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Abstract 
Simulant intermediate level waste materials received from Sellafield, 3 produced using Joule heating 

techniques, and 3 from plasma furnace methods, were characterised and subjected to leaching tests 

for up to 14 weeks to assess their potential as a waste matrix. Each wasteform was used to simulate 

a combination of waste surrogates such as plutonium contaminated material, site ion exchange 

plant waste, high metal content waste, Magnox sludge, asbestos, or pile fuel cladding.  

Five samples were characterised as glass composite materials, containing a crystalline and glassy 

portion, with the sixth being characterised as a glass. XRD and EDX analysis were used to identify the 

crystalline components, revealing a wide array of phases over the six samples such as pigeonite, 

anorthite, diopside, Cerium-Lanthanum silicate, proto and clino hypersthene, augite, and two glasses 

from liquid-liquid phase separation. ICP-OES analysis and pH were used to analyse the leachant, and 

SEM-EDX surface scans and depth profiles for analysis of the wasteform, post corrosion. Results 

revealed several of the wasteforms to be more than adequate for safe disposal, showing protective 

corrosion layers or durable crystalline components. However, not all wasteforms were suitable; in 

particular glass encapsulated metals should not be used as a waste matrix due to the susceptibility 

of the metal/metal oxide portion to chemical attack.  
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1.0 Introduction  
 

The continued use of nuclear power in the UK for the last 60 years without a final disposal option 

has resulted in a stockpile of diverse wastes created by the variety of reactors used (Windscale piles, 

Magnox, Pressurized Water and Advanced Gas cooled Reactors). Most prominent among these are 

the UK legacy wastes held at Sellafield Ltd consisting of 4 key silos and ponds containing several 

waste types. The silos and ponds have been documented as containing the following wastes [1]: 

1) Pile fuel storage pond: This was used for the decanning and storage of spent fuel from the 

Windscale piles, it has additionally been used to store Magnox and other oxide fuel, with 

miscellaneous irradiated materials. The contents of this pond have been cited as oxide fuel, 

sludges, metal fuel, ILW isotopes, ILW Magnox swarf, ILW zircalloy containers, and low level 

waste.  

2) First Magnox pond: This pond was constructed in 1959 for the storage and decanning of 

irradiated spent Magnox fuel. The fuel was stored underwater, and was left underwater for 

“abnormally long periods of time”. The result it a slurry comprising of corrosion products at 

the bottom of the pond. Radiologically, the pond has been cited as containing spent fuel 

debris, sludges, loose miscellaneous beta/gamma emitters, zeolites, and wet bay 

intermediate level waste (ILW) [1].  

3) Magnox fuel cladding silo: Originally this silo comprised of 6 concrete compartments 

containing Magnox fuel cladding submerged underwater for cooling purposes. The issues 

associated with this pond are more related to the build-up of hydrogen that occurs because 

of magnesium corroding.  

4) Pile fuel cladding silo: This silo is known only to contain “miscellaneous ILW” generated from 

the Windscale and Chapelcross sites from 1951-1964. However, continued tipping of 

additional waste up to 1968 combined with the length of time of the storage, has led to an 

uncertainty into the exact composition of this silo.  

Although strategies have been put in place for waste removal, treatment, and storage, there are still 

issues for each of these steps. Information on what was originally placed in these silos/ponds is 

mostly known as described above, however up to 60 years in a wet silo and open to the environment 

has resulted in corrosion products (fuel skip, concrete) and organic wastes from animal remains and 

bird guano [2]. The extensive and complex uncharacterised Intermediate Level Wastes contained in 

these ponds are a major safety threat. In addition, the engineering hurdles to successfully deal with 

this waste are not trivial, the waste needs to be characterised, segregated when needed, and then 

immobilised in a wasteform made to last hundreds (ILW) if not tens of thousands of years in the case 

of High Level Waste (HLW). One of the strategies being looked at is the use of alternate waste 

matrices to dispose of these complicated wastes, however it is still not agreed upon as to what 

category these wastes fall under (LLW, ILW, HLW) or whether the remnant fuel should be classified 

as fuel (and so reprocessed) or be classified as ILW/HLW and disposed of as such. This poses an even 

greater problem as any wasteform chosen may eventually be discarded as an option, as 

characterisation of these ponds reveals the extent of their radioactivity. Further, the diverse, 

reactive, metal waste content poses technical issues with current disposal methods in addition to 

the radioactivity of the other wastes. Due to these issues, any potential wasteform must not only 

meet the current (and somewhat arbitrary) safety standards imposed for these waste streams, but 
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must anticipate that the classification of these wastes may change and so also meet the higher 

requirements that may be decided. It is for this reason that the final fate of these hypothetical 

wasteforms is unresolved, as it is not certain as to whether it will be categorised as ILW and stored 

on a surface repository, or HLW and stored deep underground.  

