A second exothermic event was only 

observed in metallic waste samples, this temperature is likely associated with the growth of the 

crystalline phases observed from XRD and SEM-EDS data, since amorphous samples were 

obtained from glass that exhibited no second Tc. Higher melting temperatures were required to 

create liquidus aluminosilicate melts compared to borosilicates, this is reflected in DTA data 

showing Tl above 1200 °C in most cases. This increase in temperature is due to the presence 

of Al2O3 and SiO2 in greater concentrations and lower B2O3 content compared to borosilicates 

samples, which is assumed to create a more polymerised melt due to the increased content of 

network-forming cations. The flux effect from Na2O is offset by the greater concentration of 

refractory Al2O3. No significant mass loss from thermogravimetric analysis indicates 

volatilisation of the batch components has not occurred upon melting, improving the safety 

case for these glass compositions were they to be employed commercially.  
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Dissolution & alteration 

Release of Na in significant quantity, > 4 x 10-2 g m-2 d-1, is responsible for the increased pH 

of leachate from the aluminosilicate samples compared to that from borosilicate samples. This 

impacts the overall glass durability with higher pH conditions increasing nucleophilic attack 

and solubility, with glass dissolution increased as a result, as observed in the forward and 

residual dissolution rates of boron (Table 4-5) and the from the normalised loss of boron in 

Figure 4-16. The presence of the crystalline phase nepheline in MAS-M (Nd) is one potential 

cause for the high leaching rates observed for this sample, having the second highest boron 

dissolution rate and the highest sodium dissolution rate. 

 In general, corroded waste samples had a higher normalised loss of B, Si and Mg than their 

metallic waste counterparts, and corresponded with the presence of alterations layers shown in 

Figure 4-19 and Figure 4-20. The lack of alteration layers and lower leach rates in metallic 

waste samples indicate these samples are more resistant to aqueous corrosion. 

Compared to the HLW simulant glass MW-25, with a reported boron release rate of 2.4 x 10-

2 g m-2 d-1 [209], the rates observed in this study are comparable and for all borosilicate samples 

are lower than that of the HLW simulant, which is considered promising from a disposability 

standpoint. The total activity of vitrified Magnox HLW, according to the NDA waste stream 

datasheets [211] is ~170 TBq m-3 of α and ~35,600 TBq m-3 of βγ nuclides  whilst for ILW 

glasses, using the Magnox sludge wastes described in this study [89], [212] with waste loading 

of 25%, the total activity would be ~1 TBq m-3 of α and ~43 TBq m-3 of βγ nuclides, over 2 

orders of magnitude lower than HLW glass wasteforms. Taken together, these data imply that 

the repository source term of the conceptual vitrified borosilicate glass wasteforms developed 

here for Magnox sludges, should meet the expected waste acceptance criteria. 

No detectable release of Nd, Ce and La was observed from any of the conceptual 

wasteforms, except for MAS-C (Nd) where the maximum loss of Nd did not exceed 0.012 g 

m-2 over the 28 days. The leaching of Nd from this composition is likely due to the high NLSi 

experienced during dissolution effectively breaking down the glass structure. In other 

compositions, negligible leaching of the waste simulants indicates these components remain in 

or with the wasteform possibly in an alteration layer as a stable phase. Unfortunately, no such 

phase could be observed from SEM-EDS of 28 day altered samples, Figure 4-19 and Figure 

4-22 revealing mostly homogenous alteration regions and X-ray amorphous glass within the 

only sample to demonstrate leaching of any waste component. The concentration of Na was 

enriched at the water-surface interface of glass alteration layers indicating sodium ions have 

freely migrated from the glass into solution, evidenced by the high pH observed for all 

aluminosilicate samples. This enrichment is likely due to the samples solution reaching 

saturation in Na and precipitating back onto the water-surface interface as Stage II dissolution. 

Due to this effect, it is likely the alteration layers are non-passivating. 

B and Si leaching was over ten times greater from Nd samples compared to Mm doped 

samples (Figure 4-16 & Figure 4-17) implying mischmetal creates a more connected glass 
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network and is therefore more durable with lower overall rates of dissolution of the key glass 

components.  

Alteration layers observed on aluminosilicate glass samples were clearly apparent, see 

Figure 4-19 and Figure 4-20, whilst lower rates of dissolution were observed for borosilicate 

glasses. It is therefore assumed the alteration layers formed are not fully passivating since their 

formation between day 1 and day 7 acts only to reduce the dissolution to the steady state regime, 

along with saturation of the leachate solution. Single-pass flow-through tests would remove 

the effects of sample saturation and help to understand the dissolution kinetics further [78], 

[213]. 

Analysis of 28 day leached samples from the PCT experiment shows no change in the XRD 

pattern for any sample. A subtle shift in peak positions for the Ce0.5La0.5B5.74 phase is evident 

when compared to the unaltered sample, which could be linked a change in the stoichiometry 

of this phase due to hydrothermal alteration. Since this particular sample has low rates of 

dissolution, as identified from Table 4-5, the change in stoichiometry of this phase does not 

affect the overall glass durability. No mischmetal or neodymium components were identified 

implying the waste components preferentially remain in the glass phase, or form crystalline 

phases in such low quantities to avoid detection by either XRD or SEM-EDS.  

 

4.1.5. Conclusions 

 

Presented in this work are two glass networks, magnesium borosilicate and magnesium 

aluminosilicate, that have been doped with mischmetal or neodymium in two waste loading 

regimes, corroded or metallic waste, forming a suite of 8 samples. The samples were successful 

in demonstrating incorporation of waste simulant components into glassy products that 

suffered crystallisation when loaded with a majority of metallic waste yet formed amorphous 

glass when loaded with corroded type waste. This effect was evident with the use of either 

surrogate waste material. 

Magnesium borosilicate samples, with either michmetal or neodymium, could be melted 

and cast below 1200 °C, but often consisted of inhomogeneity from lack of mechanical stirring 

or mixing of the melt, whilst aluminosilicate samples required higher melting temperatures but 

could self-mix effectively. Lower temperatures preferred by the nuclear industry necessitate 

the use of borosilicate samples going forward [36], [214], stirring or bubbling of the melts 

would improve the homogeneity of the product. However it is noted that scaling up the volume 

of a glass melt would increase thermal currents enabling better mixing. Nevertheless, 

heterogeneous wasteforms are typical products of pilot scale ILW vitrification trials and 

compositional gradients and occluded porosity are not considered to be a fundamental 

challenge to the safety case for storage and disposal [215].  

The effectiveness of mischmetal as a surrogate for uranium on studies on microstructure and 

morphology can be validated by observation of oxide crystalline phases, as observed in studies 
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on uranium loaded compositions [216] whilst neodymium samples formed both oxide and 

boride phases. By comparison of dissolution rates of key elements from this study with that of 

other studies [209], both neodymium and mischmetal result in analogous rates. The processing 

temperatures of both glass systems are comparable to that of real ILW [217] 

Crystallinity observed in mishmetal doped samples MAS-M (Mm) and MBS-M (Mm) did 

not significantly alter the chemical durability of the glass system, with these samples having 

the lowest normalised loss of key elements and lower rates of glass dissolution compared to 

those doped with neodymium. In general, metallic waste loaded samples had greater durability 

than corroded sample, with an exception is made for MAS-M (Nd) where nepheline formation 

results in higher NLB and NLNa (Table 4-5 & Figure 4-16). The formation of altered regions on 

the glass-water interface did not significantly supress dissolution rates over the 28 day test and 

sodium ions were found to pass through the layer and accumulate at the water-surface interface. 

Overall borosilicate glass, with either mishmetal or neodymium, were found to be more 

chemically durable than the aluminosilicate equivalents with a performance analogous to UK 

HLW simulant glass, supporting the use of borosilicate samples in future trials and 

experiments. 

Mischmetal samples were more chemically durable than those with neodymium and showed 

little alteration over 28 days of accelerated leaching however would require mechanical mixing 

to form a homogenous glass unlike those doped with neodymium. A more simplistic range of 

oxide crystalline phases were formed within mischmetal doped glasses whereas crystallisation 

within neodymium glasses was more complex, forming both oxide and boride phases within 

the same composition, not commonly observed in uranium bearing waste glasses. The use of 

both neodymium and mischmetal can be seen as effective dependent on the composition being 

studied and the conditions of the experiment 
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4.2. Draft Paper: Thermal Treatment of Magnox Sludge Intermediate 

Level Nuclear Waste through Vitrification 

 

This work takes the form of a draft paper written in the style for publishing in the Journal of 

Hazardous Materials. This work was written by myself with the aid of co-authors for feedback 

and comments. All of the sample preparation and analysis was performed by myself with the 

exception of the acquisition of chemical composition of glass which was performed on my 

behalf by Sheffield University Chemistry Department and the collection of X-ray absorption 

spectroscopy data which was performed by co-authors Daniel Bailey and Martin Stennett at 

the Paul Scherrer Swiss Light Source Facility, Switzerland.  

The article presented here is has references, figures and section numbering adapted to retain 

continuity with this thesis.  

 

Thermal Treatment of Magnox Sludge Intermediate Level Nuclear Waste 

through Vitrification 

Sean T. Barlow1, Adam J. Fisher1, Daniel J. Bailey1, Martin C. Stennett1, Claire L. Corkhill1, 

Russell J. Hand1, Sean P. Morgan2 & Neil C. Hyatt1  

1. Department of Materials Science & Engineering, The University of Sheffield, 

Sheffield S1 3JD, UK 

2. Sellafield Ltd., Hinton House, Risley, Warrington WA3 6GR, UK 

 

Abstract: Magnesium aluminosilicate and magnesium borosilicate wasteforms were 

investigated for the vitrification of intermediate level Magnox sludge waste accumulated on 

the Sellafield site over 50 years. Base glass compositions were doped with two bounding waste 

simulants for sludges from the First Generation Magnox Storage Ponds, including up to 12 

wt% metallic magnesium and 68 wt% metallic uranium. Borosilicate compositions 

demonstrate suitably high waste loadings of over 27 wt% by oxidising and digesting metallic 

waste elements into an amorphous glass. Simulants with a high metallic waste fraction afforded 

partially devitrified glasses with crystalline UO2 and U3O8 which did not adversely impact 

chemical durability. Borosilicate compositions showed dissolution rates comparable to high 

level and intermediate level waste glass with RL(B) = (3.32 ± 2.98) x 10-1 g m-2d-1. Uranium 

speciation within glass was investigated by X-ray absorption near edge spectroscopy; 

borosilicate compositions were characterised by a slightly lower mean U oxidation state 5.0 ± 

0.1 than aluminosilicate counterparts 5.2 ± 0.1. Aluminosilicate glass compositions were 

determined to be unsuitable for application due to high dissolution rates and unfavourable 

processing conditions. This work establishes proof of concept of vitrification of hazardous 
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Magnox sludge waste in borosilicate glass formulations, with the potential to achieve an 80% 

reduction in conditioned waste volume, over the current site baseline plan. 

 

4.2.1. Introduction 

 

The United Kingdom operated Magnox nuclear reactors for electricity production from 1953 

to 2015. These first generation graphite moderated, carbon dioxide cooled reactors used 

natural, unenriched uranium metal fuel clad in a magnesium non-oxidising (Magnox) alloy 

[25], [39]. Although all Magnox reactors are now in the process of being decommissioned, 

wastes arising from Magnox spent fuel management continue to pose a significant radiological 

risk. 

Magnox spent fuel is currently reprocessed, to recover uranium and plutonium, at the 

Magnox Reprocessing Plant, Sellafield, UK. Reprocessing operations are expected to continue 

until 2020 by which point all Magnox spent nuclear fuel (SNF) should have been reprocessed 

[48], [63]. Historically, Magnox SNF was stored in open air water-filled cooling ponds prior 

to reprocessing, called the First Generation Magnox Storage Ponds (FGMSP) and sheared 

cladding also stored underwater in Magnox Swarf Storage Silos (MSSS). Increased throughput 

of nuclear fuel at Magnox stations (required as a result of industrial action by coal miners 

during the 1970s and 1980s) combined with lengthy shutdowns at the reprocessing facility led 

to a build-up of SNF in the FGMSP resulting in storage of the SNF for periods longer than 

originally anticipated [39], [63], [84]. Increased storage times led to considerable corrosion of 

the Magnox alloy fuel cladding and natural uranium fuel forming a radiologically hazardous 

layer of magnesium hydroxide sludge on the bottom of the cooling pond [85]:  

Mg + 2H2O → Mg(OH)2  + H2 (1) 

Uranium inclusion into the 3,148 m3 of sludge within the First Generation Magnox Storage 

Ponds (FGMSP) and Magnox Swarf Storage Silos (MSSS) is one of the biggest problems 

facing the Sellafield nuclear site, requiring urgent decommissioning to reduce the hazard posed 

[88]–[90]. 

Current plans for Magnox sludge remediation are retrieval from the ponds and storage in an 

engineered facility prior to encapsulation in a cement matrix, consistent with treatment of other 

intermediate level wastes (ILW) [63]. Although cost effective in the short term, cementation 

increases the volume of waste requiring disposal thereby increasing the storage, transport and 

overall cost of a deep geological disposal facility (GDF), the UK’s preferred disposal option. 

Due to the long-lived radiotoxicity of elements contained in Magnox sludge, there are also 

concerns that cement wasteforms may not be durable enough, over the timescales required, to 

prevent release of hazardous radionuclides to the biosphere [10]. Due to swelling of metallic 

Magnox containing waste containers from to production of hydrogen gas, cement wasteform 

compatibility with metallic wastes is also of concern [85], [218], [219]. 
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Vitrification is the current industry standard for the treatment of high level waste (HLW). 

Interest in the vitrification of ILW wastes has grown in recent years because of the improved 

waste loading and durability relative to cement wasteforms, significant volume reduction and 

enhanced passive safety offered by vitreous wasteforms [209]. Vitrification chemically bonds 

radiotoxic elements into the structure of a glass, oxidises waste components and eliminates 

water and other volatile species. This project was aimed at producing a single chemically 

durable vitreous wasteform capable of immobilising Magnox sludge wastes with a diverse 

composition and consistency. 

 

 

Figure 4-25. First Generation Magnox Storage Ponds, Sellafield, Cumbria UK [83] 

 

4.2.2. Experimental procedures 

 

Two suitable base glass compositions were determined through study of the low temperature 

isotherms of magnesium borosilicate (MBS) and magnesium aluminosilicate (MAS) pseudo-

ternary liquidus phase diagrams [155], [156]. Bounding extremes of the waste found within the 

FGMSP were investigated, as can be seen below and in Table 4-7. 

Metallic: waste consisting of mostly intact uranium metal fuel and cladding material. 

Corroded: waste containing highly corroded Magnox cladding with uranium oxide 

contamination.  

Combination of the base glass systems and the bounding extreme wastes shown above 

resulted in a suite of six samples: Magnesium BoroSilicate base glass (MBS), Magnesium 

BoroSilicate with Corroded waste (MBS-C), Magnesium BoroSilicate with Metallic waste 

(MBS-M), Magnesium AluminoSilicate base glass (MAS), Magnesium AluminoSilicate with 

Corroded waste (MAS-C) and Magnesium AluminoSilicate with Metallic waste (MAS-M) as 
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shown in Table 4-8. Aluminium is present in analysed MBS compositions from the corrosion 

of alumina crucible used and boron present in MAS samples as a tracer for glass dissolution. 

 

 Table 4-7. Bounding waste compositions for FGMSP. 

 Mg Mg(OH)2 U U3O8 

Metallic waste (wt%) 12.0 20.0 68.0 0.0 

Corroded waste (wt%) 5.0 80.0 5.0 10.0 

 

Stoichiometric amounts of SiO2, H3BO3 (Sigma-Aldrich 99.5%), Na2CO3 (Alfa Aesar 98%), 

Al(OH)3 (Acros 95%), Mg(OH)2 (Sigma-Aldrich 95%), Mg (Acros 99.9%), U3O8 and U 

(BDH) were batched and mixed together for 1 minute before melting in alumina crucibles 

within an Elite Thermal Systems BRF15/5 muffle furnace. Magnesium content in base glass 

samples was replaced, on a molar basis, with the proportion of magnesium and uranium found 

in the bounding waste compositions, shown in Table 4-7, and renormalized to create the waste 

loaded formulations. For waste bearing glasses, the magnesium content was substituted for the 

waste elements shown in Table 4-7. MBS compositions were melted at 1250 °C for 3 hours, 

MAS compositions were melted at 1500 °C for 5 hours in order to form fluid melts. The 

composition of the processed glass compositions was determined via total dissolution in 

hydrofluoric acid and analysis by inductively coupled plasma optical emission spectroscopy 

(ICP-OES). 

Materials were characterised by powder X-ray diffraction (XRD) using a Bruker D2 X-ray 

diffractometer in reflection mode over the range 10° < 2θ < 60° using Cu Kα radiation (30 kV, 

10 mA); Kβ radiation was stripped using a Ni foil filter. XRD data were processed using the 

Bruker DiffracEva 3.0 software package with Crystallography Open Database [203] and the 

International Centre for Diffraction Data (ICDD) database [162]. 

The microstructure of representative sample cross-sections were characterised by scanning 

electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX) using a Hitachi 

TM3030-SEM equipped with a Bruker Quantax EDX system. Samples were prepared for SEM 

analysis by mounting in cold-setting resin and polishing to an optical finish (1 µm) using 

progressively finer grades of SiC papers and diamond suspension. Samples were sputter coated 

in carbon to avoid surface charging effects. 

Glass transition (Tg), crystallisation (Tc) and liquidus (Tl) temperatures were determined 

from differential thermal analysis (DTA) of representative samples using a Netzsch TG 449 F3 

Jupiter simultaneous thermal analyser. A temperature within 50 °C of Tg was taken as the 

annealing temperature for each sample; 560 °C for MAS samples and 610 °C for MBS samples.  

X-ray absorption near-edge spectroscopy (XANES) was performed in micro-focus mode to 

determine the oxidation state of uranium at regions of interest in waste loaded samples [220]. 

Samples were measured in fluorescence mode at the X05LA beamline, Paul Scherrer Institute 

Swiss Light Source, Switzerland, U L3 edge. Representative samples were fixed into cold-
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setting resin and thin sectioned before mounting on a Spectrasil slide. Measurements took place 

on a motorised 3D stage allowing scanning of samples with a beam spot size of approximately 

1 µm2 and photon energy tuned using a double crystal Si (111) monochromator. Regions of 

interest were selected based of the representation of the sample morphology from previous 

SEM-EDX analysis. Multiple XANES spectra for each sample were measured and averaged at 

the regions of interest over the range 30 eV ≤ U L3 edge ≤ 250 eV. X-ray fluorescence was 

measured using a Si drift detector (KETEK) mounted 45° to the incident beam, creating XRF 

maps to aid selecting regions of interest. Data reduction and XANES analysis were performed 

using the Athena Demeter 0.9.24 software package [221]. Uranium oxidation state was 

determined by linear regression with respect to standards of known oxidation state: UTi2O6 

(U4+), U0.5Y0.5Ti2O6 (U
5+) and CaUO4 (U

6+).  

Glass durability was assessed using a modified ASTM Product Consistency Test B (PCT-

B) protocol [191]. Powdered samples with a size fraction between 75 µm and 150 µm were 

dissolved in ultra-high quality water at 90 °C for 28 days with a surface to volume ratio of 1200 

m-1. Sampling of the solution took place on days 1, 3, 7, 14, 21 and 28. Concentration of 

elements within solution was found by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) using a Thermo-Fisher 6000iCAP and comparison with standards of 

known concentration.  

Density was determined by helium pycnometry using a Micromeritics Accupyc II 1340 with 

powder samples. Measurements were run at room temperature in a 1 cm3 chamber with a fill 

pressure of 82.7 kPa and were purged 10 times over 10 cycles with an equilibration rate of 

0.034 kPa/min.  

 

4.2.3. Results 

 

Melting behaviour and composition 

No violent or unduly vigorous reactions between the waste simulants, including the metallic 

content, and glass were observed; however, significant corrosion of the alumina crucibles did 

occur resulting in higher than nominally batched Al2O3 (See Table 4-8). Metallic waste melts, 

in particular MBS-M, were viscous and formed glassy slag-like fractions which did not 

incorporate into the bulk glass, resulting in low uranium uptake, seen in Table 4-8. Corroded 

waste melts were fluid forming a homogeneous glass with good vitrification of the waste 

simulants and no crystallinity. Base glass samples MAS and MBS also formed fluid melts and 

homogenous glass. Typically, a waste loaded glass would have a lower amount of glass matrix 

constituents (SiO2, B2O3 and MgO) than the corresponding base composition, however since 

these samples utilised MgO from the waste stream this is not the case in this study. The high 

waste loaded MAS-M sample is an exception where the concentration of B2O3 is greater to aid 

glass formation.   
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Table 4-8. Analysed glass compositions from ICP-OES and batched compositions in 

mol%. 