Currently, vitrification is seen as the ideal method for final disposal of HLW and certain ILW, owing to 

high water corrosion and irradiation resistance [3] and a high tolerance for incorporation of a large 

number of elements into its structure. It also helps that it has been widely used in many countries 

for many decades, so it is an industrially mature technology. 

However, one of the issues with current waste glasses is the opportunity for crystallisation which is 

not desirable unless it does not impair the chemical durability of the final wasteform [4,5].  This may 

mean limited ability to incorporate certain waste elements due to their limited solubility in the glass.  

A good example is molybdenum, which has a solubility of 1wt% in nuclear glasses [6] before 

crystallizing into the infamous yellow phase: a water soluble molybdate/sulphate which is 

deleterious to the durability of the wasteform. This avoidance of crystalline phases in glasses for the 

final wasteform may be unnecessary, certain polycrystalline ceramics have a higher chemical 

durability and radiation resistance than borosilicate glasses under storage conditions [7] although 

this is balanced by the relatively difficult mode of manufacture for ceramic wasteforms [8]. It is also 

of note that a glass matrix with a ceramic phase could accommodate waste composition fluctuations 

and impurities to a higher degree than an equivalent wasteform composed of a multi-phase ceramic 

which is found to develop low durability phases containing radioactive elements [9] and these 

phases can make long term prediction of ceramics durability difficult [Error! Bookmark not 

defined.].  

The combination of a ceramic and glassy phase, in addition to providing a double barrier to 

radionuclide release, can incorporate the best properties of each material without compromising the 

durability, corrosion resistance, and radiation resistance of the final wasteform. To this end Glass 

Composite Materials (GCM) are being studied. GCMs contain at least one crystalline and one 

amorphous component, either of which can be the major phase [10,11]. GCMs are currently being 

investigated to immobilize all categories of nuclear waste due to their flexibility as their properties 

can be tailored by altering the composition and manufacturing method [12,13]. GCMs can be 

subcategorised as: 

• Glass ceramics: where a separate heat treatment is intentionally used to crystalise a part of 

the glass. 

• Crystal containing glasses: the main wasteform, where crystals are unintentionally formed. 

• Glass containing crystals: where the amorphous phase encapsulates a core like refractory 

crystalline phase. 

The methods for production of GCMs investigated in this study are the same as those for glasses, 

namely plasma vitrification and Joule heating (In-container). Joule heating makes use of ohmic 

heating; an electric current passed through a conductor will generate heat. For joule heated melters, 

several variations based on this effect are used, with most using a conductive starter path between 2 

or more electrodes. The heat produced by this conductive pathway provides the energy to melt the 

surrounding material which, in its liquid form, becomes the conducting material, continuing this 
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process until all the necessary material is melted. This is in contrast with plasma furnaces which 

make use of the high temperatures of plasma torches to directly melt the waste. Each thermal 

treatment has benefits and drawbacks when compared to each other; the exact details of these 

production methods and pros/cons are described in later chapters. Examples of the use of each of 

these treatments include: destruction of asbestos [14,15], an alternative to conventional HLW 

vitrification [16,17], or for difficult LLW/ILW [18].  

Several trials using these thermal techniques have already been performed (see section 3.1), each 

with a goal, but usually designed for an extreme such as having an excessive amount of waste, or 

with disproportionately high temperatures. The idea in these tests was to gather information 

regarding how each furnace reacted to the excessive circumstances to calibrate the conditions for 

the “real” tests resulting in the materials studied here.  

In this thesis, the following will be examined:  

• Characterisation of the microstructure, chemical composition and all phases present in 6 

GCM simulant wasteforms supplied by Sellafield.   