 Component Analysed (±0.2 mol%) [as batched]  

 SiO2 B2O3 MgO UO3 Na2O Al2O3 Total 

MAS 46.4 [48.0] 1.8 [2.0] 20.5 [20.0] - 20.6 [20.0] 10.7 [10.0] 100.0 

MAS-M 42.8 [40.8] 3.3 [3.7] 23.7 [25.4] 4.1 [8.7] 15.6 [13.2] 10.5 [5.0] 100.0 

MAS-C 44.7 [45.5] 1.3 [1.6] 27.6 [28.3] 0.5 [0.6] 18.8 [18.4] 7.1 [5.6] 100.0 

        

MBS 24.4 [25.4] 24.1 [25.0] 47.6 [49.6] - - 3.9 [0] 100.0 

MBS-M 23.2 [21.7] 21.7 [21.3] 41.7 [42.4] 6.9 [14.5] - 6.5 [0] 100.0 

MBS-C 24.5 [24.1] 23.1 [24.7] 47.4 [49.1] 0.7 [1.0] - 4.3 [0] 100.0 

 

Phase analysis and microstructure 

Base glass and corroded waste samples 

X-ray powder diffraction of the base glass and corroded waste doped glass compositions 

revealed the presence of diffuse scattering indicative of an amorphous material between 20° < 

2θ < 40° for the borosilicates and between 15° <2θ < 45° for the aluminosilicates, see Figure 

4-26 and Figure 4-27. No sharp Bragg reflections constant with crystalline components are 

present. The diffuse scatting of the MAS glass compositions in the range 15° <2θ < 45°is 

clearly composed of two components, and that of the MBS compositions shows some 

asymmetry, indicative of phase separation.  

 

Figure 4-26. Powder X-ray diffraction data of MAS and MBS base glasses. 
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Figure 4-27. Powder X-ray diffraction data of MAS and MBS base glasses loaded with 

corroded waste simulant. 

 

Back scattered electron imaging of the microstructure of the MBS-C composition loaded 

with corroded waste simulant, Figure 4-28, revealed striations in greyscale contrast, confirming 

the presence of phase separation suggested by XRD data. EDX analysis showed the phase of 

bright contrast to be enriched in aluminium and uranium, whereas these elements were depleted 

in the regions of dark contrast, as seen in Figure 4-28. No crystalline inclusions were evident 

in this material, in agreement with the absence of sharp Bragg reflections in XRD data. Back 

scattered electron imaging of the microstructure of the MAS base glass and MAS-C 

composition loaded with corroded waste simulant, did not demonstrate obvious striations in 

imaging contrast, which implies that phase separation must occur at fine scale and involve two 

phases of similar composition, see Figure 4-29. Uranium was found to be distributed 

homogeneously throughout the glass matrix. 

Both base glass compositions were observed homogeneous by SEM-EDX (Figure 4-30 and 

Figure 4-31), with no apparent phase separation. The presence of Al within MBS samples, as 

observed from chemical analysis Table 4-8, is confirmed in the EDX element maps on Figure 

4-30. 
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Figure 4-28. Low magnification back-scattered SEM image and close-up EDX spectra 

showing microstructure and composition within MBS-C; Top EDX spectra for light phase; 

Bottom EDX spectra for dark phase. 

 

Figure 4-29. Back-scattered SEM image showing homogenous MAS-C glass & 

corresponding EDX spectra; similar results were obtained for both base glass samples. 
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Figure 4-30. EDX maps for key components of MBS base glass. 

 

 

Figure 4-31. EDX maps for key components of MAS base glass. 

 

Metallic waste samples 

The XRD data of glass formulations incorporating metallic waste simulant, MBS-M and MAS-

M, exhibit sharp Bragg reflections confirming the presence of crystalline phases in addition to 

diffuse scattering associated with amorphous phases, see Figure 4-32. XRD data of the 

borosilicate MBS-M glass confirmed the presence of crystalline UO2 and U3O8 phases whilst 

only UO2 was apparent in the aluminosilicate MAS-M counterpart. SEM images confirm the 

presence of such inclusions, revealing dendritic and fused forms of the crystallites within the 

glass matrix, as shown in Figure 4-33. Dendritic crystallites formed repeating structures in a 

natural, fractal pattern (Figure 4-34) whilst fused crystals formed larger structures (Figure 

4-35). Voids and air bubbles were also detected in metallic waste glass samples due to higher 

viscosity of the melts trapping air bubbles in the final product. EDX spectra obtained on the 

phases verify the presence of U and O (other components arise from sampling of the 

encapsulating glass matrix by the electron beam). Note that the apparent low intensity of the O 
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Kα X-ray emission in the presence of high uranium content is due to attenuation by the matrix. 

The MAS-M composition exhibited a predominance of dendritic crystallites ca. 1.5 µm across, 

whereas the MBS-M composition showed a predominance of fused crystallites ca. 3.5 µm 

across.  

 

 

Figure 4-32. Powder X-ray diffraction data of samples loaded with metallic wastes. 

 

                               

Figure 4-33. Back-scattered SEM micrographs of MBS-M (left) and MAS-M (right). 
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Figure 4-34. Back-scattered SEM image and EDX spectra showing dendritic crystals 

within MBS-M; Top EDX spectra for bright crystalline inclusion (A); Bottom EDX spectra 

for dark glass phase (B). 

   

       

Figure 4-35. Back-scattered SEM image and EDX spectra showing fused crystals within 

MAS-M; Top EDX spectra for bright crystalline phase; Bottom EDX spectra for dark glass 

phase. 

    

Thermal analysis 

The results of thermal analysis are summarised in Table 4-9 and representative DTA data are 

shown in Figure 4-36.  
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Table 4-9. Extracted values for glass transition (Tg), crystallisation points (Tc) and liquidus 

temperature (Tl). 

Sample Tg1 Tg2 Tc1 Tc2 Tl  (± 5 °C) 

MAS 614 740 846 965 1375 

MAS-M 631 673 712 945 1420 

MAS-C 617 675 754 943 1418 

      

MBS 665 770 841 970 1151 

MBS-M 672 767 856 1000 1153 

MBS-C 672 848 914 995 1135 

 

 

Figure 4-36. Thermal analysis of samples created in this study showing Tg, Tc and Tl. 

 

Liquidus temperatures (Tl) as determined by DTA showed borosilicate compositions were 

fully melted from between 1150 - 1200 °C whilst aluminosilicate compositions were only 

liquidus above 1375 °C. Two distinct glass transition temperatures were observed in all 

samples with Tg in aluminosilicate samples typically ~50 °C lower than in borosilicate 

counterparts. Crystallisation points extracted from DTA data reflect the multiple crystalline 

phases formed in the samples. A second exothermic peak (Tc2), from 945 – 1000 °C, is observed 

in all samples which suggest that TC2 is an inherent feature of these glass systems. Simultaneous 

thermogravimetric (TG) analysis showed no significant loss of mass upon heating. 

 



121 

 

Uranium incorporation 

Figure 4-37 shows the background subtracted and normalised U L3 X-ray Absorption Near 

Edge Spectroscopy (XANES) data for the MAS and MBS wasteforms, compared with data 

from reference compounds characterised by U4+– UO2, U
5+ – U0.5Y0.5Ti2O6, and U6+ – CaUO4 

species. These data were corrected to the absolute energy scale using the known edge position 

(E0) of Zr foil measured simultaneously using a reference ion-chamber. To first order the 

precise energy of the absorption edge, E0, is correlated with oxidation state and a calibration 

line, based on the reference compounds, can be utilised to extract the mean uranium oxidation 

state of an unknown, see Figure 4-37 The precise absorption edge and inferred bulk mean 

uranium oxidation state for the MAS and MBS wasteforms are summarised in Table 4-10. The 

mean uranium oxidation state in the MBS-M and MAS-M formulations, 4.9 ±0.1 and 5.2 ±0.1, 

respectively, confirms effective oxidation of the uranium metallic feed in the thermal treatment 

process. The mean uranium oxidation states in the MBS-C and MAS-counterparts are higher, 

5.5±0.1 and 5.7±0.1, respectively, reflecting the more oxidised nature of the waste simulant. 

Uranium is more oxidised in the aluminosilicate formulations, compared to borosilicate 

counterparts, as a result of the higher processing temperature used for the former (1500 oC) 

compared to the latter (1200 oC).  

 

            

Figure 4-37. XANES plots for each sample (left) and oxidation state versus E0 energy 

shift, Error bars +/-0.1 (right). 
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Table 4-10. Extracted E0 values and corresponding oxidation state from XANES. 

Sample 
E0 (eV) 

Oxidation State 

(±0.1) 

UTi2O6 (4+) 17166.4 4.0 

MBS-M 17168.3 5.0 

Y0.5U0.5Ti2O6 (5+) 17168.3 5.0 

MAS-M 17168.8 5.2 

MBS-C 17169.4 5.5 

MAS-C 17169.8 5.7 

CaUO4 (6+) 17170.3 6.0 
 

Core-hole lifetime broadening of U L3 edge XANES data makes a definitive assessment of 

the relative contributions of U4+, U5+ and U6+, to the average oxidation state difficult. In 

addition, it is clear that bulk measurement of uranium oxidation state also includes a 

contribution from UO2 and U3O8, where present as crystalline phases. Also, compositions with 

a mean oxidation state in excess of 5.0, will likely have some contribution from U4+, which is 

typically incorporated in silicate glasses as the uranyl species UO2
2+ [222], [223]. The uranyl 

species presents a diagnostic post-edge resonance at ca. 15 eV above E0, in U L3 edge XANES, 

arising from scattering by the uranyl O=U=O oxygens [224], [225], this is also evident in the 

U L3 XANES data of CaUO4 reference, which is characterised by the presence of uranyl 

species. This feature is also discernible in the U L3 XANES of the most oxidised glass 

composition, MAS-C, from which the presence of uranyl species is inferred.  

 

Figure 4-38. First derivative of XANES data highlighting uranyl. 
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Post-edge resonance observed in the region between 17183 eV and 17193 eV (highlighted 

between the dashed lines in Figure 4-37 and Figure 4-38) fingerprints the U speciation as 

uranyl-like (UO2)
2+ with samples closely resembling the spectra of CaUO4 and U0.5Y0.5Ti2O6 

and indicate an oxidation state between 5+ and 6+ is dominant [222], [224]. Linear regression 

of extracted normalised, absorption edge position, referenced to standards of known oxidation 

state, gave the oxidation state for each sample as shown in Table 4-10 [226]. It is apparent 

corroded waste glass samples have higher U oxidation states than corresponding metallic waste 

glasses and borosilicate samples have lower U oxidation state than the comparative 

aluminosilicate system.  

 

Density and waste loading 

Helium pycnometry showed waste doped glasses have higher density than the respective base 

composition as expected, and that borosilicate samples are denser than aluminosilicate 

counterparts (see Table 4-11). 

The lowest uranium waste loading achieved was 2.32 wt% for MAS-C and the highest was 

27.2 wt% for MBS-M. Magnesium waste was incorporated into the glass network in greater 

concentrations with the lowest waste loading being 13.69 wt% for MAS-M and the highest 

being 33.96 wt% for MBS-C. It is apparent the aluminosilicate compositions is not able to 

incorporate Mg or U in as high a concentration as their borosilicate counterparts, which thus 

exhibit higher density. 

 

Table 4-11. Calculated density of synthesised glass compositions. 

Sample Average density (g m-2) 

MAS 2.5803 ± 0.0033 

MAS-M 3.2356 ± 0.0055 

MAS-C 2.6763 ± 0.0022 

  

MBS 2.6330 ± 0.0012 

MBS-M 3.7212 ± 0.0020 

MBS-C 2.7606 ± 0.0007 

  

Chemical durability 

Normalised release rates of B, Na, Si and Mg were calculated for base glass compositions, 

along with uranium for waste bearing samples, from results of solution analysis of PCT-B 

experiments (Figure 4-40). The initial forward (3 -7 day) dissolution rates for key elements, B, 

Na, Si and Mg were calculated and summarised in Table 4-12 alongside the average pH of the 

leachate during the experiment. Saturation indexes calculated during the dissolution of waste 

glass from modelling are shown in Table 4-13. 
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Table 4-12. Normalised forward dissolution rates for boron and uranium in g m-2d-1 with average pH of solution. 

 Normalised forward dissolution rates (NRi, g m-2d-1)  

Samples Si B U Mg Na pH 

MAS (4.50 ± 5.45) x 10-2 (1.53 ± 0.91) x 10-2 - - (1.28 ± 0.76) x 10-2 12.1 

MAS-M (4.60 ± 5.09) x 10-2 (6.08 ± 2.86) x 10-1 (5.75 ± 1.27) x 10-2 (2.62 ± 0.29) x 10-3 (2.99 ± 2.01) x 10-1 11.8 

MAS-C (1.03 ± 0.73) x 10-1 (7.05 ± 3.46) x 10-1 (1.45 ± 0.31) x 10-1 (1.02 ± 0.14) x 10-2 (4.24 ± 2.23) x 10-1 12.5 

       

MBS (-1.66 ± 0.55) x 10-3 (3.32 ± 2.98) x 10-1 - (2.49 ± 3.65) x 10-2 - 8.4 

MBS-M (0.11 ± 3.05) x 10-3 (2.72 ± 2.09) x 10-1 - (2.21 ± 2.27) x 10-2 - 8.3 

MBS-C (-1.56 ± 0.61) x 10-3 (2.99 ± 2.66) x 10-1 - (1.74 ± 3.28) x 10-2 - 8.6 

Table 4-13. Saturation indexes (SI) calculated during the dissolution of waste glass compositions at 90°C in UHQ water. 

 

 

Phase SI (MBS-M) SI (MBS-C) SI (MAS-M) SI (MAS-C) Formula 

Anthophyllite 18.5 24.07 52.11 53.54 Mg7Si8O22(OH)2 

Brucite 1.18 2.25 7.62 8.51 Mg(OH)2 

Chrysotile 10.7 13.43 27.15 28.62 Mg3Si2O5(OH)4 

Saponite-H 
  

25.25 25.33 H0.33Mg3Al0.33Si3.67O10(OH)2 

Saponite-Mg 
  

28.04 28.27 Mg3.165Al0.33Si3.67O10(OH)2 

Saponite-Na 
  

27.57 28.03 Na0.33Mg3Al0.33Si3.67O10(OH)2 

Sepiolite 0.6 12.2 26.51 26.36 Mg4Si6O15(OH)2:6H2O 

Talc 11.57 13.82 25.15 25.41 Mg3Si4O10(OH)2 

Schoepite 0.6 0.25 0.73 
 

UO3:2H2O 

Soddyite 3.75 2.81 2.58 
 

 (UO2)2(SiO4):2H2O 

UO3:.9H2O(alpha)  0.5 0.15 0.63 
 

UO3:.9H2O 

UO3:2H2O  0.6 0.25 0.73 
 

UO3:2H2O 
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Figure 4-39. pH of all sample solutions over the experimental period. 

 

The pH of all solutions in contact with sample saturated rapidly and did not change markedly 

during the course of the experiments, as shown in Figure 4-39. The average solution pH from 

borosilicate samples was pH 8.4 whilst average pH from aluminosilicate samples was pH 12.1 

(Figure 4-39). This increase in pH is consistent with the leaching of Na; detected in solution 

from aluminosilicate samples in significant quantities, NLNa >5 gm-2 after 7 days. Borosilicate 

samples did not contain Na and consequently the leachate was considerably less alkaline. 

The normalised mass loss (NLi) of all major structural glass components are shown in Figure 

4-40 overleaf. Boron is commonly considered as a tracer for glass dissolution, since once 

dissolved it is not re-incorporated within the gel layer or within precipitated secondary 

alteration phases [76]. After 28 days, the NLB of the MAS-C composition was a factor of two 

greater than the MBS-C counterpart, whereas the NLB of the MAS-M composition was a factor 

of 5 greater than the MBS-M counterpart. The normalised mass loss of Si, NLSi, was always 

lower than NLB, indicative of incongruent dissolution and consistent with the phase separated 

nature of the glasses, and typically an order of magnitude greater in MAS compositions than 

the MBS counterparts. All compositions show a decrease in NLSi and NLMg at 21-28 days, 

whilst NLB remains effectively constant, suggesting the precipitation of magnesium 

(alumino)silicate alteration phases. Over the duration of the experiments significant uranium 

release was observed only for the MAS compositions, and is greater for the MAS-C 

composition, compared to MAS-M, as shown in Figure 4-40. In contrast, the mass loss of U 

from the MBS glasses was found to be at least two orders of magnitude lower than those from 

the counterpart MAS glasses, detectable in very low concentrations only on day 28. 
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Figure 4-40. Normalised mass loss of boron, silicon, magnesium and uranium (g m-2) 

versus time for all waste glass samples. 

 

Recovered glass powders from 28-day dissolution experiments were embedded in resin and 

polished back to study the formation of surface alteration layers, by SEM-EDX. Glass powders 

of MAS compositions altered for 28 day were observed to have formed alteration layers over 

10 µm thick from pristine glass to water-surface interface, whereas MBS compositions 

exhibited an alteration layer only 1 µm thick. Bright regions found in the backscattered SEM 

image of MAS-C (Region ‘A’ of Figure 4-41) are associated with enrichment of U when 

compared to EDX maps (Figure 4-41 bottom and Figure 4-42). All major glass constituents 

were detected within the altered region and distributed evenly, apart from sodium and uranium, 

which accumulate at the water-surface and glass-alteration interfaces respectively. Alteration 

layers formed on borosilicate glasses were composed major glass constituents and were 

uniform in composition (Figure 4-43).  
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Figure 4-41. SEM micrographs of MAS-C glass showing alteration layers after 28 day 

dissolution (top) and EDS spectra of from points A, B and B (bottom). 

 

 

Figure 4-42. EDX maps of MAS-C glass alteration layer. 
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Figure 4-43. SEM micrograph of MBS-C showing 28 day alteration layer. 

 

Geochemical modelling using the Phreeqc software package indicated numerous phases are 

thermodynamically favourable to form within the test conditions (Table 4-13), including clay-

like minerals talc [Mg3Si4O10(OH)2], sepiolite [Mg4Si6O15(OH)2.6H2O], chrysotile 

[Mg3Si2O5(OH)4] as well as brucite [Mg(OH)2] and hydrated uranium oxide phases 

UO3.0.9H2O and UO3.2H2O. Phase analysis of XRD data from 28 day altered waste loaded 

samples identified the same crystalline phase assemblage in both metallic samples with the 

addition of minor reflections indicative of UO4.4H2O within MAS-M that were not present 

before alteration, see Figure 4-44. Also evident in MAS-M XRD data is a shift of the UO2 

peaks, compared to MBS-M, consistent with an increase in oxidation number to UO2.34. Both 

corroded waste samples were still X-ray amorphous after the leaching experiment with no 

crystalline Bragg reflections detected (Figure 4-45). 

 

 

Figure 4-44. XRD trace of MBS-M and MAS-M after 28 day alteration experiment. 
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Figure 4-45. XRD trace of MBS-C and MAS-C after 28 day alteration experiment. 

 

4.2.4. Discussion 

 

Melting behaviour and waste loading 

The presence of B2O3 in high concentrations, >20 mol%, allowed melting of borosilicate glass 

compositions at lower temperatures compared to aluminosilicate counterparts, see Table 4-8 

[134]. Lower melt temperatures are preferable in waste glasses due to compatibility with 

industrial vitrification plants, which typically operate below 1200 °C, and volatility of 

radionuclides, particularly Cs radioisotopes [108], [214], which will be present at low 

concentration as a fission product in these degraded fuel residues. For this reason 

aluminosilicate glass compositions, Tl >1375 °C, are likely to be unsuitable for immobilisation 

of Magnox sludge wastes. 

Samples produced from the corroded waste stream were visually homogenous whereas 

samples from metallic waste were found to be crystalline and slag-like. The partial 

crystallisation of glasses produced from the metallic waste simulant, does not pose a 

fundamental barrier to vitrification of FGMP wastes in these glass compositions, given the low 

fissile material content. A definitive assessment would require a pilot scale demonstration 

experiment, e.g. using Joule heated batch melter technology, where realistic melt convection 

would provide understanding of the distribution and fraction of crystalline components. If 

necessary, the waste loading could be reduced to achieve an acceptable crystalline component. 