• Leaching tests to assess the chemical durability of the simulant wasteforms 

• Determination of the viability of each material as a suitable ILW disposal matrix. 
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2.0 Literature Survey  
 

2.1 Historical Background 
 

Glasses have been of interest to man since we first took obsidian and crafted it into weapons for 

hunting, up to more complex modern glasses, such as the use of phase separated micro porous glass 

for reverse osmosis of seawater [19].  

With the start of the Manhattan project it was only time before we would have to deal with the 

environmental impact of the radioactive waste produced, waste that could remain dangerous to the 

biosphere for 10,000 years, if not longer, and this would need to be contained, isolated, and 

safeguarded from the biosphere for at least that time. Any material we picked to surround our waste 

needed to be resistant to as many envisioned methods of attack, such as chemical corrosion from 

water, mechanical from earthquakes, and radioactive deterioration from the waste itself.  There is 

one material we have studied that has stood the test of time with little change.  

Studies into borosilicate glass have shown it to have good radiation resistance [20], good durability 

[21], reasonable mechanical strength [22], and thermal resistance (important due to self-irradiation) 

[23].  Whilst these are the most important characteristics of any wasteform, other properties led to 

glass becoming the preferred matrix: 

•  The ability to incorporate a variety of elements into its structure without much change to 

the properties. 

• Ease of production as glass manufacturing was already a mature technology. 

• The manufacturing process resulted in a wasteform volume reduction. 

 

2.2 Theory of Amorphous Solids  
 

The definition of an amorphous material is described as a material where no medium or long range 

order exists, only short range order is present i.e. one bond length. While super cooled liquids can 

display similar properties, and fit the description, glasses are amorphous solids, displaying a second 

order phase transition whilst liquids do not. 

In silicates for example, the basic structural unit of any silicate, be it amorphous, liquid or crystalline, 

is that of a silicate tetrahedron with oxygens at the points of the tetrahedron whilst silicon sits at the 

centre [24]. Although angles between the central silicon and the oxygens are fixed at 109o in all 

directions, for amorphous materials it is the angles between these tetrahedra which lead to no long-

range order as there is no fixed angle (see Figure 1).  

The basis for formation of glasses from oxides was first described by Zachariasen in 1932 [25] the four 

rules he described enable prediction of glass forming potential for a given material: 
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1) An oxygen atom is linked to no more than two glass-forming atoms. 

2) The coordination number of the glass forming atoms is small. 

3) The oxygen polyhedra share corners with each other, not edges nor faces. 

4) The polyhedra are linked in a three-dimensional network. 

Several other additions have been suggested [26] mainly due to the formation of glasses outside of 

the Zachariasen rules (vanadium, molybdenum, technetium, and tungsten oxides).  

 

In a pure network oxide glass, the network would be an infinite, random arrangement of tetrahedra 

(the most common structural unit) however the network nearly always contains additional elements 

which change the network in some form or another; two modifications can be distinguished. The first 

are known as network modifiers, these elements disrupt Si-O-Si bonds reducing them to Si-O-Na+ ion 

pairs (Na as an example- can be replaced by similar ions). These types of linkage, where the oxygen 

no longer connects to another network former are more commonly termed Non-Bridging Oxygens 

(NBO), the alkaline and alkaline earth ions are the most common i.e. sodium, potassium, magnesium, 

and calcium. In a hypothetical pure silicate glass all tetrahedra are undisrupted but with the addition 

of one modifier ion the tetrahedron only has 3 oxygens associated with it. A terminology was 

developed for describing this in terms of “Q units” or Qx where x is the number of Si-O-Si bonds 

associated with one tetrahedron [25].  
 
 
 

 
Figure 1: Representative two-dimensional structure of a) a pure glass and b) with network modifiers. Adapted 

from Zachariasen [25] and Schilm [27], for a) and b) respectively.This shows the change that occurs in the 
network as a result of adding modifying ions. 

The second method for altering the network is via network formers, they form as part of the network 

and generally work to mitigate, or completely negate, the effect of network modifiers usually resulting 

in increased corrosion resistance amongst other properties. Using aluminium as an example, after 

forming a tetrahedron with 4 oxygens, it has one negative charge left over, allowing it to 

accommodate one positively charged network modifier that would otherwise have disrupted the 
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network. They can also form separate glasses in their own right. Some elements can take on both 

these roles and are termed intermediates; the best example of which is aluminium which plays an 

important role in nuclear glasses (see section 2.3.2). 