Typical glass production involves vitrification of a waste with a glass frit, however as the 

Mg content in these vitrified wasteforms is derived from the waste stream, these samples would 

only be reproducible with a frit of SiO2 and B2O3. This may have implications on the production 

process and would need to be investigated further. 
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Phase analysis 

Both the MAS and MBS base glasses and their derivatives incorporating the corroded waste 

simulant were demonstrated to be amorphous, showing no crystalline inclusions. In contrast, 

MAS and MBS derivatives incorporating the metallic waste simulant comprised a glass matrix 

encapsulating either UO2 or UO2 and U3O8, respectively. The corroded waste simulant was 

apparently completely oxidised and incorporated within the wasteform. The XRD data of the 

MAS and MBS glasses, and their derivatives, showed evidence for phase separation in the 

diffuse scattering apparent in XRD data and chemical gradients apparent in SEM-EDX 

observations. The phase separated nature of the materials was also apparent in differential 

thermal analysis data (Figure 4-36 and Table 4-9); two glass transition temperatures were 

apparent implying two separate glass networks [227]. Phase separated glasses often consist of 

a less durable (modifier rich) second phase which can reduce the overall durability of a 

wasteform [141], [201], [228]. The data obtained in this study is consistent with this hypothesis 

where corroded waste samples exhibited higher overall rates of dissolution compared to 

metallic waste doped samples. Conversely, the crystalline content in the metallic waste doped 

sample does not reduce the durability of the wasteforms.   

Corrosion of the alumina crucibles by the glass melts resulted in Al2O3 content in all 

products exceeding that batched, as shown in Table 4-8. Interestingly, Al2O3 incorporation 

within the borosilicate glass melt is associated with preferential uptake of uranium, as shown 

by the SEM-EDX analysis in Figure 4-28. This suggests that elaboration of the glass 

composition to explore addition of Al2O3 as a minor component, may assist further 

incorporation of uranium and potentially eliminate phase separation. 

Crystalline phases detected in metallic waste samples, UO2 and U3O8, were correspondingly 

observed in SEM micrographs (Figure 4-33). Two forms of inclusion were found, fused 

crystals and dendritic crystallites, both of which were formed during the initial casting and 

cooling of the glass, as un-reacted batch material was not detected. Complementary EDX 

spectra (Figure 4-34 and Figure 4-35) detected uranium and oxygen in the crystalline inclusions 

analogous with UO2 or U3O8 proving uranium metal has been oxidised within the melt. There 

was no evidence for magnesium incorporation in any crystalline phase by either XRD or SEM-

EDX, indicating Mg metal and Mg(OH)2 simulant waste constituents were completely oxidised 

or dehydroxylated, and digested into the melt as MgO. The presence of crystalline phases is 

expected to cause increased rates of dissolution due to crystals creating grain boundaries that 

could act as pathways to accelerated leaching [201]. Metallic waste samples were also observed 

to contain high amounts of porosity which would be potentially deleterious to the performance 

of waste glasses if reproduced in full scale products; since the available surface area of the 

glass for chemical attack is increased thereby leading to increased rates of dissolution. 

However, chemical durability data for metallic waste loaded samples (Figure 4-40) do not show 
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significant normalised mass loss (except for boron), therefore porosity and crystallisation does 

not therefore appear to have a deleterious effect on these glasses. 

Geochemical modelling, using Phreeqc [36], identified various potential phases can be 

present as a result of alteration. In MAS-M, the previous crystalline UO2 phase pre-28 day 

leaching was transformed to a higher oxidation state, where a transformation from UO2 to 

hyper-stoichiometric UO2.34 was observed. Low intensity peaks were also detected in MAS-M 

that index consistently with studtite, UO4.4H2O, a hydrated U (6+) phase that has been 

observed in previous work on alteration of UO2 [229]–[231] and observed on aged glass-

ceramic samples of lava-like fuel containing materials formed from the Chernobyl nuclear 

disaster [99], [232]. This hydrated uranium species is possible through radiolysis of the leachate 

solution to form oxidising reactants such as hydrogen peroxide. This phase was only observed 

in MAS-M demonstrating the phase is formed through alteration of UO2 crystals present in the 

glass; this was not observed in the borosilicate counterpart due to the lower rates of dissolution 

observed in this sample overall (Figure 4-40). No alteration products predicted by Phreeqc 

modelling were observed in XRD data, indicating that either the alteration products are not 

forming, or that they are low in concentration and therefore below the detection limit for XRD, 

or present as quasi crystalline materials. Neither corroded sample showed any change with no 

crystalline phases detected by XRD, indicating the alteration regions shown in Figure 4-41 and 

Figure 4-42 are X-ray amorphous, or below the detection limit of XRD.  

 

Thermal analysis  

High melting temperatures were required for aluminosilicate samples due to a combination of 

higher Al2O3 and SiO2 content coupled with less B2O3 resulting in a more polymerised melt 

and resultant glass. When compare to corroded waste samples, a general trend of increased 

liquidus temperatures for all metallic waste samples is apparent, most likely due to the high 

concentration of uranium in such systems acting as an intermediate oxide [135]. Alternative 

glass making systems such as in-container vitrification or the use of adequate air filtration could 

be used to negate the effects of increased melt temperature, with corrosion resistant lining 

required for aluminosilicate compositions. 

 

Uranium incorporation 

Results from XANES experiments demonstrate both metallic and corroded waste can be 

passively oxidised and digested into the glass melt without mechanical stirring or bubbling. 

This simplifies the production of glass and reduces the amount of secondary waste produced 

but results in striations within the samples as observed in Figure 4-28, arising from phase 

separation. Due to the increased melting temperature and melt duration, U in aluminosilicate 

samples was more oxidised than in the equivalent borosilicate sample as higher temperatures 
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provide more oxidising conditions. Similarly, corroded waste samples were found to have 

higher U oxidation states than metallic waste glasses, caused by the initial batch components 

containing previously oxidised uranium (U3O8) and only small amounts of metal whereas 

metallic waste glass was batched with larger quantities of metallic U. The observed crystalline 

phase UO2 (U
4+) within MBS-M sample is a contributing factor to the lower average oxidation 

state compared to the corroded waste counterpart sample. Oxidation state of uranium influences 

the mobility of the radionuclide in aqueous environments, such that U6+ is more mobile and 

therefore hazardous, than U4+, hence glass compositions with U in low oxidation states would 

be preferential for disposal [233]. The observation of the U6+ studtite-like phase by XRD of 28 

day altered MAS-M could be an underlying factor in the high rate of uranium dissolution in 

this sample, compared to MBS-M. The presence of studtite and the shift in peak position from 

UO2 to UO2.34 within 28 day altered MAS-M indicates uranium can oxidise within the 

hydrothermal conditions of a PCT-B test. Further studies of sample oxidation state post 

leaching could be useful in determining the exact change in oxidation state due to hydrothermal 

alteration. 

 

Dissolution and alteration 

Increased pH of leachate from aluminosilicate samples is linked to sodium release which is 

responsible for the greater mass loss of boron, silicon and uranium as observed by Corkhill et 

al. [76]. Upon reaching saturation, the B leaching rate observed in borosilicate glasses was 

almost identical to that of aluminosilicate compositions implying the same dissolution process 

is occurring in both sets of samples, however the normalised mass loss was significantly higher 

in aluminosilicate glasses. The durability of these samples was found to be comparable to that 

of other ILW and HLW glasses observed over similar conditions and timescales, with HLW 

simulant MW-25 having a boron release rate of 2.4 x 10-2 g m-2 d-1 [209]. As the magnesium 

aluminosilicate and borosilicate samples produced in this study are intended for the Magnox 

ILW, where the radioactive hazard is two orders of magnitude lower than that of HLW, the 

safety case of these samples is strengthened significantly. UK HKW glass 

Normalised mass loss of magnesium is considerably lower than the loss of boron, and since 

the long term radiotoxic hazard is due to U, the leaching of Mg is not a significant problem. 

Mass loss of U was considerably higher in aluminosilicate samples due to the increased pH 

from the Na content and higher oxidation state, as previously mentioned.  

Leaching of U was observed to be greater in corroded waste samples, where the average 

oxidation state nears U6+, when likened to the comparable metallic waste doped samples. 

Correspondingly, aluminosilicate glasses leach more uranium than borosilicates counterparts, 

partly due to the difference in U oxidation state between samples. 

Alteration layers formed on glass particles after 28 days (Figure 4-41) which were found to 

be homogenous in the case of borosilicate samples. No concentration of uranium was detected 
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in this region and it is therefore assumed this behaves as a passivating layer reducing further 

dissolution of the glass as the system enters the steady state dissolution regime, improving the 

passive safety of the system. Sodium and uranium accumulated on the water the water-surface 

and glass-alteration interfaces for aluminosilicate samples which indicate this alteration region 

is not passivating allowing uranium to accumulate in this unstable region, allowing uptake into 

solution and impairing the function of the aluminosilicate waste form. This alteration region 

was not detected by XRD on 28 day samples. 

 

4.2.5. Conclusions 

 

In this study MgO-B2O3-SiO2 and MgO-Al2O3-SiO2 glass systems were produced that 

passively oxidised and incorporated metallic uranium and magnesium representative of wastes 

present in the First Generation Magnox Storage Ponds. Two extremes of the waste 

encompassing the whole spectrum anticipated were incorporated into a single composition 

demonstrating the flexibility of the system studied and simplifying the process of making safe 

the ponds on the Sellafield site.  

MgO-B2O3-SiO2 compositions melted below 1200 °C; whilst this is compatible with the 

glass melter technology currently used at Sellafield, technology such as in container 

vitrification or Joule heated melters would likely be used for this application. MgO-Al2O3-SiO2 

compositions required melting temperatures in excess of 1300 °C which would necessitate 

adaption to existing melting facilities, or more likely the use of the technologies mentioned 

above, however the increased temperature could lead to the volatilisation of problematic fission 

products such as Cs and hence a borosilicate composition is most preferential. 

Borosilicate glasses were found to be more chemically durable than their aluminosilicate 

counterparts with lower average U oxidation state and performance comparable to current UK 

HLW glass. Formation of alteration layers was observed to be enhanced in aluminosilicate 

glasses relative to borosilicate samples and the creation of the potentially deleterious studtite 

phases on aluminosilicate samples help to conclude that magnesium borosilicate glass 

compositions would be more suitable for the immobilisation of Magnox sludges. 

If the borosilicate system proposed in this study was used to treat the 3,148 m3 of sludge 

waste in the FGMSP, calculations show a net reduction in the volume of waste to be disposed 

by 25% compared to the raw sludge and a reduction in 80% compared with the current baseline 

plan of cementation. Since the cost of disposal for ILW in a GDF is estimated at £8,990 per m3
 

[234], the financial saving from disposing vitrified waste over cemented waste was calculated 

at approximately £82 million. 
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4.3. Further Work – Hot Isostatic Pressing of Sludge Waste 

 

Hot isostatic pressing of wet Magnox sludge residues was researched with the intention to 

develop a single can process route by which wet sludge waste could be thermally synthesised 

into a durable waste form. This would be possible by conversion of sludge and residues into 

solids using the HIP via ‘in-can’ hydration of oxides into hydroxides as outlined in Section 3.2. 

The proceeding sections look at the work done in exploring this novel option for nuclear waste 

disposal. 

 

4.3.1. Introduction 

 

A simple, once-through process for treatment and safe immobilisation of hazardous sludge 

wastes would be of great benefit to the UK nuclear industry. Hot Isostatic Pressing (HIPing) is 

one such potential approach to thermal treatment of sludge wastes. A desk study was conducted 

into the feasibility of wet HIPing simulant Magnox Sludge identifying a couple of key issues. 

The first being that free water entrained within a sealed HIP can would transform to steam at 

the temperatures exposed to during a HIP cycle, causing pressurisation within the can which 

would impede densification. A second concern was for the safety and longevity of the pressure 

vessel equipment, with a breach or rupture of a can causing significant damage to the pressure 

vessel and the furnace within, especially since the can internal pressurisation and high 

temperature water/steam could weaken the welds used to manufacture and seal the can.  

However, negating all these factors, a study into the best available material with which to 

sequester any free water was performed with the conclusion that this process would lead to a 

significant increase in the total waste to be disposed and hence was not an efficient process: 

the most effective sequestering material was identified as sodium metasilicate (waterglass) 

leading to a 1.6x increase in volume to absorb the water present in the raw sludge. It must be 

noted however that this would be comparable to encapsulation within a cement.  

It was therefore decided that drying and or calcining of the wet sludge waste would be 

required to remove free water and bound waters of hydration and assist in the development of 

a viable product to dispose. Two samples utilising Magnox sludge calcined at 600 °C and 1000 

°C were developed from the borosilicate glass composition outlined in the previous section. 

The objective for this experiment was to produce a durable glass product akin to that produced 

in Section 4.2. For the methodology used to produce HIP samples the reader is referred to 

Section 3.2. 

 

4.3.2. Results 
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Melting Behaviour and Composition: 

 

Of the two samples produced from the HIP thermal synthesis, the 1000 °C calcined sludge 

sample (MBS-1000) produced a can that appeared to have little densification and shrinkage as 

would have been expected. This particular sample was repeated three times with the same 

result. A 600 °C calcination sample (MBS-600) was deformed in the manner expected, from 

experience of other HIP synthesis experiments [151]. Figure 4-46-A shows MBS-1000 after 

the HIP cycle with deformation of the lid and discolouration of the outer surface. Upon close 

inspection the presence of dark black, glossy spots was present on the surface of the HIP can 

along the bottom weld (Figure 4-46-B). MBS-600 did not suffer these effects. Cutting open 

MBS-1000 revealed a deep-blue glass sat atop a white powder material with a friable 

consistency as shown in Figure 4-47-A. The interior of the HIP can was heavily corroded with 

deep pitting and a distinct ‘neck line’ present (Figure 4-47-B), as observed similarly on glass 

melting crucibles from highly corrosive melts. The corrosion extends approximately 1 mm into 

the stainless-steel HIP can wall. Again, this was not observed in the MBS-600 sample. 

 

  

Figure 4-46. Post-HIP MBS-1000 sample; surface deformation and discolouration (A) 

and highlighted glossy black spots (B). 
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Figure 4-47. Sectioned can from MBS-1000 sample; Blue glass surrounding white 

powdery material (A) and heavily corroded internal HIP can (B) 

 

Volume reduction obtained from the pre-HIPed can was determined by water displacement, 

with 38.6% volume reduction for MBS-600 sample and 36.2% reduction for MBS-1000. 

 

Phase Analysis and Microstructure: 

 

XRD of 600 °C and 1000 °C calcined Magnox sludge simulant is shown in Figure 4-48. In 

both cases the wet Mg(OH)2 was dehydroxylated to MgO, with the peaks for associated this 

phase more pronounced and sharper after 1000 °C calcination indicating a more 

ordered/structured material has formed [173]. The insets show a region over the range 30° < 

2θ < 65° highlighting a minor MgAl2O4 spinel phase present within the MgO. Due to the 

Magnox AL80 material used to create the simulant sludge, which contains 0.8% Al [235], this 

minor spinel phase is likely due to the process of reacting the Mg and Al during calcination. 
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Figure 4-48. XRD data of calcined simulant Magnox sludge at 600 °C (A) and 1000 °C 

(B) 

 

The XRD analysis of the HIPped wasteforms revealed a heavily crystallised glass product 

had been produced, evidenced by diffuse scattering between 15° ≤ 2θ ≤ 30° shown in Figure 

4-49 and Figure 4-50. The added batch components SiO2 and B2O3 are present combined with 

the MgO yielding a MgO-B2O3-SiO2 glass, plus forming a crystalline Mg2B2O5, demonstrating 

reaction has occurred at the synthesis temperatures. A significant SiO2 phase was also present 

in both samples, occurring due to either incomplete reaction with the other batch components 

or crystallising out of a glass melt during cooling. The SiO2 phase is evidently more prevalent 

in MBS-1000 sample evidenced by the intense (011) peak indexed to SiO2 in Figure 4-50.  

 

Figure 4-49. XRD data for MBS-600 after HIP synthesis 
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Figure 4-50. XRD for MBS-1000 after HIP synthesis 

 

SEM of the HIPped MBS-600 and MBS-1000 wasteforms revealed multiple phases present 

within the glassy materials produced, see Figure 4-51. Very little homogenous glass was 

observed in either sample, confirming the visual observations that heterogenous samples had 

been created. The detailed microstructure of the samples was not investigated by EDS analysis 

however a basic EDS spot analysis determined a high concentration of Si-O regions, likely 

SiO2, and Fe-Mo-Cr spinels in both samples whilst being more prevalent in the MBS-1000 

composition. 

 

Figure 4-51. SEM micrographs showing SiO2 phase present in MBS-600 (A) and a Si-Al 

rich region within MBS-1000 (B). Note the bright spots corresponded to a Fe-Cr-Mo 

spinel like phase. 
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Thermal Analysis: 

 

Simulant Magnox sludge material was analysed by DTA-TG (Figure 4-52), determining 

Mg(OH)2 undergoes de-hyroxylation into MgO between 350 °C and 500 °C. The associated 

mass change from this thermal event was around 32% of the original mass, with mass loss due 

to release of H2O.  

Material extracted from MBS-600 was also analysed by DTA-TG to determine the points at 

which thermal events occurred within the sample during heating. Figure 4-53 shows the DTA 

and TG data obtained over the temperature range 100 °C to 1500 °C. The data obtained is 

comparable to that from the base glass discussed earlier (Section 4.2). A second order glass 

transition event was observed at circa 565 °C, followed by an exothermic event assigned as a 

crystallisation event at 683 °C. A further second order event is present at 984 °C indicating a 

second glass transition region, before the final liquidus temperature occurring from 1220 °C.  

 

Figure 4-52. STA of Simulant Magnox Sludge 

 

Mass loss of up to 4 wt% occurred rapidly during the initial heating to approximately 600 °C 

likely due to the presence of residual Mg(OH)2 in this sample. A steady mass was then 

maintained until melting and the release of volatiles reduced the mass further albeit at a much 

lower rate. Material was not extracted from MBS-1000 for DTA-TG experiments. 
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Figure 4-53. DTA-TG data from MBS-600 

 

4.3.3. Discussion 

 

Thermal synthesis of magnesium borosilicate glass via HIP method was found to be more 

complex than expected, forming a heterogeneous wasteform and evident reaction with the steel 

HIP can/welds which led to can failure. Calcination at 600 °C was determined to be sufficient 

for near complete de-hydroxylation of the sludge to MgO, whist calcination at 1000 °C 

produces so called ‘hard-burned’ magnesia, which has low reactivity [86], [236]. Due to 

unreactive MgO not incorporated in the melt within MBS-1000, a glass composition of SiO2-

B2O3 would have formed. The SiO2-B2O3 pseudo-ternary liquidus phase diagram [237] 

identifies formation of a liquid glass phase above 600 °C, therefore formation of a high B2O3 

content glass melt would be corrosive at high temperatures. The blue colouration and distinct 

glassy phase present from MBS-1000 samples can be linked to this corrosion with significant 

incorporation of the steel components from the HIP can (Figure 4-47). This effect is akin that 

observed in the neckline of alumina crucibles from conventional thermal synthesis in a glass 

melting furnace (Section 4.2). Unlike a conventional glass melting, the HIP can is a sealed 

system, not allowing volatilisation of the B2O3. Evidence of Fe-Mo-Cr spinel phases in the 

samples also indicate uptake of material from the HIP can walls. The small dark black, glossy 

spots present on the exterior of the MBS-1000 HIP can were too small be extracted and 

analysed but noting the severe corrosion on the interior of the can are likely a result of the 

corrosive glass attack on pin hole welds, especially as these occur along the weld line. 

Calcination of sludge at 600 °C produces MgO which is more reactive assisting MgO 

incorporation into the glass melt as it forms, maintaining a high liquidus and therefore less 
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aggressive melt. It is suggested that any further work on the wasteform development should 

utilise 600 °C calcined material. 

It would be assumed that the higher temperature calcined material would perform better due 

to the removal of all bound waters of hydration, however as has been discussed the formation 

of ‘hard-burned’ magnesia effectively increases corrosion though alteration of the target glass 

phase. It is also likely that re-hydroxylation and carbonation of calcined material upon cooling 

in air may have occurred. This would be more prevalent in MBS-1000 due to the longer time 

taken to cool and batch into a HIP can compared to MBS-600. To conclusively determine this 

process, the use of an inert gas or vacuum furnace would be required to calcine the sludge 

simulants. 

From the intensity of the crystalline peaks of SiO2 and the Mg2B2O5 phases identified by 

XRD, it can be deduced that a very inhomogeneous material has been created. The two phases 

present coincide with unreacted/partially reacted original batch material, with the original MgO 

and B2O3 content combining into an oxide phase. It is hypothesised that reaction of a small 

quantity of the batch components into the target glass phase did occur (evidenced by the 

homogenous regions in Figure 4-51), producing the intended magnesium borosilicate phase, 

although this is likely incorporating elements pulled out from the corrosion of the steel HIP 

cans used (Figure 4-47). Glass melts often require agitation or mixing and this is often in the 

form of natural convection currents through a melt. In the sealed environment of the HIP can, 

of the size used in this project, this is unlikely to happen and hinders the production of the glass 

melt. 

Thermal analysis was only performed on the MBS-600 sample as it was noted the 

experiment was performed under an inert gas and without external pressure applied, as would 

have been the case in the HIP during the synthesis process and therefore is of limited value. 

The DTA data obtained reveals a melting temperature comparable to that of the original MBS 

base glass developed and investigated in Section 4.2, however it would be expected that during 

a HIP cycle this temperature would be reduced due to the high pressure exerted upon the batch. 

The glass transition should have been comparable to the base glass, however it was observed 

to be circa 100 °C higher, likely due to the alteration of the glass composition due to the uptake 

of stainless-steel components. A second glass transition was also observed occurring, 

indicating a second, higher temperature glass phase had formed however no evidence of this 

was found in SEM micrographs nor was there any second region of diffuse scattering present 

in XRD data. 

 

4.3.4. Conclusions 

 

It is concluded that the HIP technique would not be suitable for the production of the 

magnesium borosilicate glass studied, without further research. The high content of boron 
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created a corrosive melt which lead to a large uptake of material from the HIP can wall into the 

glassy melt. The lack of any mixing resulted in an inhomogeneous material with incomplete 

reaction of the batch components into a glass product. Further refinement of the glass batch 

composition may yield better results with the use of less boron being key for future 

compositions. The calcination temperature/conditions for the simulant Magnox sludge could 

also be modified to assist in the final product quality. 
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5. Thermal Treatment of Simulated 

Chernobyl Lava-Like Fuel Containing 

Materials 
 

This section explores the application of thermal treatment to produce simulant LFCM, 

representative of that from the Chernobyl Unit 4 meltdown, and the subsequent characterisation 

of the materials. The simulants were produced on a laboratory scale using low activity uranium 

to reduce the risk of exposure whilst maintaining the properties of the original lava material. 

These LFCM materials are described in detail over two papers in this chapter along with the 

work done to recreate them in the laboratory. 

The first paper discusses the initial development of LFCM samples whilst the second paper 

discusses the evolution of the batching and synthesis process to create representative material. 

 

5.1. Initial Development - Published Paper: Synthesis of simulant ‘lava-

like’ fuel containing materials (LFCM) from the Chernobyl reactor 

Unit 4 meltdown 

 

This work takes the form of a published paper submitted to the MRS Advances Journal and 

published on 23/12/2016. This work was performed and written by myself with the aid of co-

authors for feedback and comments.  

The article presented here is 'Reprinted with permission' in its entirety with the copyright 

notice ‘MRS Advances © 2016 Materials Research Society’ [238]. Figure and section 

numbering including referencing have been adapted to retain continuity with this thesis.  

 

 

Synthesis of simulant ‘lava-like’ fuel containing materials (LFCM) from the 

Chernobyl reactor Unit 4 meltdown 

Sean T. Barlow, Daniel J. Bailey, Adam J. Fisher, Martin C. Stennett, Claire L. Corkhill and 

Neil C. Hyatt 

Department of Materials Science and Engineering, The University of Sheffield, S1 3JD, UK. 

Abstract: A preliminary investigation of the synthesis and characterization of simulant ‘lava-

like’ fuel containing materials (LFCM), as low activity analogues of LFCM produced by the 

melt down of Chernobyl Unit 4. Simulant materials were synthesized by melting batched 
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reagents in a tube furnace at 1500 °C, under reducing atmosphere with controlled cooling to 

room temperature, to simulate conditions of lava formation. Characterization using XRD and 

SEM-EDX identified several crystalline phases including ZrO2, UOx and a Zr-U-O mixed 

oxide phase with spherical metal particles encapsulated by a glassy matrix. The UOX and 

ZrO2 phase morphology was very diverse comprising of fused crystals to dendritic crystallites 

from the crystallization of uranium initially dissolved in the glass phase. This project aims to 

develop simulant LFCM to assess the durability of Chernobyl lavas and to determine the rate 

of dissolution, behavior and evolution of these materials under shelter conditions. 

 

5.1.1. Introduction 

 

On the 26th of April 1986, an accident during an experimental power failure test destroyed Unit 

4 of the Chernobyl Nuclear Power Plant, Ukraine. During the accident, temperatures reached 

in excess of 1600 °C resulting in melting of the nuclear fuel and zirconium cladding [97]. 

Interaction of the molten fuel mass with the structural materials of the reactor resulted in the 

formation of several lava-like flows. These lava-like flows formed glassy materials upon 

cooling in the basement levels beneath the ruined reactor [239]. These so called lava-like fuel 

containing materials (LFCM) are essentially glass-ceramic composite materials [96]. 

Accumulations of LFCM are located in numerous sub-reactor rooms beneath Unit 4, amounting 

to approximately 1250 tons [97]. LFCM masses are primarily brown or black and contain 

considerable porosity and compositional heterogeneity. However, granulated and pumice-like 

materials have also been observed. Solidified metallic spheres of varying diameter have been 

found in brown and black type lavas. Granulated and pumice-like materials are hypothesized 

to be the result of lava flows interacting with cold water, causing instant foaming and the 

formation of highly porous material [96].  

Following the accident, an interim shelter was constructed to contain the ruined reactor and 

protect its contents. Although designed to last 30 years, degradation of the shelter structure has 

led to the ingress of substantial volumes of water. Interaction of water with LFCM within the 

shelter has caused weathering of substantial portions of the LFCM and formation of numerous 

secondary uranium compounds, studtite (UO4.H2O), rutherfordine (UO2CO3), schoepite 

((UO2)8O2(OH)12.12H2O) and paulscherrerite (UO2(OH)2). Constant wetting and drying of 

LFCM materials and associated secondary uranium mineral phases leads to the formation of 

fine radioactive aerosol particles; a significant respirable hazard within the shelter and a 

possible source of airborne contamination [94], [240]. The study of the alteration of LFCM 

under shelter conditions is vital to understanding the long term behaviour of these materials, 

the hazard LFCM presents and the eventual remediation of the site. Due to the large amounts 

of spent nuclear fuel contained within LFCM, study of actual LFCM is hazardous and not 

without considerable challenge. Study of low activity simulant LFCM, derived from actual lava 

compositions, is needed to understand the durability of LFCM materials and to determine the 

alteration behavior of these materials. This study was therefore conceived to design and 
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synthesize representative simulant LFCM to allow the behavior of LFCM to be studied without 

the additional complications of high radioactivity. The findings of this project could also assist 

in the development of glass wasteforms in engineered repositories via the use of low activity 

simulants to enable synthesis and characterisation on the durability of wasteforms encountered 

in the civil waste industry. 

 

5.1.2. Review of LFCM and Compositions as Synthetic Targets 

 

Brown LFCM contains metallic iron in the form of spherical droplets within the glass matrix 

and ~11 wt% uranium. In general the degree of crystallisation and proportion of Fe-bearing 

phases is greater in the Brown LFCM along with the uranium content [6], [96], [97], [99]. 

Analysis of LFCM by the Khloplin Radium Institute revealed several crystalline inclusions 

including non-stoichiometric UO2, ZrO2, from the fuel cladding materials, and a high uranium 

zircon phase termed Chernobylite. Dendrite-like inclusions of (Zr1-xUx)O2 were reported, 

representing recrystallization of LFCM after cooling, along with phases of a fused morphology 

from the interaction between droplets of UOx and Zirconium alloy cladding [6]. Compositions 

of brown and black LFCM have been reported in numerous publications, but each differ with 

regards to major glass components [7], [95]–[97], [241]. Consequently, averaged compositions 

were determined and used to produce the simulant materials in this study. Synthesized simulant 

compositions are shown in Table 5-1. 

 

Table 5-1. Synthesized LFCM compositions 

Component Brown LFCM (mol%) Black LFCM (mol%) 

SiO2 65.6 67.9 

CaO 7.3 8.2 

ZrO2 3.3 3.0 

Na2O 5.3 5.8 

BaO 0.1 0.1 

Al2O3 4.2 5.1 

MnO 0.5 0.4 

Fe2O3 0.5 - 

MgO 10.7 8.4 

UO2 2.5 1.2 

  

5.1.3. Experimental Procedure 

 

Stoichiometric amounts of SiO2 (Lochaline Quartz Sand 99.6%), CaCO3 (Fisher 98%), ZrO2 

(Aldrich 99%), Na2CO3 (Alfa Aesar 98%), BaCO3 (Alfa Aesar 99%), Al(OH)3 (Acros 95%), 
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Mn2O3 (Aldrich 99%), Fe/Cr18/Ni10/Mo3 (Goodfellow), Mg(OH)2 (Sigma-Aldrich 99.9%) and 

UO2 (British Drug Houses) were batched accordingly to produce both black and brown 

compositions. Batched compositions were carefully mixed prior to melting in alumina ‘boat’ 

crucibles within an Elite Thermal Systems TSH 15/50/450 tube furnace under flowing H2/N2. 

Reducing conditions were utilized to simulate formation conditions during the accident. 

Samples were melted at 1500 °C for 4 hours and cooled to room temperature at 1 °C/min.. 

Initial samples were prone to spontaneous fracturing and an intermediate annealing step was 

successfully applied by heating to 690 °C for 70 hrs with cooling to room temperature at 5 

°C/min, reducing the residual stresses within the glass and obtaining monolithic samples. 

X-ray powder diffraction (XRD) was performed to determine the crystalline phases present 

within synthesized materials. Measurements were conducted using a Bruker D2 X-ray 

diffractometer in reflectance mode over the range 10° < 2θ < 60° with Cu Kα radiation (30 kV, 

10 mA). Subsequent data was processed using the Bruker DiffracEva 3.0 software package and 

the PDF-2 database used for peak identification. 

Representative cross-sections of synthesized LFCM were produced by sectioning melted 

glasses using a Buehler Isomet Low Speed Saw. Crystalline phase assemblage of the cross-

sections was studied by scanning electron microscopy (SEM) using a Hitachi TM3030 SEM. 

Partitioning of key elements within the simulant samples was determined by energy dispersive 

X-ray spectroscopy (EDX) using a Bruker Quantax EDX system coupled to the SEM. Samples 

were prepared for SEM-EDX by mounting in cold-setting epoxy resin and polishing with SiC 

and diamond paste to a 1 µm finish. Samples were sputter coated with carbon to avoid surface 

charge effects. 

 

5.1.4. Results & Discussion 

 

LFCM Synthesis: 

 

Produced ‘Brown’ and ‘Black’ LFCM compositions formed highly crystalline, glassy products. 

Brown type simulants were dark brown in color with a cracked and mottled surface with low 

porosity. Black simulant compositions formed a dark blue glass with a thin pale-blue surface 

layer that was glassy in appearance. The pale blue colored surface is not reported as present in 

the actual LFCM samples, found in the Chernobyl sub-reactor rooms, and the bulk was much 

darker in coloration. However, one particular LFCM variant, termed polychromatic ceramic, 

located in the upper levels of the destroyed Unit 4, was described as “a sealing-wax brown 

color with bright blue veinlets” [242]. Overall, the visual appearance of the simulants is 

comparable with reported LFCM. 
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Phase Analysis: 

 

Results of powder X-ray diffraction analysis showed simulant LFCM to be glassy materials 

with significant crystalline content, as shown in Figure 5-1. The strong diffuse intensity is 

typical of glassy materials and the observed reflections were indexed to zirconium oxide 

(ZrO2), a uranium-zirconium mixed oxide phase (U0.8Zr0.2O2) and cristobalite (SiO2). Brown 

compositions were also found to contain a spinel phase, nominally Fe(Fe1.96Cr0.03Ni0.01)O4 from 

the oxidation of Fe/Cr18/Ni10/Mo3 steel phase added to the batch.  

The pale blue surface phase observed on black simulant lava was removed and characterized 

by XRD however no significant difference compared to the bulk was detected. This phase is 

believed to contain uranium in the U (IV) oxidation state, due to its blue coloration. A full 

analysis of the average oxidation state within the lavas will be carried out at a later date. 

 

 

Figure 5-1. XRD plot of simulant brown (left) and black (right) LFCM 

 

Scanning electron microscopy of black and brown simulant lavas found the microstructure 

to consist of a majority glass matrix with various minor phases dispersed throughout as 

distinguished by their contrast. Minor phases rich in U and Zr were present as dendritic and 

fused crystals. Spherical particles of metal were also found throughout the glass matrix of 

brown LFCM simulants, likely formed as droplets of molten metal trapped within the glass 

matrix during melting, as shown in Figure 5-2. Complementary EDX analysis highlights 

elemental partitioning with the samples in correspondence with the crystalline phases identified 

by XRD. EDX maps for the key elements indicate uranium and zirconium are evenly 

distributed throughout the glass matrix and concentrated within their representative crystal 

phases as shown in Figure 5-3. 
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Comparison of the experimental data presented in this study with the results of analysis of 

actual LFCM shows good agreement between the simulant and real materials [7], [95]–[97], 

[241]. Morphology, crystalline content and microstructure were found to be consistent with 

those observed in actual LFCM samples with the notable exception of the crystalline phase 

zircon (ZrSiO4). These results would suggest that, although the simulant materials are a good 

approximation, further refinement is necessary to produce more representative simulant 

LFCM. 

 

 

Figure 5-2. Back-scattered SEM micrograph of simulant brown LFCM labeling the 

crystalline phases present. 
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Figure 5-3. EDS maps of key elements in brown LFCM 

 

 

5.1.5. Conclusions 

 

This study demonstrates the successful synthesis of simulant ‘lava-like’ fuel containing 

materials. The morphology and microstructure have both been recreated successfully in the 

simulant material and the crystalline content has been found to be largely similar with the 

exception of zircon. Further refinement of the composition and synthesis procedure is ongoing; 

production of adjusted LFCM compositions to reproduce the zircon phase is underway with 

promising results so far. 
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5.2. Development of Representative Samples – Submitted Paper: 

Synthesis, characterisation and corrosion behaviour of simulant 

Chernobyl nuclear meltdown materials 

 

This work takes the form of a draft paper submitted to the submitted to the journal npj Materials 

Degradation on 02/04/19. This work was written by myself with the aid of co-authors for 

feedback and comments. All the experimental work was performed by myself with the 

exception of the acquisition of chemical compositional data which was performed on my behalf 

by Sheffield University Chemistry Department, X-ray absorption spectroscopy data collection 

which was performed by the co-author Martin Stennett at the KEK Photon factory, High 

Energy Accelerator Research Organisation Facility, Japan, and chemical durability testing 

which were performed by co-authors Claire Corkhill, Daniel Bailey and Clemence Gausse.  

The article presented here is reproduced with figure and section numbering adapted to retain 

continuity with this thesis.  

 

Synthesis, characterisation and corrosion behaviour of simulant Chernobyl 

nuclear meltdown materials 

 

Sean T. Barlow1, Daniel J. Bailey1, Adam J. Fisher1, Martin C. Stennett1, Clemence Gausse1, 

Claire L. Corkhill1*, Viktor A. Krasnov2
, Sergey Yu. Sayenko3 and Neil C. Hyatt1 

 

1NucleUS Immobilisation Science Laboratory, Department of Materials Science and 

Engineering, The University of Sheffield, S1 3JD, UK. 
2Institute for Safety Problems of Nuclear Power Plants, National Academy of Sciences of 

Ukraine, Kyiv oblast, Ukraine. 
3National Science Center Kharkov Institute of Physics and Technology, National Academy of 

Sciences of Ukraine, Kharkov, Ukraine. 

 

Abstract: Understanding the physical and chemical properties of materials arising from 

nuclear meltdowns, such as the Chernobyl and Fukushima accidents, is critical to supporting 

decommissioning operations and reducing the hazard to personnel and the environment 

surrounding the stricken reactors. Relatively few samples of meltdown materials are available 

for study, and their analysis is made challenging due to the radiation hazard associated with 

handling them. In this study, small-scale batches of low radioactivity (i.e. containing depleted 

uranium only) simulants for Chernobyl Lava-like Fuel Containing Materials (LFCMs) have 

been prepared and were found to closely approximate the microstructure and mineralogy of 

real LFCM. The addition of excess of ZrO2 to the composition resulted in the first successful 

synthesis of high-uranium zircon (chernobylite) by crystallisation from a glass melt. Use of 
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these simulant materials allowed further analysis of the thermal characteristics of LFCM and 

the corrosion kinetics, giving results that are in good agreement with the limited available 

literature on real samples. It should, therefore, be possible to use these new simulant materials 

to support decommissioning operations of nuclear reactors post-accident. 

 

5.2.1. Introduction 

 

On the 26th of April 1986, Reactor 4 of the Chernobyl nuclear power plant underwent a 

catastrophic failure whilst undergoing an experimental power failure test. The reactor 

experienced uncontrolled fission and water flashed into steam causing an explosion, which 

exposed the reactor to the atmosphere and caused ignition of the graphite core. It took several 

days to eventually quell the fire, in which time, radioactive particles were emitted into the 

surrounding area and the atmosphere, to be spread across the region (now Ukraine, Belarus and 

Russia) and parts of Europe. This event, classified as Level 7 on the International Nuclear 

Event Scale (INES), was arguably the most serious nuclear incident to affect the world to date; 

it is known to have caused 31 direct deaths and a mass-evacuation from a 30 km exclusion zone 

surrounding the reactor, that remains in place today. 

 

During the melt-down of the reactor core, temperatures reached in excess of 1600 °C, which 

caused the uranium nuclear fuel to melt with the zirconium cladding [4], [6]. This molten 

material interacted with structural reactor building materials including steel, concrete, 

serpentine and sand, forming ~100 tons of a glass-like lava that was transported under its own 

weight to sub-reactor rooms, solidifying in large masses, such as the widely reported “elephants 

foot” [6], [96], [101], [243]. Known as Lava-like Fuel Containing Materials (LFCM), these 

highly crystalline, radioactive, glass-like slags, were found in two main forms, known as Brown 

and Black lavas [6]. Crystalline phases observed in both types of LFCM include non-

stoichiometric UO2 and ZrO2 from fuel and cladding materials, a U-Zr-O mixed oxide phase 

and high uranium zircon (Zr1-xUx)SiO4, referred to as “chernobylite” [6], [244]–[247]. The 

glassy material in which these crystalline phases reside is a Mg-bearing (from serpentine 

minerals used in the reactor construction) Ca-aluminosilicate glass [6], [244] although the 

actinide and minor fission product content of the glass is not well known. The main differences 

between Brown and Black lavas are the extent of crystallisation (greater in the Brown LFCM), 

the presence of a significant proportion of Fe-bearing phases (Brown LFCM only) and the 

uranium content (higher in the Brown LFCM). Owing to the heterogeneous nature of LFCM, 

bulk analysis has yielded a range of compositions, as shown in Table 2-1. 

 

While analysis of samples taken from Chernobyl LFCM was performed over 20 years ago 

[4], [6], [96], [101], [232], [239], [243]–[245], [248]–[252] the highly radioactive nature of the 

materials limited the types of characterisation performed. Samples of the material are limited 

due to the difficulties and dangers associated with their collection (unstable building, high 
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radiation levels) and only a few specimens of the lava that were sampled from within the reactor 

building have been studied. Despite recent studies [7], [247], [253], little is known about the 

condition of Chernobyl LFCM, especially now, 33 years after the accident. To overcome this 

lack of information, past attempts to simulate low-activity LFCMs (i.e. containing no fission 

products, only depleted uranium) have been made to help understand the conditions within the 

reactor during the accident, however, this work was unable to accurately approximate the 

microstructure, morphology and mineralogy of LFCM [238], [254]–[256]. 

 

 One important aspect of LFCM behaviour that has not yet been investigated in detail is its 

corrosion behaviour within the reactor building. It is known that, due to the condensation of 

water inside the roof of the original Chernobyl sarcophagus (as a result of the temperature 

differential within and outside the structure), and the presence of holes in the sarcophagus roof, 

a significant proportion of water has dripped onto the LFCM causing it to corrode [251], [257]. 

This is apparent from the presence of yellow secondary alteration products formed on the 

surface of LFCM, known to include: paulscherrerite (UO2(OH)2); studtite (UO4·4H2O); 

UO3·2H2O (epiianthinite); rutherfordine (UO2·CO3); schoepite ((UO2)8O2(OH)12·12H2O), 

Na4(UO2)(CO3)3 and the sodium carbonate phases Na3H(CO3)2·2H2O and Na2CO3·H2O [6], 

[232], [239], [253]. These phases have potential to generate significant amounts of radioactive, 

uranium-bearing dust when the humidity within the sarcophagus falls below 85% [257]–[259]. 