2.3 Nuclear Glasses 

2.3.1 Borosilicates 

To get the right properties for a potential nuclear waste glass, specific glass formulations are 

required to moderate certain properties and augment others; using silicate glasses as the starting 

material several additions were made. Volatilisation of certain elements led to the addition of boron 

to reduce processing temperatures, aluminium added for higher chemical durability and after 

several iterations led to the waste glass used today, such as the French R7/T7 or the Approved 

Testing Materials (ATM) 10 defence waste glass for the Savannah river processing facility (USA) [28].  

Several disadvantages to this wasteform have been found, such as the limited solubility of some 

elements such as sulphates [29], molybdates [30], and chromates [31] (and to some lesser extent 

the halogenides [32]) in borosilicate glasses. In high enough concentration they form a water soluble 

phase termed yellow phase. The formation of this deleterious phase, and similarly behaving phases, 

led to the general rule of thumb of “no crystallisation”. This resulted in strict limitations on waste 

loadings, and in the exclusion of certain wastes which has ultimately caused the nuclear community 

to look outward for alternative waste matrices for unsuitable wastes. 

The research into the right composition of borosilicate glasses alongside the relatively few problems 

associated with its ability to immobilise HLW has led them to become the matrix of choice in most 

nuclear nations, with only the Russians considering an alternative, the sodium alumino-phosphate 

type glasses [33].  

2.3.2 Aluminosilicates 

Alumina is well known as taking an intermediate role when introduced into the structure of glasses 

[34], whether it takes the role of former or modifier depends on the presence and concentration of 

other ions [35].  

Whilst the co-ordination of Al in crystalline materials varies from 3,4,5 in glasses it is generally found 

in 4-fold thus leading to an Al tetrahedron, this arrangement is not charge neutral, needing +1 to 

balance. As was mentioned previously, additions of modifiers reduce the number of Q4 units, 

resulting in lower stability of the network, as the silica is more easily hydrolysed forming Silanol 

(Si(OH)4). However, the unbalanced Al tetrahedron counteracts the effects of modifiers. Instead of 

breaking oxygen bonds, the modifiers instead charge compensate the Al [36,37], Boron also has the 

same effect, Bunker [37] noted that the Al-Na+ (and also B-Na+) bond was over 5 times stronger 

than the equivalent NBO. 

The effects that Al has on the properties of the glass when either all modifier’s extra charge is 

accounted for, or when none are present is not in the scope of this review, but information on this 

was reported in references 20,21, and 22. It is for this reason that aluminosilicate glasses and 

variations including alumina show an increased durability [24] among other properties (hardness, 

tensile and compressive strengths, and thermal endurance [24]). It is also of interest to note that for 
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alkali silicate melts, the presence of even small amounts of Al2O3 (5 mol %) can reduce the chance of 

liquid-liquid phase separation during cooling [38]. 

 

2.3.3 Calcium and magnesium alumino-silicate glasses 

Ca-Al-Si oxide and Mg-Al-Si oxide glasses have been well studied in geological circles due to their 

importance in cooled silicate magmas, however, the structural role these elements play and by 

extension, the properties of the resulting glass are still applicable to the glasses discussed in this 

review. These compositions often easily crystallised into similarly composed polycrystalline materials 

such as enstatite (MgSiO3), wollastonite (CaSiO3), diopside (MgCaSi2O6), and various spinel’s 

(MgAl2O4) [13]making these glasses of particular interest for GCMs. 

The structural role aluminium plays in a silicate network, both network modifier and former, can 

have several effects on the final properties of the glass containing Al as a major component, such as 

melt viscosity, Tg, durability [39], and various physical properties such as hardness. For this study, the 

effects on durability is of importance.  

The oxidation state of Al as a network former, specifically Al4+, results in an oxygen co-ordinated 

aluminium tetrahedron (AlO4
-) with excess negative charge. This excess charge allows the 

incorporation of alkali and alkali earth cations without the creation of NBOs should enough Al be 

present, and the very least reduces the number of NBOs. Mg and Ca importance in glasses stems 

from their ability to create twice as many NBOs as their alkaline metal cousins, this of course means 

that twice as many Al/B tetrahedra are needed to prevent this [40]. Although this would suggest a 

reduced chemical durability, making them unsuitable for nuclear waste glasses the opposite can be 

true. Paul found that the addition of calcium and magnesium improved the durability of the parent 

glass [41] although it has been noted that silica extraction increased when the CaO content was 

greater than 10 mol%. It was suggested that this was due to micro phase separation [42] however 

the co-ordination of these elements, and thus the resulting glass properties (durability), is 

dependent on the presence of other elements; Na (20 mol%) and large amounts of Al (50 mol%) 

were found to alter these [43,44,45]. Thus, it is inadvisable to extrapolate properties for calcium 

magnesium aluminosilicate (CMAS) glasses to those of other glasses with different compositions, 

rather use them as guides as to the potential properties these elements might impart.  

It has also been seen that Calcium-Aluminosilicate glass compositions have formed GCMs with 

properties such as high hardness, good abrasion, and a low thermal expansion co-efficient [46], 

however glasses with low Ca/Al ratio and low SiO2 were observed to have poor corrosion resistance 

in alkaline media [47]. CMAS compositions have been seen to devitrify easily forming a diopside and 

anorthite GCM [48], which was found to have good durability, especially in acidic regimes [48].  

The thermodynamic effect of CMAS and CAS glasses are well known to be related to the atomic 

structure of the glass, and relate to the melt viscosity, diffusivity, and density [49, 50, 51] however 

the exact nature of how these properties are effected is still being researched. Al has been shown to 

affect the melt properties much more than that of silicon [52] causing an increase in the melt 

viscosity with the addition of Al, up to a maximum when the CaO: Al2O3 reaches 1:1 [53] and 

originates from the conversion of NBOs to BOs. The substitution of Mg in place of Ca can have a 

large effect on the properties of both the melt, and the final glass [54] due to the smaller ionic radii 
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and larger field strength of the ion. Comparative thermochemical studies on Magnesium-

Aluminosilicate glass versus CAS glass have shown that former stabilises at a lower temperature [55]. 

 

2.3.4 Iron silicate glasses 

The role iron plays in the structure of glass is not simple, it can act as a modifier or network former 

and can often do so at the same time [56] due to the variation in the ratio of Fe(II) and Fe(III) which 

leads to differently co-ordinated Fe. Various studies have been performed to assess the role and 

effect it plays and it has been shown that many variables effect its role such as preparation, 

oxidation state, concentration of iron and concentration of certain elements [56, 57, 58]. It is due to 

the oxidation state that in most cases it will change its role. Fe3+ will act in an almost identical 

method to that of aluminium bringing the same benefits [56]. However, Fe2+ can lead to 6 co-

ordinated Fe which leads to weaker bonds and does not integrate into the network as strongly as 

that as AlO4
- and FeO4

- [56]. The lower durability for Fe(II) can be partly related to the bond strength, 

with Fe(II) having an ionic field strength of 32.8, compared to 54.5 for Fe(III), for reference, Na is 9.8 

and Si ,100 [59]. It has been seen in iron phosphate glasses that the relative durability of these 

glasses increased as the amount of Fe(III) in the glass increased where a direct relation between the 

bond strength and Fe coordination was observed using XPS and Mössbauer spectroscopy [60]. The 

increase in durability was seen to occur due to less 6 co-ordinated iron in favour of a Fe-O 

tetrahedron creating the stronger Fe-O-P bonds, instead of P-O-P bonds (where P is a phosphate 

tetrahedron). However, it was noted that small amounts of Fe(II) in the phosphate glass could be 

beneficial, but from a glass forming perspective rather than for durability. The removal of iron from 

silicate glasses has previously been shown to be low in alkaline solutions with no known anionic 

species of hydrated Fe2O3 until a pH of 13 is reached, lower than most leaching experiments [61]. In 

fact the main reason attributed to the apparent increase of Fe removal as a function of ph was due 

to the removal of the silica network.  In general, small amounts of Fe in glasses (>5 mol%) will have a 

negative impact on the durability due to a high amount of Fe(II) whilst amounts larger than this will 

increase the durability due to an increased ratio of Fe(III): Fe(II) [56].  