 

 Understanding the corrosion behaviour of LFCM and developing a detailed evaluation of 

the kinetics and mechanisms of dissolution, are vital to support ongoing decommissioning 

efforts – both at Chernobyl and also at the Fukushima Daiichi Nuclear Power Plant, where 

LFCM-type materials are thought to have formed and remain submerged in water used to cool 

the melted core. As such, in this study, we present the results of an investigation to synthesise 

low-radioactivity, representative simulant LFCMs and perform a preliminary evaluation of 

their corrosion behaviour. 

5.2.2. Experimental Procedure 

 

Synthesis: 

A survey of the literature was used to ascertain the composition of Black and Brown lavas from 

Chernobyl; an average of all analysed samples in the literature (Table A1) was used to produce 

the batched compositions shown in Table 5-2. When compared to the literature values, excess 

ZrO2 was added to the batch in order to force zircon crystallisation by increasing the 

concentration until this phase formed. Stoichiometric amounts of the reagents for each of the 

elements present within the LFCM samples were used (SiO2 (Lochaline Quartz Sand 99.6%), 

CaCO3 (Fisher 98%), ZrO2 (Aldrich 99%), Na2CO3 (Alfa Aesar 98%), BaCO3 (Alfa Aesar 

99%), Al(OH)3 (Acros 95%), Mn2O3 (Aldrich 99%), Fe/Cr18/Ni10/Mo3 (Goodfellow), 

Mg(OH)2 (Sigma-Aldrich 99.9%) and UO2 (BDH)). Batches were intimately mixed for at least 

one minute. Thermal synthesis of the loose batched powders was performed in alumina boat 

crucibles under a reducing atmosphere (H2(5%) - N2(95%) gas) at 1500 °C for 4 h and 
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subsequently 720 °C for 72 h. The ramp rate was 3 °C min-1 at the beginning and end of the 

synthesis, and 1 °C min-1 between 1500 °C and 720 °C steps. The second heating step was 

necessary to prevent shattering of the alumina crucible and to facilitate crystallite growth. The 

composition of the resulting materials was determined by ICP-OES (Spectro Ciros Vision) 

after digestion in aqua regia, as shown in Table 5-2. The elevated concentration of Al2O3 is due 

to corrosion of the alumina crucible during thermal treatment. 

 

Table 5-2. Composition of simulant Lava-like Fuel Containing Material compositions 

(mol %), as batched and as determined by ICP-OES after aqua regia digest of thermally 

treated samples. 

Component 

Brown LFCM 

(mol%) 

Batched 

Brown LFCM 

(mol%) 

Analysed 

Black LFCM 

(mol%) 

Batched 

Black LFCM 

(mol%) 

Analysed 

SiO2 62.2 59.8 64.2 65.3 

CaO 7.3 7.1 7.7 6.4 

ZrO2 7.6 8.4 8.1 7.2 

Na2O 7.9 6.8 7.3 4.7 

BaO - - 0.1 0.1 

Al2O3 1.9 4.0 3.2 5.6 

MnO - - 0.4 0.5 

Fe2O3 0.6 0.7 - 0.5 

MgO 10.1 10.0 7.9 8.2 

UO2 2.4 3.2 1.2 1.5 

TOTAL 100.0 100.0 100.0 100.0 

 

 

Characterisation: 

The crystalline phase assemblage was determined by powder X-ray diffraction (XRD) using a 

Bruker D2 Phaser X-ray diffractometer in reflectance mode over the range 10° ≤ 2θ ≤ 70° with 

Cu Kα radiation (30 kV, 10 mA). Representative cross-sections were prepared by mounting 

monolith samples in resin and polishing to a 1 µm finish using successive SiC grit papers and 

diamond suspension polishing solution. The morphology of the crystalline phase assemblage 

was imaged using a Hitachi TM3030 Scanning Electron Microscope (SEM) with semi-

quantitative analysis of mineral composition using a built-in Bruker XFlash 430H Energy 

Dispersive X-ray Spectroscopy (EDS) system. Thermal characterisation of the LFCMs was 

performed using Differential Thermal Analysis (DTA) of representative powdered samples 

using a Netzsch TG 449 F3 simultaneous thermal analyser. The glass transition (Tg), 

crystallisation (Tc) and liquidus (Tl) temperatures were determined, with the annealing 

temperature of the samples taken to within 50 °C of the Tg observed. Helium pycnometry 

analysis gave densities of 3.054 ± 0.004 g cm-3 and 2.998 ± 0.003 g cm-3 for Brown and Black 

simulant LFCM, respectively.  
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X-ray absorption near edge spectroscopy (XANES) analysis of the U LIII edge was 

performed on Black and Brown lava samples, on beamline BL-27 at the Photon Factory 

synchrotron facility (Tsukuba, Japan) [260], to evaluate the bulk uranium oxidation state. 

XANES spectra were collected between 16865 and 18265 eV with an accumulation time of 1 

s step-1 and energy steps of 4 eV (16865 – 17115), 1 eV (17115 – 17665), 4 eV (17665 – 

17965), and 1 eV (17965 – 18265). Multiple spectra were averaged to improve the signal to 

noise ratio and a fluorescence spectrum of a Zr foil was acquired simultaneously with each 

sample to ensure accurate energy calibration. Three crystalline standards were also measured 

using the same conditions. All samples were prepared by mixing finely ground powders with 

polyethylene glycol (PEG) and pressing into cylindrical disks of 13mm diameter. The PEG to 

powder ratio was optimised to give a suitable edge step over the U LIII absorption edge. Data 

reduction and analysis performed using the Athena software package [221]. Linear regression 

of the U LIII edge energy position (defined as the energy where the edge step is equal to 0.5) 

with respect to standards of known oxidation state (UO2, Yb0.5U0.5Ti2O6, and CaUO4), 

confirmed the uranium oxidation state within the sample [261]. 

 

Corrosion analysis: 

Two ASTM standard methods were used as the basis of corrosion experiments. Firstly, a 

modified ASTM Product Consistency Test B (PCT-B) protocol (ASTM C1205-14) [191] 

utilising a surface area to volume ratio of 120 m-1, was performed to give insight to dissolution 

kinetics. LFCM materials were crushed and sieved to a powder of 75 to 150 µm in size. Washed 

powders were placed in Teflon vessels and 10 mL of UHQ water (in equilibrium with CO2 in 

the air) was added. Vessels were tightened and placed inside an oven at 50 ± 1 °C for 28 days. 

At several time intervals, aliquots of solution were taken for elemental analysis using 

inductively coupled plasma-mass spectroscopy (Agilent 4500) and the pH was measured.  

 

The normalised mass loss of elements within the LFCMs was determined according the 

following equation:  

 

𝑁𝐿,𝑖 =
𝐶𝑖

𝑓𝑖×(𝑆𝐴 𝑉⁄ )
     Equation 8 

 

 

where NLi is the normalised mass loss (g m-2) of element i, Ci is the elementary concentration 

(mg L-1) in the solution, fi is the mass fraction of element i, and SA/V is the ratio (m-1) between 

the surface area of the glass (m2) and the volume of solution used (m3). The normalised 

dissolution rate, RLi (g m2 d-1), is defined as the time-derivative of the normalised mass loss: 
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𝑅𝐿,𝑖 =
𝑑𝑁𝐿,𝑖

𝑑𝑡
=

1

𝑓𝑖×(𝑆𝐴 𝑉⁄ )
×
𝑑𝐶𝑖

𝑑𝑡
     Equation 9 

  

Analysis of the experimental data was performed using the geochemical speciation software 

PHREEQC, using the Lawrence Livermore National Laboratory thermodynamic database, 

LLNL-TDB. Data used in the LLNL-TDB are valid for temperatures ranging from 0 – 300 °C. 

The corroded samples were further characterised by XRD. 

 

The second method of corrosion analysis was Vapour Hydration Testing (VHT), performed 

using a modified ASTM C1663 [157] to develop insight to the secondary phases formed on 

LFCMs during corrosion. Monolith coupons, 10 x 5 x 1 mm in size, were polished to an optical 

finish with successive SiC grit papers. Samples were suspended within stainless steel pressure 

vessels using stainless steel wire, such that all surfaces of the coupons were in contact with 

water vapour during the experiment. Vessels were tightly sealed and placed within a 

temperature controlled oven at 200 °C for 28 days. At the end of the experiment, samples were 

mounted in cross-section in epoxy resin for SEM/EDX analysis, as described above. 

 

5.2.3. Results 

 

Lava-like Fuel Containing Material microstructure and phase analysis: 

Analysis of Brown and Black LFCMs revealed a microstructure and mineralogy consistent 

with real Chernobyl LFCM materials as observed by Burakov et al. [6]. A glass-like material 

containing crystallites was confirmed for both materials by XRD (Figure 5-4), with a region of 

diffuse scattering present between 15° < 2θ < 35° and Bragg reflections indexed as: UO2 [PDF 

71-0258]; monoclinic ZrO2 [PDF 78-1807]; cubic ZrO2 [PDF 81-1550]; ZrSiO4 [PDF 72-

0402]; and albite (NaAlSi3O8) [PDF 41-1480]. The expanded unit cell parameter of the cubic 

ZrO2 phase, a = 5.150(4) Å, compared with the reference data, a = 5.135(9) Å, is consistent 

with the formation of cubic (Zr1-xUx)O2. The reflections indexed as ZrSiO4 appeared to be more 

intense in the Black LFCM. The presence of these phases was confirmed by SEM/EDS analysis 

of each material, as shown in either Figure 5-5, Figure 5-6 and Appendix Figure A1. Phases 

containing Zr and U (i.e, (Zr1-xUx)O2) had a cubo-octahedral or fused morphology (Figure 5-6) 

or dendritic morphology (Appendix Figure A1). The morphology is consistent with that 

observed in real LFCM [6], [7], [248]. Furthermore, spherical inclusions containing Fe, Cr, Ni 

and Mo were observed, arising from the addition of stainless steel to the samples prior to 

thermal treatment. 
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Figure 5-4. Powder x-ray diffraction data obtained for simulant Brown and Black LFCM 

compositions. 
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Figure 5-5. Labelled back-scattered electron images of simulant (a) Brown; and (b) Black 

LFCM compositions, highlighting phases identified with the aid of EDX and XRD. 

 

Previous studies that aimed to simulate LFCM were unable to promote the formation of U-

rich zircon, often referred to as chernobylite [(Zr1-x,Ux)SiO4], which is present in real LFCM 

[254]–[256]. Since most of the Zr present in the LFCM partitions into crystalline phases, and 

the reported Zr concentrations of real LFCM (Table 2-1) are averaged electron probe 

microanalysis or EDS measurements across the whole, heterogenous sample (including lower 

Zr-content glass), it is possible that previous attempts to force crystallisation of chernobylite 

were unsuccessful due to an under-estimation of the Zr content required to force zircon 

crystallisation. In the present study, through the addition of excess ZrO2 (Table 5-2) it was 

possible to promote crystallisation of high-uranium zircon, as shown in Figure 5-6. The U-

containing zircon had a characteristic bi-pyramidal shape with distinct growth zonation; EDS 

data averaged over several U-bearing zircon crystallites gave an approximate composition of 
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(Zr0.95U0.05)SiO4 for the Black LFCM and approximately (Zr0.90U0.10)SiO4 for Brown LFCM. 

The incorporation of ~5 wt% and 10 wt% U in zircon from simulated Black and Brown lavas 

is in good agreement with literature values (5.6 wt% and 11.3 wt%, respectively) [7]. At the 

centre of several of the zircon crystals, small Zr-bearing inclusions were observed (e.g. Figure 

5-6c). Such inclusions were observed in real Brown LFCM, thought to be relict ZrO2 inclusions 

from the crystallisation of Zr-U-O phases into high uranium-zircon [6], [245]. The presence of 

monoclinic ZrO2, in the form of baddeleyite, is rare in the previous analysis of real LFCM [6], 

[245]; its relative abundance in the present study (Figure 5-4, Appendix Figure A1) may be 

due to the addition of more ZrO2 than was required to form the zircon phase. The presence of 

albite (NaAlSi3O8), as large dendrites within the glassy matrix, is in accordance with previous 

observations of pyroxene-like minerals with a composition of 

(Ca0.08Fe0.02Cr0.02Zr0.02)Al0.18Mg1.86Si1.82O5.97, in particles of real LFCM [7].  
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Figure 5-6. Back Scattered Electron micrographs of high uranium zircon (chernobylite, 

(Zr0.90U0.10)SiO4) within simulant Brown LFCM; (a) agglomerated crystals; (b) EDS 

data showing incorporation of uranium in the zircon phase; and (c) evidence of zoning 

within zircon and presence of Zr-rich particles in the centre of the zircon. 

 

Thermal analysis of simulant LFCM, as determined by DTA, gave values for Tg of 722 ± 5 

°C and 732 ± 5 °C for the Brown and Black compositions, respectively (Table 5-3, Appendix 

Figure A2). This is somewhat lower than previously estimated values for LFCM [262]. Two 

distinct crystallisation peaks were observed in both materials, the first occurring at between 

1006 ± 5 °C and 1020 ± 5 °C, and the second at ~1245 ± 5 °C. By application of Ti-
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thermometry, Poml et al. [247] estimated the temperature of high-uranium zircon 

crystallisation in LFCM to be ~1250 °C, suggesting that the Tc of ~1245 ± 5 °C observed in 

the present work may be related with crystallisation and growth of zircon. This is consistent 

with zircon crystallisation in geological formations, where zircon is known to form at 

temperatures between 1300 °C and 1600 °C [263], [264]. The identified crystallisation 

temperature (TC1) should therefore be associated with the formation and growth of Zr-U-O-

containing phases. The samples became liquid at temperatures > 1213 ± 5 °C and heating to 

more 1359 ± 5 °C was required to obtain a crystal-free melt. This is somewhat lower than the 

estimations of the melt temperature of LFCM within the Chernobyl reactor, which range 

between 1400 °C and 1550 °C and may be explained by the compositional heterogeneity of 

real LFCM. Other than the exclusion of fission products, the primary difference in composition 

between the real LFCM and the simulant materials analysed here is the source of Zr. During 

the accident, it is thought that the first portion of liquid phases formed at ~1400 °C as a result 

of melting of U and Zr into a U,Zr alloy [4], after which the melt interacted with the reactor 

construction materials forming LFCM; in the current study, this stage of melting is not 

observed, due to the addition of Zr in oxide form. Thermogravimetric data obtained 

simultaneously with thermal analysis showed no appreciable mass change upon heating.  

 

Table 5-3. Temperatures of key thermal events within simulant Brown and Black LFCM. 

  Sample 

  Brown LFCM Black LFCM 

T
h

er
m

a
l 

E
v
en

t 
(°

C
) 

±
5
 °

C
 

Tg 722 732 

Tc1 1006 1020 

Tc2 1247 1243 

Tl1 1226 1213 

Tl2 1281 1359 

 

 

Analysis of the U LIII edge XANES spectra acquired from bulk simulant Brown and Black 

LFCM samples and oxidation state standards are shown in Figure 5-7. The position of the 

absorption edge (E0), and the similarity in the post edge features with those of UO2, suggest 

that the average uranium oxidation state in both lava samples is close to four. Comparison of 

the extracted edge position of the lava samples to reference samples of known oxidation state 

backs this suggestion (Figure 5-7, Appendix Table A1). The mean U oxidation state was 

determined to be 4.1 ± 0.2 for the Black LFCM and 4.3 ± 0.2 for the Brown LFCM, which is 

in agreement with previous analysis of real LFCM particles by XANES [7]. 
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Figure 5-7. Uranium LIII edge XANES data for simulant Brown and Black LFCMs, with 

reference to uranium standards of known oxidation state, (a) showing full XANES 

spectra; and (b) linear regression of the extracted normalised edge position of standards 

and samples. 

 

Lava-like Fuel Containing Material corrosion behaviour: 

The extent of corrosion of each of the LFCM samples in UHQ water at 50 °C was found to be 

comparable, as shown in Figure 5-8 and Appendix Figure A3. For both samples, the pH 

averaged at approximately pH 5 throughout the experiment (Appendix Figure A3), which is ~1 

– 2 pH units lower than in the corresponding blank solutions. The normalised mass loss of Na 

(NLNa), typically used as a tracer in the dissolution of glass materials, indicated that the 

corrosion rate of the Black LFCM was greater than the Brown LFCM (Figure 5-8, Table 5-4). 

The normalised mass loss of U was also higher in the Black LFCM, consistent with the 

marginally higher oxidation state of uranium in this material, however the normalised corrosion 

rate of U was lower since the sample reached saturation (Figure 5-8 & Table 5-4), suggesting 

that U may be incorporated in secondary phases within the Black LFCM to a greater extent 

than the Brown LFCM. Zirconium was highly resistant to leaching in both materials.  

 

Table 5-4. Normalised corrosion rates for elements observed to increase in concentration 

over 28 day corrosion period. 

LFCM Normalised Corrosion Rate (NRi, g m-2 d-1) 

 Si Mg Na U 

Brown (4.42 ± 0.43) × 10-3 (4.22 ± 0.47) × 10-3 (4.36 ± 0.67) × 10-3 (9.28 ± 1.19) × 10-5 

Black (1.47 ± 0.30) × 10-3 (1.49 ± 0.10) × 10-3 (5.70 ± 0.64) × 10-3 (7.28 ± 5.51) × 10-5 
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Figure 5-8. Graphs of NLi for (a) Si; (b) Al; (c) U; (d) Ca; (e) Na; and (f) Mg for Black 

() and Brown () LFCM leached in UHQ water at 50 °C. 

The decrease in the concentration and NLi of the different elements in solution is indicative 

of a change in the degree of saturation of the solution with respect to these elements. For 

example, the concentration of Ca leached into solution from the Brown LFCM was observed 

to decrease after an initial increase. Saturation phenomena could lead to the formation of 

secondary phases on the surface of the material. Geochemical modelling of the elemental 

solution concentrations using the Phreeqc software package indicated several phases are 

thermodynamically favourable to form and become saturated in solution including smectite 

clay (beidellite with a general formula of (Ca,Na,K,Mg0.5)xAl4+xSi8-xO20(OH)4.nH2O), the 

phyllosilicate, kaolinite (Al2Si2O5(OH)4), and hematite (Fe2O3). Also, the uranium-bearing 

phase, soddyite [(UO2)2SiO4·2H2O] was predicted to be in equilibrium with the solution 
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(Appendix Table A2). XRD analysis of the LFCM samples after 28 days of corrosion in UHQ 

water at 50 °C (Figure A4) showed no change in the crystalline phase assemblage when 

compared to the pre-leached samples, suggesting that any secondary phases formed were non-

crystalline or present only in small (<3 wt%) quantities. SEM-EDS analysis of samples subject 

to corrosion under PCT (UHQ water, 50 °C) and VHT conditions (UHQ water, 200 °C) gave 

evidence for the formation of Na, Si and Al-bearing alteration products for both LFCM 

materials (Figure 5-9, Figure 5-10 and Figure A5), consistent with geochemical modelling 

predictions. The alteration layer was found to range from ~ 1 µm to 10 µm in thickness for 

both LFCM compositions. No uranium-bearing alteration products were observed in either type 

of corrosion experiment. 
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Figure 5-9. SEM-EDS analysis of Black LFCM after 28 days of corrosion using the VHT 

method, showing the formation of a spherical alteration phase. 

 

Figure 5-10. SEM-EDS analysis of Black LFCM particles samples after 28 days of 

leaching at 50°C in water. 

5.2.4. Discussion 

 

Replication of Chernobyl Lava-like Fuel Containing Material: 

The data presented in this study confirm that the synthesis of realistic low-activity (i.e. 

containing depleted uranium as the only radioactive isotope) simulants for Chernobyl LFCM 

is achievable at a small, batch scale, in the laboratory. The microstructure and mineralogy of 

the resulting materials were the same as found in real Brown and Black LFCMs, containing the 

same range of phases, including the high-uranium zircon, chernobylite, which previous studies 

of simulants have been unable to form [254]–[256]. It was previously proven possible to 

synthesise this phase through high-temperature heat treatment of U-Zr-Si-O gels [265], 
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however, to our knowledge, the present study is the first to successfully crystallise this phase 

from a glass melt. The LFCM simulants synthesised here additionally contained Zr-U-O-

phases, UO2, ZrO2 and Fe,Ni,Cr,Mo-bearing metallic inclusions, also found in real LFCM. The 

identification of small inclusions of ZrO2 at the centre of chernobylite grains confirms previous 

hypotheses that this phase is the product of reaction between Zr-U-O and the silicate melt [6], 

[245]. 