Similar to Fe(III), Al(III) also has a detrimental effect on the durability of the glass. The formation of 

Al(III) is different from that of Fe, in that it has only been seen to occur when the sum of the alkaline 

and alkaline earths is insufficient to provide charge balance of the AlO4
- tetrahedron, where it forms 

5, and 6 co-ordinated Al [62]. The decrease in durability is the same as that of Fe(III) in that it stops 

becoming a network former and starts modifying the network creating NBOs and weakening the 

network.  However, as the mechanisms of formation between Fe(III) and Al(III) are different, the 

formation of Al(III) is less of an issue due to the requirements necessary for its formation.  

  

Evidence shows that iron can have a nucleating effect, instigating iron crystalline phases such as 

maghemite and magnetite, further, it was seen that when added to glasses that had seen previous 

crystalline products, that those products were replaced with iron oxides such as franklinite (ZnFe2O4) 

[63]. This aspect of iron, alongside other nucleating elements (titanium, chromium, vanadium) is of 

great importance for formulations of GCMs. 
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2.4 Corrosion in Glasses 
 

Corrosion of glasses in pure water has been well studied [64,65,66]. For neutral conditions (such as 

in near surface repositories) diffusion controlled ion exchange reactions between the water and 

network modifiers occurs first, either H+ or H3O+ exchanges with network modifiers, the order of 

which can usually be determined by bond strengths and ionic radii, the alkaline metals are usually 

the first to go (sodium for example). This process leads to an increase in pH (in a static environment) 

of around pH 9 and above (composition dependant). At this alkalinity network hydrolysis occurs [67] 

leading to breakdown of the silica network. Hench et al. [68] described the 5 dissolution mechanisms 

of glasses in aqueous environment, illustrated in Figure 2 and summarised below: 

1) Type 1 dissolution is where the ratios of elements in the leachate are the same as those in the 

bulk glass. This results in an extremely thin (>50Å), hydrated layer of glass which is considered 

stable. Whether this stability extends to geological time scales has not been established. This 

layer forms through crystallisation or silica network dissolution leading to a surface similar to 

that of the bulk [69]. 

2) Type 2 surfaces develop a silica rich film from alkali ion removal. This layer protects the bulk 

glass from further dissolution and network hydrolysis. Ménard et al. [70] found that kinetics 

for this type are based on Q =kt1/2 where Q is a rate (s) “k” is a rate constant “t” is time due to 

diffusion controlled alkali loss. 

3) Type 3 dissolution leaves a surface that is also protective but the protection mechanism 

originates from dual surface layers such as an alumino-silicate on top of a silica-rich layer; this 

imparts enhanced durability. Kinetics for this type is also diffusion controlled with a t1/2 

relationship. 

4) Type 4 dissolution starts similar to type 2: a silica rich film begins to develop. However, this is 

not sufficient to prevent de-alkalisation or network dissolution. 

5) Type 5 dissolution is the most detrimental and glasses undergoing this type of attack show 

congruent dissolution; the composition at the surface is nearly identical to the bulk. Kinetics 

are linear with a Q=kt dependency making this the most undesirable corrosion mechanism for 

nuclear glasses. 
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Figure 2: The 5 types of corrosion of glass in aqueous environments shown graphically as Silica content versus 
depth from the original glass surface, as outlined by Hench et al. [68]. Additions to this model have since been 

made 

Continued work on glass corrosion presents new advances in our knowledge of how glass reacts 

under aqueous corrosion conditions. Work on the concentration of ions in solution during corrosion 

glass studies led to the conclusion that 5 subsequent rate regimes are possible during glass 

corrosion: initial corrosion rate (diffusion/inter-diffusion), the initial or forward rate, a slowing of the 

initial rate, the residual rate, and optionally a renewed increase in the corrosion rate [71]. As was 

mentioned by Frugier et al. the underlying mechanism attached to these rates are often complex 

and unfortunately open to multiple interpretations [72]. As these rate regimes form the basis for 

modern corrosion glass models, each stage will be discussed in turn. 