 

One advantage of being able to create low-activity simulants is the ability to perform 

measurements that are otherwise difficult to conduct within a hot-cell environment. In the 

present study, we have been able to further elucidate the thermal characteristics of LFCM, 

determining the glass phase transition, liquidus temperature and the crystallisation 

temperatures of zircon and Zr-U-O-containing phases. The latter values are consistent with 

those measured for natural minerals, and the former may differ slightly from real LFCM due 

to the use of ZrO2 as a precursor rather than zircaloy cladding composed of alloying metals 

which could alter the transition temperatures and provide reducing conditions beyond that of 

the supplied H2N2 atmosphere. The preparation of low-activity samples is also advantageous 

for analysis at user facilities, for example, synchrotron beamlines. The present study confirmed, 

by XANES, that the oxidation state of uranium in the simulant samples, which was initially 

added to the batch as UO3, was U(IV), as observed in real LFCM [7]. In the absence of zircaloy 

cladding, the melting of which is thought to have partially reduced UO2 during the accident, 

our study required the application of a reducing atmosphere during synthesis to create the 

desired oxidation state. 

There is a further benefit of being able to synthesise small (25 g) batches of realistic simulant 

LFCM. The use of large-scale demonstrators, where experiments are conducted to understand 

the interaction of molten fuel and cladding with structural building materials, such as the 

VULCANO facility in France [266] are expensive and hazardous to operate. Having a reliable, 

small-scale synthesis procedure may be helpful in screening compositions and experimental 

matrices so that the use of the large-scale demonstrator can be reduced to only those most 

important experiments; this may prove highly useful in the ongoing assessment of molten 

corium-concrete interaction (MCCI) products at the Fukushima Daiichi Nuclear Power Plant 

in Japan, ahead of fuel retrieval operations. 

 

Steps towards understanding Lava-like Fuel Containing Material corrosion behaviour: 

The corrosion behaviour of LFCM is of significant concern with regards to decommissioning 

of the Chernobyl reactor. This is due to the large amounts of radioactive dust generated from 

the secondary alteration products when the humidity within the sarcophagus falls; the removal 

of water from the LFCM surfaces can significantly intensify UO2 oxidation and dehydrate 

hydrous uranium-containing oxidation products, forming dust [259]. Some estimates suggest 

that the maximum rate of dust formation in the last 33 years was on the order of 1 to 10 kg y-1 

[259]. Several studies have been performed to elucidate the corrosion rate of LFCM and to 

ascertain the nature of the secondary alteration phases that are formed during corrosion. Many 
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of these have been concerned specifically with the leaching rate of various fission products 

(e.g. 106Ru, 137Cs, etc.) however, relatively few have focused on the corrosion rate of other 

elements in the LFCM, including uranium – the source of the radioactive dust hazard.  

 

Using simulant LFCM, we were able to ascertain that the uranium release rate to water 

(initial pH 6.5) at 50 °C was (9.28 ± 1.19) × 10-5 g cm-2 d-1 for Brown lava (Table 5-4). This is 

in reasonable agreement with the only comparable data for real LFCM (Brown), which gave a 

uranium release rate of 1.8 x 10-5 g cm-2 d-1 after 22 days of leaching in in 0.4 mol L-1 NaCl 

solution (initial pH 6.5), at room temperature [249]. In agreement with our findings, the study 

of real LFCM also showed that the corrosion rate of Brown LFCM was lower than that of Black 

LFCM [249] although it should be noted that other studies have shown no real difference 

between the two compositions [253]. These uranium release rates obtained are approximately 

one order of magnitude greater than those for uranium leached from spent nuclear fuel under 

oxidative conditions [267], but are comparable with those for U3O8-doped borosilicate glass 

[268]. The corrosion rates of Na and Si from the simulant LFCM compositions are also of the 

same order of magnitude as borosilicate high level nuclear waste glass compositions such as 

MW25 [76] or the non-radioactive simplified surrogate of French high level waste glass, the 

International Simple Glass [82]. The presence of a silicate alteration layer observed after 

corrosion (Figure 5-10) suggests that the mechanism of corrosion of LFCMs is, at least in part, 

similar to that of silicate glasses. 

 

Comparing the corrosion of simulant LFCM with available data in the literature for real 

LFCM, the pH of the solutions of both were observed to decrease by 1 – 2 pH units, relative to 

the blank, over the 28 days duration of leaching. This is somewhat unusual behaviour for alkali-

aluminosilicate glasses (where the release of alkali elements to solution from the corroding 

glass and subsequent complexation with alkali elements raises the pH to alkaline values), and 

points to the formation of pH-influencing secondary alteration phases, such as those that 

incorporate hydroxide ions (removal of which may lower pH), or those which complex with 

carbonate ions. Within the Chernobyl sarcophagus, the carbonate concentration was found to 

vary between 370 – 2900 mg L-1 and uranyl carbonate phases were observed to form, [6], [232], 

[239], [251], [253] which may effectively lower the pH. However, the present experiments 

contained significantly less carbonate (only that in equilibrium with CO2 in the air) and such 

phases were neither observed, nor predicted, by geochemical modelling. It is possible that 

colloidal complexes containing carbonate may have formed, which were not detectable using 

the analytical techniques applied here, however, it seems that the removal of OH- ions into 

secondary phases is the most plausible explanation for the observed pH decrease in the current 

study. 

 

Further work is required to fully understand the corrosion behaviour of LFCM simulants; in 

particular, uranium-bearing secondary precipitates, as seen on real LFCM, were apparently 

absent from the simulant samples. In the present work, three key factors may contribute to the 
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lack of formation of these phases: (1) the pH may be too low to promote the formation of Na-

uranyl carbonate phases – the pH of the water within the sarcophagus was measured as pH 8.5 

– 10 [251] higher than in the present study; (2) as mentioned above, the carbonate concentration 

within these experiments is significantly lower than within the sarcophagus; and (3) most 

significantly, the simulant samples do not contain any alpha-emitting isotopes. Radiolysis of 

water by alpha particles is known to promote the formation of hydrogen peroxide (in addition 

to other radical species), which is known to have a significant influence on the oxidative 

dissolution of UO2 [269]. Furthermore, studtite (UO4·4H2O), which has been observed on real 

LFCM samples, is a peroxide-containing mineral that forms by incorporating hydrogen 

peroxide created by alpha-radiolysis, thus requires radiation for its formation [230]. Further 

studies are currently being performed to explore these factors, and to develop further 

understanding of the corrosion, and dust generation capacity of LFCMs and other fuel debris. 
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6.  Thermal Treatment of Americium 

Residues 
 

This chapter explores the thermal synthesis of Am, extracted from civil stockpiles of Pu waste, 

into a ternary oxide phase; utilising Ce as a surrogate for Am. Ce3NbO7 was selected for 

investigation due to an existing gap in the current literature and the potential for use as an RTG 

by ESA making it a compound of interest. This section is written in the form of a draft paper 

to be published shortly. 

 

6.1. Draft Paper: Synthesis and characterisation of rare Ce3NbO7 

weberite-type compounds by neutron powder diffraction and X-ray 

absorption spectroscopy 

 

This work is in the form of a draft paper written in the style of the journal Inorganic Chemistry. 

This work was written by myself with the aid of co-authors for feedback and comments. All 

the work was performed by myself with the exception of neutron diffraction data collection 

which was performed in my presence at the ISIS neutron source facility, electron diffraction 

data collection performed by Dr Heath Bagshaw with my assistance at the University of 

Manchester, magnetic susceptibility which was performed by co-author Emma McCabe at the 

School of Physical Sciences, University of Kent, and X-ray absorption spectroscopy data 

collection which was performed by co-author Shi-kuan Sun at the KEK Photon factory, High 

Energy Accelerator Research Organisation Facility, Japan. 

The article presented here is reproduced in its entirety with references, figures and section 

numbering adapted to retain continuity with this thesis.  
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Synthesis and characterisation of rare Ce3NbO7 weberite-type compounds by 

neutron powder diffraction and X-ray absorption spectroscopy 

Sean T. Barlow†, Shi-kuan Sun†, Dashnor Beqiri‡, Emma McCabe‡, Heath Bagshaw§, Martin 

C. Stennett† and Neil C. Hyatt*† 

†Department of Materials Science & Engineering, University of Sheffield, Sheffield S1 3JD, 

UK 

‡School of Physical Sciences, University of Kent, Canterbury, CT2 7NH, UK 

§School of Earth and Environmental Sciences, University of Manchester, Manchester, M13 

9PL, UK  

Abstract: Ce3NbO7 weberite-type materials are a potential inactive analogue for 
241Am3NbO7 which could be utilised in americium radioisotope thermoelectric generators to 

be developed by the European Space Agency for scientific missions beyond the orbit of 

Jupiter. Ceramics with greater than 99% purity were synthesised by thermal solid-state 

reaction and analytically characterised by X-ray diffraction, neutron diffraction, helium 

pycnometry, and X-ray absorption spectroscopy. The magnetic behaviour of the material was 

measured and the Weiss temperature and magnetic moment per unit volume derived, in good 

agreement with theoretical values. Electron diffraction imaging and Rietveld refinement 

using neutron powder diffraction data were employed to confirm the crystal structure and X-

ray absorption spectroscopy confirmed that cerium exists in the +III oxidation state in 

Ce3NbO7.  

 

6.1.1. Introduction 

 

In recent years, the global availability of plutonium-238 for use in radioisotope thermoelectric 

generators (RTGs), has been challenged, due to a gap in production of ca. 30 years and 

increasing demand for application in deep space probes. For example, 238Pu powered RTGs 

were used for the New Horizons mission to Pluto, the Mars Science Laboratory rover Curiosity 

and the Voyager probes, both now operating from interstellar space, impossible to achieve with 

conventional solar powered craft [110], [270]. RTGs convert radioactive decay heat into 
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electricity via the thermoelectric Seebeck effect with an efficiency of around 6% [107] 

providing electrical power to spacecraft systems for decades. Whilst plans are underway to 

resume the production of 238Pu in the United States of America, the European Space Agency 

(ESA) plans to use an alternative radionuclide, 241Am, citing availability within European 

nations, endurance from the longer half-life (241Am 433 years vs. 238Pu 88 years) and 

comparable heat output to 238Pu (241Am 155 Wt/kg vs. 238Pu 568 Wt/kg) [105], [106], [109], 

[271]. The UK National Nuclear Laboratory have demonstrated successful laboratory scale 

americium extraction from UK stockpile of civil separated plutonium derived from spent 

nuclear fuel, ensuring a readily available supply of 241Am for ESA use [272], [273]. 

The specific material formulation for 241Am RTG sources has yet to be decided, potential 

candidates are AmO2 and Am2O3 [115], and a range of cermet or metal matrix type composites, 

which offer the advantage of reducing system mass compared to the current method of cladding 

ceramic pellets within iridium casings and carbon heat shields, in case of atmospheric re-entry 

[109], [110], [113], [274]. For ceramic heat sources, a further consideration, is control of Am 

redox, and hence oxygen stoichiometry, during material processing and over the service 

lifetime, since associated dimensional changes may pose a challenge to the integration of the 

ceramic material and overall safety of the RTG system [116]. For example, autoreduction of 

AmO2 is known occur at high temperature under 1 atm O2 [275], resulting in non-

stoichiometric AmO2-x. To help avoid these issues surrounding the use of binary compounds, 

our research programme is therefore oriented at understanding the synthesis and structure of 

refractory actinide ternary oxides, as potential ceramic heat sources. Given the similar ionic 

radii of trivalent actinides and lanthanides, one potential family of compounds for such 

applications adopt the weberite structure with composition Ln3MO7 (Ln = lanthanide, M = Nb 

or Ta), with the intention of Am3+ substitution for Ln3+. Given the challenge, hazard and 

expense of working with transuranic elements it is common to utilize a non-radioactive 

surrogate element in early research and development studies. Previous work has utilized Ce3+/4+ 

as a surrogate for Am3+/4+ and Pu3+/Pu4+, given the similar ionic radii of these species for a 

given co-ordination environment [116], [276], [277]. This work investigated the synthesis and 

crystal structure of Ce3NbO7, as an analogue for Am3NbO7, acknowledging the similar 8-

coordinate cationic radii of Ce3+ (1.01 Å) and Am3+ (0.98 Å). 

Americium compounds usually assume the +III oxidation state with IV, V and VI requiring 

extra effort to produce, hence in this project ceramic materials with trivalent actinides were 

targeted [114].  

Weberite-type niobates, Ln3NbO7 (where Ln = lanthanide), compounds have been the 

subject of previous investigation [117]–[119], due to their interesting electrical and magnetic 

properties. However, the precise assignment of room temperature space group symmetry of 

these compounds remains the subject of contention, due, at least in part, to the choice of 

diffraction method applied. For example, La3NbO7 was originally determined to adopt Cmcm 

symmetry based on analysis of laboratory X-ray diffraction data, but subsequently shown to 

adopt Pmcn symmetry based on high resolution synchrotron X-ray diffraction data [117], 
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[120]. As discussed later in this contribution, the Cmcm and Pmcn weberite crystal structures 

are related by a subtle rotation and distortion of the MO6 octahedra, giving rise to additional 

super-cell reflections in Pmcn. Consequently, neutron and electron diffraction techniques are 

required to definitively establish the true space group symmetry, being more sensitive to 

scattering and displacement of oxygen atoms. 

A systematic synchrotron X-ray diffraction study of the room temperature crystal structures 

of Ln3NbO7 weberite compounds proposed space group Pmcn for Ln = La – Nd (bca setting 

of space group 62, Pnma) and Ccmm for Ln = Sm – Gd (ba𝑐 setting of space group 63, Cmcm) 

structures [117]. Whereas, compounds with Ln = Tb – Lu were found to adopt an average 

defect fluorite structure, space group Fm-3m, but with evidence of diffuse scattering indicative 

of some short range order characteristic of the weberite structure (supported by analysis of 

Raman modes) [117]. Previous work, utilizing laboratory X-ray diffraction, had assigned 

compounds with Ln = Sm – Tb to adopt space group C2221, a sub-group of Cmcm [159], [278]. 

Recent high resolution synchrotron X-ray and neutron diffraction studies have shown that 

La3NbO7 and Nd3NbO7 exhibit a continuous phase transition between Pmcm and Cmcm 

aristotypes at 360 K and 450 K respectively [124]. Synchrotron X-ray diffraction also 

established a related phase transition for Gd3NbO7, from Cmcm to Cm2m, at 340K [279]. The 

presence of such phase transitions, close to room temperature, in Ln3NbO7 materials, poses an 

additional challenge for structure determination since small variations in ambient conditions, 

thermometry, and stoichiometry may result in assignment of alternate aristotypes. 

During the progress of this work, Inabayashi et al. reported an investigation of the synthesis, 

crystal structure and magnetic behavior of Ce3NbO7 under flowing H2 atmosphere [123], with 

the room temperature structure determined to adopt space group Pnma, based on laboratory X-

ray diffraction data. An earlier report of Ce3NbO7+, reported this material to adopt a cubic 

defect fluorite structure, Fm-3m symmetry, with disorder of both Ce3+/Nb5+ and 

oxygen/vacancies over the available atom positions [122]. The report of Inabayashi et al is 

more consistent with expectation for larger lanthanides but, as argued above, neutron and 

electron diffraction studies are required for a definitive assessment, having greater sensitivity 

to site disorder and subtle supercell reflections diagnostic of the underlying symmetry. 

In this contribution, the solid state synthesis and characterisation of Ce3NbO7 ceramics is 

reported. Using X-ray, neutron and electron diffraction, the room temperature crystal structure 

of this compound is determine to adopt space group Pmcn. Ce L3 edge X-ray Absorption 

Spectroscopy and magnetic susceptibility measurements confirmed the presence of Ce3+, 

exclusively, within Ce3NbO7. The compound shows Curie Weiss paramagnetism with a Weiss 

temperature of -143 ±1 K, demonstrating weak antiferromagnetic interactions. 

 

6.1.2. Experimental 
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Crystalline Ce3NbO7 was synthesised by conventional solid state oxide reaction in the presence 

of a reducing atmosphere of 5% H2-95% N2, required to induce reduction of Ce4+ to Ce3+. CeO2 

(Acros Organics, 99.9%) and Nb2O5 (BDH, 99.5%) were calcined at 1073 K for 12 h before 

wet grinding in a planetary ball mill for 5 mins and subsequently dried at 383 K for 3 h. Dry 

powders were uniaxially pressed into cylindrical ‘green body’ pellets 10 mm by 6 mm under a 

pressure of 41 MPa, placed in alumina crucibles and covered in excess sacrificial batch material 

as an oxygen-getter to prevent adventitious oxidation of the pellets during thermal synthesis. 

Reaction took place at 1523 K for 24 h under flowing 5% H2-95% N2 gas mixture. After 

reaction the outer layer (< 1 mm) of each pellet was visibly darker in hue from the interior and 

was abraded off using SiC grit paper (Figure B1). Finished pellets were milled to a fine powder 

using a planetary mill and powder X-ray diffraction (XRD) was used to determine the 

crystalline phase assemblage and phase purity. Multiple calcinations were necessary to create 

phase pure samples (> 95%). XRD was collected on a Bruker D2 diffractometer in reflectance 

mode over the range 10° < 2θ < 70° and also on a STOE STADI P in transmission mode over 

the range 10° < 2θ < 120°, both utilizing Cu Kα radiation. Quantiative Energy Dispersive X-

ray analysis of Ce3NbO7 was performed on a polished sintered pellet, using a Hitachi TM3030 

SEM equipped with a Bruker Quantax EDX detector. 

High-resolution neutron powder diffraction (NPD) was performed at the ISIS spallation 

neutron source (Rutherford Appleton Laboratory (UK)) using the HRPD time of flight (TOF) 

instrument. Diffraction was measured on 2.364 g of powder from 30 ms to 130 ms using the 

NBS silicon backscattering detector bank with the 2 hour scan delivering an 80 µA neutron 

beam current. Rietveld refinement was carried out using the GSAS refinement suite [171], 

[172], with unit cell parameters, atomic coordinates and isotropic temperature factors typically 

refined, as well as a background function, scale factor and profile parameters. Data were 

acquired at room temperature, 298 K. 

A FEI Techni F30 TEM with 300 KeV accelerating voltage was utilised to facilitate the 

identification of the correct orthorhombic space group via electron diffraction imaging on thin 

powder samples. Finely ground, powdered Ce3NbO7 was placed onto a holey carbon TEM grid 

and manipulated within the TEM via a double tilt sample holder. Diffraction patterns were 

collected using a Gatan Orius CCD camera with 5 second exposure time and analysed using 

SingleCrystal v3.1.1 software. 

X-ray absorption spectroscopy (XAS) experiments were completed at the KEK Photon 

Factory (PF), High Energy Accelerator Research Organization (Japan) focusing on the Ce L-

III edge (5,723 eV). XAS spectra were collected from 5600 eV to 6000 eV with data reduction 

and analysis performed using the Athena Demeter 0.9.24 software package. Linear regression 

with respect to standards of known oxidation state, CeO2 and CePO4, confirmed cerium 

oxidation state within the sample.  

Magnetic susceptibility measurements were taken with the temperature-dependence 

relationship measured over the temperature range of 2 K ≤ T ≤ 300 K with an applied field of 
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0.1 T, using a Quantum Design MPMS (SQUID magnetometer). Susceptibility measurements 

were performed under field-cooled and zero-field-cooled and conditions. 

The thermal stability of Ce3NbO7 was investigated by thermogravimetric analysis (TGA) 

and Differential thermal analysis (DTA, with combined mass spectroscopy of evolved gas. 

Data were acquired using a Netzsch TG 449 F3 simultaneous thermal analyser (STA) over the 

temperature range 470 – 1770 K with a heating rate of 5 K min-1. Nitrogen gas was used during 

the DTA data acquisition and to purge the sample chamber before the heating cycle, whilst an 

air atmosphere was used during TGA data acquisition.  

Density measurements were obtained by helium pycnometry using Micromeritics Accupyc 

II 1340 on powdered samples. Data was collected at 23 °C within a 1 cm3 chamber, fill pressure 

of 82.7 kPa with 10 purges over 10 cycles and an equilibration rate of 0.034 kPa min-1. 

 

6.1.3. Results 

 

Solid state synthesis and crystal structure: 

Ce3NbO7 was successfully formed under the reducing conditions of the flowing 5% H2-95% 

N2 atmosphere as shown in the XRD data in Figure 6-1 and Figure 6-2. Reacted pellets were 

dark red/brown in coloration, typical of a reduced cerium oxidation state, with a minor yellow 

coloured precipitate on the outer surface visible after 24 hours reaction at 1523 K (Figure B1). 

The yellow impurity phase was identified as CeNbO4+ by initial XRD analysis, as shown by 

the indexed patterns in Figure 6-1 and Figure 6-2. CeNbO4+ adopts the monoclinic Fergusonite 

structure (I21/a) which can accommodate a variable oxygen stoichiometry [280]. The best fit 

to the observed reflections associated with CeNbO4+, were the reported diffraction data 

corresponding to CeNbO4.00 [281]. Notably, single crystals of CeNbO4+ with = 0 were 

reported to be yellow in colour, whereas oxidized regions exhibited a dark green colouration 

[282]; polycrystalline materials were reported to be yellow-green and dark green in the case of 

compositions with  = 0 and 0.08 <  < 0.25, respectively [281]. The enrichment of the 

CeNbO4+ impurity phase at the surface of our materials, at the solid/gas interface, suggests 

scavenging of trace oxygen from the gas atmosphere may be responsible for its stabilization, 

most likely during cooling since elevated temperatures are known to decompose CeNbO4+ to 

CeNbO4 [283]. Consideration of the reference diffraction data for yellow-green colour phase 

[281], suggests 0 <  << 0.08 for our sample; for simplicity this impurity phase is referred to 

as stoichiometric CeNbO4. The intensity of the Bragg reflections associated with CeNbO4 

phase did not change appreciably with extended reaction time. Removing the outer layer of the 

reacted pellets, by gentle abrasion, was found to yield an essentially single phase material by 

XRD analysis, see Figure 6-2. Quantiative EDX analysis performed on a polished sintered 

pellet, confirmed the presence of Ce and Nb in a 3:1 ratio, as expected.  
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Structure refinement of Ce3NbO7 considered both candidate space groups, Cmcm and Pmcn, 

shown schematically in Figure 6-3. The crystal structure comprises infinite bands of corner 

sharing NbO6 octahedra and edge sharing Ce(1)O8 cubes separated by 7-fold co-ordinate Ce(2) 

ions. As described below, rotation and distortion of the NbO6 octahedra, lowers the symmetry 

from Cmcm to Pmcm. The two space groups are distinguished by reflections with hkl h+k=2n 

and h0l h=2n or l=2n, which are allowed for Pmcm but systematically absent in Cmcm.  

A Le Bail analysis of laboratory XRD data afforded a similar quality of fits for both Cmcm 

and Pmcn space groups, with a modest improvement in fit favouring assignment of Pmcn 

symmetry: Rwp= 14.77% for Cmcm, 14.10% for Pmcn from reflection mode Cu Kα XRD; and 

Rwp= 5.75% for Cmcm, 4.01% for Pmcn from transmission mode Cu Kα1 XRD; see Appendix 

Figure B2 and Figure B3. This is consistent with the presence of additional weak reflections 

satisfying the conditions hkl h+k=2n and h0l h=2n or l=2n in the X-ray diffraction data.  

 

Figure 6-1. XRD pattern acquired from the surface of a pellet of composition Ce3NbO7, post 

reaction in 5% H2-95% N2 for 24h, showing enrichment in CeNbO4. 
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Figure 6-2. XRD pattern acquired from the surface of a pellet of composition Ce3NbO7, post 

reaction in 5% H2-95% N2, showing enrichment in CeNbO4, and after 148 h with the surface 

layer removed. 

   

Figure 6-3. Schematic crystal Structure for Ce3NbO7 in Cmcm spacegroup (left) and Pmcn 

(right). Ce(1)O8 units are revealed as blue cubes, Ce(2) ions shown by orange spheres and 

NbO6 octahedra represented by green octahedra. 

 

Electron Diffraction: 

Selected Area Electron Diffraction (SAED) patterns were acquired from crushed grains of 

Ce3NbO7 to make an unambiguous determination of space group. Figure 6-4 shows the indexed 

SAED pattern obtained from the [0 2 1] zone axis whilst the Appendix Figure B4 shows the 

corresponding simulated SAEDs for the [0 2 1] zone axis in the Cmcm and Pmcn space groups. 
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The observation of hkl h+k≠2n reflections (e.g. h2-4 h≠2n; h3-6 h≠2n) which are systematically 

absent for Cmcm symmetry, confirm the assignment of the primitive Pmcn space group for 

Ce3NbO7 at room temperature. 

 

 

Figure 6-4. Electron diffraction pattern obtained in the 0 2 1 plane. 

Neutron diffraction: 

Rietveld analysis of room temperature neutron diffraction data acquired from Ce3NbO7, in 

space group Pmcn, afforded an excellent fit of the refined structure model to the data, with χ2 

= 3.00, Rwp = 5.80%, Rp = 5.37%, for 51 variables, as shown in Figure 6-5. The refined 

structural parameters are summarized in Table 6-1. The sample was determined to contain a 

small residual amount of CeNbO4 impurity phase (0.21% by weight). It was noted that 

anisotropic peak broadening was required to adequately fit asymmetry of reflections in the 

range 2.25 < d < 2.55 Å. We also attempted to fit our data with a model incorporating two 

Ce3NbO7 phases of Pmcn and Cmcm symmetry or both of Pmcn symmetry. Although this also 

adequately modeled the aforementioned reflection asymmetry, refinement of a single Ce3NbO7 

phase in Pmcn symmetry, with anisotropic peak broadening, always produced superior 

goodness of fit metrics. No evidence for atom site vacancies or cation anti-site defects was 

established by refinement of site occupancies (with appropriate constraints). Taken together, 

these observations may point to some small degree of compositional variation in our material, 

as discussed below.  
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Figure 6-5. Final fit of refined structural model for Ce3NbO7 in space group Pmcn to neutron 

diffraction data, showing observed, fitted and difference profiles; tick marks show allowed 

reflections for Ce3NbO7 and CeNbO4. 

 

Key bond lengths for the Ce3NbO7 structure are summarised in Table 6-2 along with bond 

valance analysis. By utilizing reference bond lengths of r0=2.151 Å for Ce3+ [284] and r0=1.911 

Å for Nb5+ [285], the calculated bond valance sum (BVS) for 8 coordinate Ce(1) was 2.79 v.u. 

and 3.14 v.u. for 7 coordinate Ce(2), whilst the BVS of 6 coordinate Nb was 4.84 v.u. The 

determined mean bond valence sums for the Nb and Ce sites are within a few percent of the 

formal oxidation states, and hence there was no evidence for significant structural strain. 

The theoretical density for Ce3NbO7 calculated from the refined NPD data was 6.445 g/cm3 

with the minor impurity phase having a density of 5.464 g/cm3 leading to an overall calculated 

density of 6.443 g/cm3 for the material. This is in close agreement with the powder density of 

6.5029 ± 0.0051 g/cm3 determined by helium gas pycnometry. 
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Table 6-1. Rietveld refined structural parameters output for Pmcn (#62) Ce3NbO7 from room 

temperature NPD data; Rwp = 5.80%, RP = 5.37%, χ2 = 2.995. 

Ce3NbO7 – 99.79 Wt. % 

Atom Site X y z Uiso ×100 

(Å2) 

Ce1 4c 0.2500 0.7571(9) 0.0104(1) 0.44(8) 

Ce2 8d 0.4769 (1) 0.4540(2) 0.2497(1) 0.32(4) 

Nb 4c 0.2500 0.2503(8) -0.0043(9) 0.15(5) 

O1 8d 0.8706(3) 0.9451(4) 0.9667(6) 0.94(9) 

O2 8d 0.3796(3) 0.4251(4) 0.9630(6) 0.89(9) 

O3 8d 0.3806(1) 0.7259(2) 0.2496(1) 0.45(4) 

O4 4c 0.2500 0.3191(3) 0.2497(1) 0.80(5) 

a 11.0492(4) Å b 7.5561(3) Å c 7.7180(3) Å 
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Table 6-2. Select interatomic bond lengths in Ce3NbO7 calculated from refined NPD data; 

Average Ce BVS: 2.96, Average Nb BVS: 4.84. 

Atoms Bond Length (Å) Bond Valence Sum (v.u.) Coordination 

Ce1-O1 2.621(7) (x2) 2.79 8 

Ce1-O2 2.912(7) (x2)   

Ce1-O3 2.355(9) (x2)   

Ce1-O3 2.481(9) (x2)   

Ce2-O1 2.495(7) (x1) 3.14 7 

Ce2-O1 2.485(8) (x1)   

Ce2-O2 2.470(8) (x1)   

Ce2-O2 2.458(7) (x1)   

Ce2-O3 2.312(2) (x1)   

Ce2-O3 2.334(3) (x1)   

Ce2-O4 2.706(2) (x1)   

Nb-O1 2.010(6) (x2) 4.84 6 

Nb-O2 1.965(6) (x2)   

Nb-O4 2.028(1) (x1)   

Nb-O4 1.970(1) (x1)   

 

Ce L3 edge XANES: 

Figure 6-6 shows the background subtracted and normalized Ce L3 edge XANES data of 

Ce3NbO7 is compared with that of reference compounds CePO4 and CeO2, containing Ce3+ and 

Ce4+, respectively. The absolute energy position (E0) of the Ce L3 absorption edge is a function 

of oxidation state, with a chemical shift of ca. 3.6 eV between the E0 determined for CePO4 

and CeO2 reference compounds, determined as the energy corresponding to -µx = 0.5 9 i.e. half 

height of the edge step), see Table 6-3. Additionally, Ce L3 edge XANES of Ce3+ species are 

characterised by a single intense white line feature, whereas the XANES of Ce4+ species are 

characterised by three white line features of comparable intensity, as exemplified by Figure 

6-6. The electronic states associated with these characteristic features have been established as 

discussed by Stennett et al. [286]. The E0 and profile of the Ce L3 edge XANES data of 
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Ce3NbO7 are very similar to those of the CePO4 reference compound, as demonstrated by 

Figure 6-6 and Table 3, consistent with the presence of Ce3+. Assuming a linear dependence of 

E0 to oxidation state, interpolation from the reference compounds affords an estimated Ce 

oxidation state of 3.1 ± 0.1 eV for Ce3NbO7. Linear combination fitting of the Ce L3 edge 

XANES data of CePO4 and CeO2, to that of Ce3NbO7, determined an estimated Ce oxidation 

state of 3.1 ± 0.1 eV for Ce3NbO7. 

 

 

Figure 6-6. XAS spectra for Ce3NbO7 and two reference samples 

 

Table 6-3. Extracted E0 values and corresponding oxidation state. 

Sample E0 (eV) Oxidation State (±0.15) 

CePO4 (Ce3+) 5722.2 3.0 

Ce3NbO7 5722.8 3.1 

CeO2 (Ce4+) 5725.8 4.0 

 

Magnetic properties: 

The temperature dependence of the magnetic susceptibility of Ce3NbO7 is shown in Figure 6-7. 

Long range magnetic ordering was not observed over the temperature range studied however 

Curie-Weiss fitting was successfully applied between 185 K and 281 K, revealing a calculated 

Weiss temperature of -143 ±1 K. The effective magnetic moment per Ce3+ was calculated as 

2.51 ±0.01 µB, in excellent agreement with the theoretical value of 2.54 µB. 
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Figure 6-7. Reciprocal magnetic susceptibility for Ce3NbO7 over the range 2 K ≤ T ≤ 300 K. 

 

Thermogravimetric and Differential Thermal Analysis: 

DTA data of Ce3NbO7 on heating under N2 atmosphere to is shown in Figure 6-8 alongside 

TGA data upon heating under an air atmosphere. These data show a continuous weight gain on 

heating above ca. 400 K, associated with adventitious oxidation of the sample. The recovered 

material was green in colour and did not show evidence of melting, but powder X-ray 

diffraction, Figure 6-9, demonstrated decomposition of Ce3NbO7 to yield a mixture of 

CeNbO4+ and 2(CeO2). The d-spacing of the reflections corresponding to CeNbO4+ were 

consistent with an increase in unit cell volume, relative to  = 0, as previously observed for  

= 0.08 and  = 0.25 [281], providing a close match to the  = 0.25 reported data for this phase. 

Assuming decomposition to stoichiometric CeO2 plus CeNbO4+, the observed weight increase 

of 3.2 wt%, could correspond to a gain of 1.2 formula units of oxygen (Ce3NbO8.2), implying 

 ≈ 0.2 for CeNbO4+, consistent with interpretation of XRD data of  ≈ 0.25. 
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Figure 6-8. DTA data (400 – 1670 K) and TGA (400 – 900 K) data for Ce3NbO7. 

 

 

Figure 6-9. Powder XRD of sample after thermal analysis showing transformation into other 

indexed phases. 

 

6.1.4. Discussion 

Ce3NbO7 was successfully synthesized from CeO2 and Nb2O5 at 1523 K for 24 h, under flowing 

5% H2-95% N2 gas mixture to effect reduction of Ce4+ to Ce3+. Nevertheless, the material will 

scavenge even trace oxygen, during synthesis, yielding a surface layer enriched in CeNbO4 on 

ceramic bodies, even when buried within a bed of sacrificial powder. Gentle abrasion of the 

surface of Ce3NbO7, to remove the CeNbO4 rich surface layer, yielded an essentially single 

phase material.  
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Analysis of combined neutron, electron and X-ray diffraction demonstrate that Ce3NbO7 

adopts a weberite structure in space group Pmcn (#62) rather than Cmcm (#63), as observed 

for counterpart Ln3NbO7 compounds with relatively large lanthanides Ln = La, Pr and Nd 

[120], [121], [124], [287]. The two candidate structural models (Figure 6-3) are very similar, 

and differ only in slight rotation of NbO6 octahedra; described by the Y2
- mode distortion from 

Cmcm to Pnma (alternative setting to Pmcn) using the ISODISTORT program [288]. 

Distortions to other subgroups of Cmcm (e.g. C2221, Cmc21, Ama2 and Amm2 from Γ1
-, Γ2

-, 

Γ3
- and Γ4

- irreps, respectively) as described by ISODISTORT [288] were also considered but 

these centred models are inconsistent with the reflections observed in ED. Overall, this is 

consistent with previous analysis of the crystal structure of Ce3NbO7, based on laboratory X-

ray diffraction data, [123] although it is important to emphasise that both electron and neutron 

diffraction data are essential to be confident of this conclusion. Bond valence sum analysis and 

Ce L3 edge XANES data (by comparison to data from CePO4 and CeO2 reference compounds) 

confirm the presence of Ce3+ in Ce3NbO7, consistent with the deep red-brown colour of this 

material in powder form. 

As noted above, asymmetric line broadening observed in neutron diffraction data suggest 

some subtle compositional variation within our material, but this could not be attributed to 

cation or vacancies, or Ce/Nb disorder. Quantiative EDX analysis, Ce L3 edge XANES and 

magnetic susceptibility data are consistent with the presence of a bulk stoichiometry of 

Ce3NbO7. However, our preliminary investigation of the high temperature behaviour of 

Ce3NbO7 has shown that the compound will undergo adventitious oxidation under an air 

atmosphere, finally decomposing to yield CeO2 and CeNbO4+ ( ≈ 0.25). These observations 

are broadly consistent with those of Inabayashi et al., who report continuous oxidation of 

Ce3NbO7 under O2 gas [123]. Taken together, these data suggest a plausible explanation for 

the asymmetric line broadening in our neutron diffraction data (apparent due to the high 

resolution), involving the presence of a small oxygen excess giving rise to a compositional 

gradient from the core to rim of powder grains. This would be expected to induce some 

crystallographic strain, giving rise to the observed asymmetric line broadening, but be 

consistent with a stoichiometric bulk composition and our structure determination. 

Magnetic susceptibility data revealed no evidence for long range magnetic ordering in 

Ce3NbO7 at low temperature. However, the negative Weiss temperature implies underlying 

antiferromagnetic interactions between Ce3+ ions, although, evidently, the exchange interaction 

is not sufficiently strong to gives rise to long-range magnetic order. Our derived magnetic 

effective magnetic moment per Ce3+ of 2.51 ±0.01 µB was in excellent agreement with the 

theoretical value of 2.54 µB. Recent work by Inabayashi et al. [123] also reported the absence 

of magnetic ordering in Ce3NbO7, but determined a smaller effective magnetic moment per 

Ce3+ ion of 1.77 µB, from fitting the Curie-Weiss Law magnetic susceptibility data; this was 

attributed to the effect of local crystal field. Interestingly, Inabayashi et al. also determined a 

Weiss temperature of -13.4K, compared to our determination, of -143 K, which suggests 

weaker underlying antiferromagnetic exchange interactions. These differences are difficult to 

rationalize, given the evidence to demonstrate the single phase or near single phase nature of 
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the reported compounds. As noted above, a gradient of oxygen interstitials at the grain 

boundaries of our material might explain the observed asymmetric line broadening, revealed 

by the high resolution neutron diffraction, but a significant bulk concentration of such 

interstitials would be inconsistent with our determined magnetic moment and Ce L3 edge 

XANES data. 

As highlighted in the introduction to this contribution, Guogang et al. reported the synthesis 

of the phase Ce3NbO7+, in a mixture with CeNbO4+, from solid state reaction between CeO2 

and Nb2O5 in a 6:1 mole ratio, under air atmosphere. Ce3NbO7+ was reported to adopt space 

group Fm-3m and unit cell parameter a = 5.4053 Å, based on X-ray diffraction data [122]. This 

report is apparently inconsistent with the synthesis of Ce3NbO7 under reducing atmosphere, 

and the sensitivity of this material toward adventitious oxidation at high temperature. The 

reported unit cell parameter of Ce3NbO7+ is close to that of CeO2 NIST Standard Reference 

Material 647b, a = 5.4152 ± 0.0030 Å [289]. These observations suggest that the cubic 

Ce3NbO7+, phase identified by Guoguang et al. [122], was in fact CeO2, as expected from 

consideration of stoichiometry and conditions of synthesis, and consistent with data presented 

in Figure 6-9, herein. 

Previous consideration of A2
2+B2

5+O7 and A2
3+B2

4+O7 compounds has shown that the cation 

radius ratio, rA/rB – with A and B cations in 8-fold and 6-fold coordination respectively, is a 

useful metric for predicting the relative stability of the weberite, pyrochlore and defect fluorite 

structures. Counterpart A3
3+B5+O7 compounds (A = Lanthanide and Y; B = Nb, Sb, Ta, Re, Os, 

Ir and Ru) adopt either the weberite or defect fluorite structure, depending on composition. 

Therefore, we also considered the rA/rB ratio as a potentially useful metric to predict adoption 

of the weberite or defect fluorite structure for Ln3+B5+O7 compounds. For simplicity, one can 

equate rA with the ionic radius for the Ln3+ ion in 8-fold co-ordination, since, in the weberite 

structure, the ratio of 8-fold to 7-fold co-ordinate Ln sites is 2:1. For this analysis, the ICSD 

database was screened for relevant compounds, constrained to room temperature structures and 

quality assured crystallographic data. Figure 6-10 shows the resulting structure field map for 

Ln3
3+B5+O7 compounds, which shows reasonably well-defined fields for weberite and defect 

fluorite structured compounds [162]. In addition, the weberite structure field is well delineated 

between examples which adopt the La3NbO7 and Y3TaO7 aristotypes, which differ in the mode 

of tilting of the MO6 octahedra (respectively: Cmcm or Pcnm with Y2
- irrep; and Ccmm or 

C2221 with Γ1
- irrep). The La3NbO7 and Y3TaO7 aristotypes are evidently adopted for large 

and intermediate rA/rB ratios, respectively, whereas the defect fluorite structure is stabilized 

only for the smallest rA/rB ratios. Of particular interest is the fact that Ce3NbO7 falls within the 

La3NbO7 type weberite structure field based on ionic size considerations. This analysis also 

demonstrates that there remain many as yet unreported Ln3+B5+O7 compounds and/or structures 

which would be worthy of experimental and theoretical study. 
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Figure 6-10. Structure field map for Ln3+B5+O7 compounds, Grey = Defect fluorite type, 

Green = Y3TaO7 type, Blue = La3NbO7 type 

 

Our interest in synthesizing Ce3NbO7 was stimulated by the need to explore the structure-

property relations of refractory actinide ternary oxides, as potential ceramic heat sources for 

use RTGs for deep space probes. This study, and the work of Inabayashi et al. [123], have 

shown that Ce3(Nb,Ta)O7 is prone to oxidation at high temperature, associated with 

transformation of Ce3+ to Ce4+, resulting in decomposition. Similar behaviour would naturally 

be expected for the Am3+ weberite analogue and, since the overarching aim is to maintain Am 

redox during materials processing and in service, in particular avoiding associated component 

dimensional changes, Am3NbO7 weberite would not seem well suited to this application. 

Consideration of the possibility of a defect fluorite structured Am3NbO7 compound is more 

appealing, since occupancy of the vacant anion position could provide a mechanism for 

accommodating Am3+/Am4+ redox, and isotropic unit cell expansion, without leading to 

decomposition. The structure field map derived above shows that Am3NbO7 would be expected 

to adopt either the La3NbO7 or Y3TaO7 weberite structure and lies well away from the defect 

fluorite phase field. Nevertheless, both La3NbO7 and Y3TaO7 structures may be considered as 

ordered derivatives of a parent defect fluorite structure and it can be hypothesised that α-recoil 

damage in Am3NbO7 could effect a transition from a weberite to defect fluorite or amorphous 

structure, through accumulation of atomic displacements, as observed for counterpart A2B2O7 

pyrochlores [290]–[292]. As yet, the radiation damage behaviour of Ln3BO7 phases has not 

been documented but would certainly be of particular interest in support of ceramic disposition 

of separated plutonium stockpiles which require immobilisation and disposal. Experimental 

and theoretical studies of the stability of Am3BO7 compounds would also be a worthy pursuit, 

since the radius ratio considerations point to compatibility with the weberite structure. 

However, the utility of weberite structured Am3NbO7 for RTG applications seems doubtful.  
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6.1.5. Conclusions 

 

Ce3NbO7 was successfully synthesized by solid state reaction under 5% H2-95% N2 atmosphere 

at 1523 K. Neutron and electron diffraction data demonstrate this compound to adopt the 

weberite Pmcn aristotype structure, with Ce3+ ions occupying sites which are 8-fold and 7-fold 

co-ordinated by oxygen, confirmed by Ce L3 edge XANES. The compound shows Curie Weiss 

paramagnetism with a Weiss temperature of -143 ±1 K, demonstrating weak antiferromagnetic 

interactions. The effective magnetic moment per Ce3+ was calculated as 2.51 ±0.01 µB, in 

excellent agreement with the theoretical value of 2.54 µB. Ce3NbO7 will undergo adventitious 

oxidation at high temperature, eventually decomposing to a mixture of CeO2 and CeNbO4+. 

Consideration of cation radius ratios for Ln3BO7 compounds has shown this to be a useful 

metric for discriminating the relative stability of weberite and defect fluorite structures. This 

empirical analysis suggests that hypothetical Am3BO7 compounds are compatible with 

weberite related structures.  
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7. Conclusions and Recommended Future 

Work 
 

This section aims to bring together the conclusions and discussion from each of the previous 

Chapters, identifying how they meet the objectives of this research and the further work that 

can follow from the results obtained. It is apparent from the previous Chapters that the 

application of thermal treatment for fuel residues and problematic nuclear waste is diverse 

resulting in the production fit for purpose wasteform materials requiring a wide suite of analysis 

to fully comprehend. In Chapter 2 a selection of wastes and fuel residues were identified for 

further research, namely Magnox sludge wastes, Chernobyl fuel residues and Am build-up 

from civil Pu stockpiles, each seemingly quite different yet all of which are linked by the 

requirement to ensure long term immobilisation and safety. All synthesised materials were 

subject to a common suite of characterisation techniques, often using the same instrumentation, 

demonstrating the versatility of these resources. The research in this thesis all demonstrate the 

use of simulants to aid thermal synthesis of simulated nuclear fuel residues and problematic 

nuclear wastes and the importance of this is outlined in the Section 7.1 below. 

 As with any scientific subject, the pursuit of further knowledge is key to better 

understanding the materials discussed in this Thesis, and therefore this very much an ‘open 

book’, with both potential and ongoing further work discussed in Section 7.2.  

 

7.1. Overall Conclusions 

 

In Chapter 4 durable magnesium borosilicate glass wasteforms were successfully developed, 

capable of immobilising the wide envelope of nuclear fuel residues anticipated from the sludge 

waste ponds and silos at the Sellafield site. Whilst the base glass composition was amorphous, 

the preferred option for a nuclear waste glass since the radionuclide content is dispersed evenly 

through the material, loading with high levels of metallic waste lead to partial crystallisation. 

This crystallisation occurred with Mm, Nd and U and is likely due to the time/temperature 

conditions of the thermal treatment process as well as the sample reaching saturation in the 

concentration of waste components that can be accommodated in the glass structure. In most 

cases, the observed crystallisation did not significantly alter the chemical durability of the glass 

system; metallic waste loaded samples showed the lowest leaching rates of glass components 

compared to glass with corroded waste. For the Magnox wastes evaluated in this Thesis, the 

borosilicate glass developed was found to have chemical durability analogous to current UK 

HLW simulant glass subject to similar conditions. The total activity content for the ILW in 

question is approximately 2 orders of magnitude lower than for HLW, therefore the overall 

source term of the magnesium borosilicate wasteform is considerably less and the conditions 
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of acceptance for these materials within a geological repository could be less onerous. Thermal 

treatment of these sludge wastes creates a significant net reduction in the volume of waste to 

be disposed, circa 80% compared with the current UK’s baseline plan of cementation. Such a 

reduction in volume would result in less space required in a geological repository. Assuming 

ILW costs for disposal with a single GDF of £8,990 per m3 [234], the associated disposal cost 

saving compared to cementation is approximately £82 million. However as these costs are 

based on September 2008 money and undiscounted, it is likely the cost savings may be greater. 

Similar thermal treatment techniques could be applied to other wastes at Sellafield and across 

the UK leading to further volume reduction and therefore saved repository space which could 

reduce the sizing of a proposed GDF, currently estimated at a fixed cost of £4401 million. It is 

anticipated the financial benefits of implementing ILW thermal treatment via vitrification 

would outweigh the costs of developing and running such a treatment facility. The human 

factors in the development of thermal treatment options for ILW is uncountable with non-

financeable benefits such as improved passive safety and potentially increased public support 

owing to less nuclear material requiring transportation. This could have the knock-on effect of 

gaining a communities acceptance for the construction and operation of a GDF, a key stepping 

stone in the UK’s plan for long term disposal of nuclear waste. 

 Section 4.1 showed the presence of Mm supressing dissolution of MAS and MBS 

compositions whilst forming non-complex crystallinity, Mm simulant wasteforms produced 

oxide based or boride based crystalline phases during synthesis, with each never-coexisting in 

the same sample. However, when doped with Nd, simulant waste forms produced both boride 

and oxide phases simultaneously. From Section 4.2, it was found oxide phases were present in 

U doped samples exclusively. For Nd and Mm doped glass, it was found the magnesium 

borosilicate composition has an affinity towards boride phases whilst oxide phases were found 

in both MAS and MBS systems. It is hypothesised that the effect of the simulants Nd and Mm 

on a wasteform could be utilised best for applications where considerable quantities of fission 

products are present in the waste. One such example is the treatment of irradiated spent nuclear 

fuel, where research into creating simulant nuclear fuel (SIMfuel) involves significant use of 

many lanthanides to simulant the array of fission products built up over use in a reactor [293], 

[294]. For the type Magnox sludge wastes studied in this project, the amount of fission products 

present in the real material is low and hence, the use of Mm and Nd as simulants for this 

particular nuclear waste would not be ideal, considering the effect this has on the chemical 

durability. The use of low activity U, as shown in Section 4.2, demonstrated simulants 

representative of ILW can be synthesised safely on the laboratory scale. As can be seen by 

comparison between the dissolution data of U doped, Nd doped and Mm doped compositions, 

the leaching behaviour of the simulants is different, with no leaching of Mm components Ce 

and La, very little Nd leaching yet appreciable leaching of U, likely due to the additional effects 

of U redox on solubility. Therefore, the use of Nd or Mm in these samples could lead to the 

false impression that these materials do not leach from their wasteform whilst results from 

Section 4.2 show otherwise. This demonstrates the importance of using simulants for the 

correct purpose. In Chapter 5, the development of representative LFCM materials would not 
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be possible through the use of simulants; the ability to form a high-uranium zircon phase was 

dependent on the availability of U within the glass melt and replacement with a simulant would 

not replicate this phase. Likewise in Chapter 6 the use of the simulant Ce for Am was important 

to recreate the effects of oxidation at high temperatures.  

One of the major cross-cutting questions that has developed from this thesis is the extent to 

which one can trust the use of simulants. To answer this accurately the scenarios in which 

simulant are to be used and the purpose of the research need to be thoroughly understood. As 

previously mentioned, the use of low activity U was used in this research for immobilising 

Magnox sludge waste due to the need to develop an understanding of the long-term behaviour 

of the material with the aqueous conditions expected within a GDF. However, if the content of 

fission products in the waste was deemed to be high, relative to the other materials in the waste 

stream, the use of Mm and/or Nd alongside low activity U would be justified in long-term 

durability experiments as we would expect to learn the effect the components have on the 

leaching of key elements of the waste product, which could then allow for redevelopment of 

the original wasteform. However, no simulant can ever replace the need to conduct real world 

testing and/or pilot studies before implementation, however the more realistic an experiment 

can be, the lower the risk of failure and re-work. This has both time and cost savings associated.  

In some circumstances, such as Chapter 6, the use of a highly radioactive and contaminable 

component in early stage research could prove both costly and unsafe, therefore simulants may 

have to be used so far as they do not impede the original aim of the research. 

Using a HIP thermal synthesis process on the same base MBS glass composition from 

Sections 4.1 and 4.2, it was concluded in Section 4.3 that the technique would not be suitable 

without additional research. The high content of B in the batch composition caused significant 

corrosion on the HIP can wall leading to a large uptake of refractory material into the glassy 

melt. Insufficient mixing of the batch during synthesis, via thermal convection, resulted in 

incomplete reaction of the original batch and an inhomogeneous material. Utilising the 

wasteform considered in this project, it is unlikely the wastes from FGMSP would be suited to 

HIP thermal synthesis, however the use of a less corrosive composition may improve the 

quality of the wasteform. The MAS glass studied in Section 4.2 contained very little B (just as 

a tracer for dissolution experiments) and may be suitable if the HIP equipment used is capable 

of operating at temperatures upto 1500 °C. Subtle compositional changes in this base glass via 

the addition of glass fluxes such as LiO2 may reduce the liquidus temperature and hence 

operating temperature of the HIP equipment. If the disposal conditions to be placed on these 

wastes are not particular onerous and the requirements on wasteform acceptance relaxed, 

pressing the sludges into solid pucks of material, encapsulated in the HIP can may suffice as 

an acceptable wasteform. Due to the high costs and small processing volumes anticipated 

through this method, conventional thermal synthesis via vitrification as outlined in Section 4.2 

may prove to be more economically viable, providing a durable, homogenous or slightly 

heterogenous glassy product. However, the disadvantages of vitrification include a need to 

calcine the material and scrub any off-gas produced from a radioactive glass melt, which would 

create another secondary waste in the off-gas filtration system and the wastes associated with 
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dismantling a vitrification facility including highly refractory material that would be difficult 

to incorporate into another waste product. The effect of these disadvantages can be reduced via 

small batch processing in single use glass melting units, however this would come at a cost and 

could be comparable to pressing similar sized batches in a HIP unit, with the added benefit of 

a HIP can providing an initial barrier to the environment via the multi-barrier principle (Figure 

2-13) and potentially greater volume reduction. Development of large industrial HIP facilities 

and pressing of sludge material is ongoing research, with previous work by Heath et.al. [154] 

demonstrating the technique as a viable route for disposal, whist the technique currently 

remains an interesting albeit novel process for thermally treating small volumes of other 

problematic wastes. 

The development of representative simulants for Chernobyl LFCM in Chapter 5 

demonstrates successful thermal synthesis of material analogous to the multiphase wasteforms 

that may be produced from thermal treatment of nuclear fuel residues. By replicating these fuel 

residue wasteforms with low activity simulants, the detailed durability in sub-optimal 

conditions that may be expected within a GDF facility in the long term can be studied and 

simulated. Through investigating the effects of water, oxidising or reducing conditions and 

interaction with other geological elements, researchers can gain insight in to the long-term 

behaviour of thermally treated fuel residue wasteforms, ensuring enduring passive safety whilst 

reducing the hazard to the researchers. In Section 5.2 successful synthesis of simulant LFCM 

was achieved with a typical morphology and microstructure representative of that found in real 

brown and black type LFCM including formation of the distinctive Chernobylite phase from a 

glass melt, such phases could be realistically expected in wasteforms produced from fuel 

residues. This demonstrates that we can precisely recreate composition, phase assemblage and 

microstructure of highly active materials with low active simulants though thoughtful 

consideration of the original synthesis process. As shown in Section 4.2, detailed analysis and 

discussion can be performed on material utilising low activity U and can be compared to other 

work in the literature to develop an understanding of the simulants created. The knowledge 

developed from creating representative LFCM may be of use in the clear up operations taking 

place at Chernobyl and the Fukushima Daiichi Nuclear Power Plant in Japan, allowing planners 

to make more informed decisions on the fate of such materials including the priority of the 

removal from site based on the rate at which it is degrading and the effect of the local 

environment on the materials durability. By considering the microstructure and morphology of 

the materials, potential thermal treatment of the Chernobyl LFCM fuel resides in a glass or 

glass-ceramic wasteform may be considered as a viable option for the long term storage of the 

material. Further work on the durability of Chernobyl and Fukushima LFCM is ongoing 

(Section 7.2) 

Another problematic radioactive product and residue investigated via the use of simulants 

was the Pu stockpiles at Sellafield; decaying into Am over time. A novel Ce3NbO7 compound 

was successfully produced, with near 100% phase purity, as a simulant for a potential 

Am3NbO7 ceramic phase; which could be used as a radioactive heat source to power spacecraft, 

converting civil waste into an asset. Chapter 6 showed that successful reduction of Ce4+ to Ce3+ 
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occurred during synthesis however oxidation at high temperature occurs and would also be 

expected for the Am3+ weberite structure, changing the redox of Am during processing and in 

service, therefore rendering Am3NbO7 weberite ceramics as unsuitable for this application. 

However, the work has opened new avenues of research including radiation damage behaviour 

in Ln3BO7 phases which has yet to be documented and would assist in the deposition of ceramic 

based separated plutonium stockpiles which require immobilisation and disposition.  

 

7.2. Recommended and Ongoing Future Work 

 

To improve the Mg and U metallic waste incorporation into the amorphous phase of MAS 

and MBS glass, further refinement of the compositions and the thermal synthesis process is 

required. Al2O3 incorporation within the MBS melt was associated with preferential uptake of 

uranium suggesting the addition of Al2O3 as a minor component, combined with mixing of 

the glass melt during synthesis may increase the incorporation of U and remove phase 

separation.  

Advancing the leaching and dissolution understanding of MAS and MBS glass would help 

ascertain the long-term behaviour of the samples under varying conditions. By using a single-

pass flow-through test, the effects of sample saturation would be removed and the forward 

rate dissolution kinetics along with accurate comparisons with existing HLW and ILW 

simulants could be determined. Further studies of the post leaching oxidation state of MAS 

and MBS glass could determine the exact change in oxidation state due to hydrothermal 

alteration vital to the development of the safety case for implementing vitreous wasteforms. 

Research on this with other compositions and materials is currently underway by the 

University of Sheffield Immobilisation Science Laboratory. 

Further improvement in the HIP glass batch composition and processing may yield better 

results in creating a solid monolithic glass or glass ceramic material. The use of less corrosive 

boron and more resistant HIP can construction would be of importance for future 

experiments. In this research it was found a 600 °C calcine of Magnox sludge waste was 

sufficient in converting Mg(OH)2 to MgO whilst retaining a degree of magnesia reactivity to 

ensure the target composition was created, further work to refine the pre-HIP treatment 

process would be required for development of this thermal synthesis technique. By finely 

adjusting the calcination temperature and cooling the calcined material within an inert dry 

atmosphere to remove the effect of rehydration or carbonation, the final HIPed product 

quality would be improved. 

For LFCM samples produced, excess ZrO2 beyond that reported in the literature was required 

to promote crystallisation of the Chernobylite phase, which also inadvertently led to the 

formation of a ZrO2 phase in the form of baddeleyite, not frequently observed in analysis of 

real LFCM therefore further refinement of the batch will be required to reduce the ZrO2 content 
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whilst retaining the Chernobylite phase. Uranium-bearing secondary precipitates were absent 

on simulant samples after alteration, yet they are found on real LFCM, therefore further work 

is required to fully understand the corrosion behaviour of LFCM simulants. This would include 

increasing the pH of the solution to approximately pH 8.5 – 10 as well as increasing the 

carbonate content in order to promote the formation of Na-uranyl carbonate phases. Doping 

the simulant samples with alpha-emitting isotopes would also assist in the precipitation of U-

bearing secondary phases such as studtite with radiolysis of water known to promote the 

formation of hydrogen peroxide. Further studies at the University of Sheffield Immobilisation 

Science Laboratory are currently being performed to explore these factors, and to develop 

further understanding of the corrosion behaviour and dust generation capacity of LFCMs along 

with other similar fuel residues. 

The behaviour of Ln3BO7 phases under irradiation conditions have not been documented and 

point to a gap in the current literature knowledge yet would be helpful to support other ceramic 

wasteform candidates for the disposal of separated plutonium stockpiles, another problematic 

fuel product and residue. These radiation damage experiments would also be of interest for the 

MAS and MBS samples, along with a reassessment of their durability after irradiation and 

investigation into any changes into the crystalline phase assemblage of these materials.  
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Appendix A 
 

The following is the supplementary information provided with the Development of 

Representative Samples paper in Section 5.2. 
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Figure A1. SEM-EDS analysis of (a) and (b) U-Zr crystals present within simulant 

Brown LFCM; (c) and (d) Zr crystals present within simulant Black LFCM; and (e) and 

(f) steel sphere inclusion within Black LFCM. 

 

Figure A2. Simulant LFCM thermal analysis highlighting Tg, Tc and Tl (Endo-down). 
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Figure A3. Evolution of the element concentrations CSi (), CNa (), CCa (), CMg (), 

CU (), CFe () and CZr () and pH ()of the simulant Brown (a ; c) and Black (b ; d) 

LFCM in pure water at 50°C. 
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Figure A4. XRD patterns of LFCM samples after 28 days of leaching at 50°C in water, 

(a) Black lava; and (b) Brown lava. 

 

Figure A5. SEM-EDS analysis of (a – d) Brown LFCM; and (e – f) Black LFCM, after 28 

days of corrosion in steam at 200°C. 
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Table A1. Extracted E0 values and corresponding oxidation state from XAS. 

Sample Extracted E0 (eV) Oxidation State (± 0.2) 

UO2 (IV) 17174.9 4.0 

Black LFCM 17175.0 4.1 

Brown LFCM 17175.3 4.3 

Yb0.5U0.5Ti2O6 (V) 17176.3 5.0 

CaUO4 (VI) 17178.4 6.0 

 

Table A2. Saturation indexes (SI) relative to the main secondary phases during the 

dissolution of Black and Brown LFCM at 50°C in UHQ water. 

Phase SI (Brown LFCM) SI (Black LFCM) Formula 

Beidellite-Ca 2.84 1.39 Ca0.165Al2.33Si3.67O10(OH)2 

Beidellite-H 2.83 1.36 H0.33Al2.33Si3.67O10(OH)2 

Beidellite-Mg 2.95 1.44 Mg0.165Al2.33Si3.67O10(OH)2 

Beidellite-Na 2.08 0.61 Na0.33Al2.33Si3.67O10(OH)2 

Kaolinite 4.60 3.60 Al2Si2O5(OH)4 

Boehmite 2.77 2.52 AlO2H 

Hematite 8.48 8.89 Fe2O3 

Soddyite 0.98 0.46 (UO2)2SiO4·2H2O 

Pyrophyllite 2.02 0.58 Al2Si4O10(OH)2 
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Appendix B 
 

The following is the supplementary information provided with the Cerium (III) Immobilisation 

paper in Section 6.1.  

 

   

Figure B1. Synthesised pellets after 24 and 148 hours showing yellow precipitates on 

outer surface (left) from 24 hour reacted samples. These are not apparent in 148 hour 

reacted samples (right). 

 

   

Figure B2. Reflectance mode XRD of bulk Ce3NbO7 with Cmcm (left) and Pmcn (right) 

refinements overlaid. 
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Figure B3. Transmission mode XRD of bulk Ce3NbO7 with Cmcm (left) and Pmcn 

(right) refinements overlaid. 

 

      

Figure B4. [0 2 1] zone axis simulated electron diffraction pattern for Cmcm (left) and 

Pmcn (right) space groups of Ce3NbO7. Note the lack of intensity for the sub-lattice on 

the simulated Cmcm system. 
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