The initial regime is a result of inter-diffusion of the mobile cations in the glass network (network 

modifiers) with the highly mobile protons in the attacking solution. This ion exchange was already 

revealed by Doremus [73], and has been more than satisfactory to describe the initial rate observed 

in all glass corrosion experiments since its publication in 1975. However, this initial regime has been 

altered slightly since; only network modifiers were thought to diffuse through the matrix in this 

regime, but research since has shown this is not the case [74], where boron (a network former) was 

also released into solution. These seemingly contradictory results show that although the model of 

ion exchange has proven well for predictions, the actual mechanism was more complex. Geneste et 

al. reconciled this by showing that ion exchange causes a major “shuffling” in the network forming 

ions around the ion exchange site due to the inability of the H+ to fully compensate for the alkali ion 

removal, which resulted in the removal of network formers from the matrix [75]. 

The second regime, the forward rate, signifies the beginning of network attack, causing disruption to 

bridging bonds causing network hydrolysis and depolymerisation of the silica network. The result of 

this hydrolysis leads to the formation of 2Si-OH bonds at the glass surface, and the release of 
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orthosilicate acid (H4SiO4) into solution. A model describing process this was developed by Boksay et 

al. [76], however other models have been developed around various relations such as the number of 

non-bridging oxygens [77], a thermodynamic model based on enthalpy of formation and structural 

role [78], and a thermodynamic model based on free enthalpy of glass hydration [79]. However as 

was pointed out by Frugier et al. these explain trends seen only for a narrow range of compositions.  

Following this regime, a rate drop is observed, two competing theories exist one centred on the 

chemical affinity of the initial glass [80], the other on the protective nature of the gel layer [81]. 

These competing theories were shown to not necessarily be mutually exclusive and their 

combination led to the current model of glass corrosion; a chemical different depolymerised surface 

layer (gel layer), and a leached zone from the mechanism already discussed. 

Glass corrosion experiments observe a drop in the corrosion rate after a certain amount of time, 

reaching a plateau in pH and in ion concentrations in solution which has been termed the residual 

rate. This residual rate has been described by the difficulty in further removing ions from the glass 

due to the presence of an already hydrolysed layer between the attacking solution and the pristine 

glass, in which diffusion of ions is more difficult than in the pristine glass, and additionally, due to the 

precipitation of secondary phases due to a locally saturated solution [74]. No additional theories on 

this regime, to the authors knowledge, have been confirmed due to the success of these theories in 

accounting for observed experimental evidence, and in predictions.  

A final rate regime has been observed, but not consistently, following the constant rate described 

previously, known as the “resumption of alteration” and describes a phenomenon whereby 

corrosion rates resume at similar, or even greater, rates than in stage II. In borosilicate glasses this 

has been described by the precipitation of zeolitic phases [82]. These phases cause the gel layer to 

no longer be protective, and have been postulated to occur when a specific pH is reached and when 

the precipitation itself is self-sustaining, although no kinetic model has been developed to describe 

this process [72]. 

Other theories have been developed; one such theory postulated that the corrosion mechanism is 

due to an interfacial-dissolution-reprecipitation [83], whereby the glass is stoichiometrically 

dissolved, and reprecipitates as an amorphous layer onto the newly formed glass surface without 

“inter-diffusion ion exchange controlling the glass reaction front” [84]. Work by Hellmann et al. used 

nano-scale analysis techniques and found this theory is not without merit, however further work is 

needed before 20 years of work towards our current glass corrosion is changed to include this new 

evidence.  

 

2.4.1 Pitting corrosion in glasses 

Pitting corrosion in metals is a well-known phenomenon, whereby a localised and accelerated form 

of corrosion occurs on the surface of the metal, due to localised increased concentrations of anionic 

species, in most cases, chlorine [85]. Whilst the underlying driving mechanism for this type of 

corrosion in metals is unlikely to apply in glasses (galvanic corrosion), the idea of an area that has 

accelerated, and localised, corrosion compared to the main surface of the material is of particular 

interest, especially in GCMs where crevice corrosion will be of more concern.  Even without any 

chemical driving force for accelerated corrosion in cracks or pits, the driving force for localised 
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accelerated corrosion is readily apparent; these areas will increase the surface roughness, resulting 

in a potentially large increase to the SA/V ratio. It is well known that glass fines corrode at a much 

faster rate than an equivalent mass as one particle. However, it could not be readily established 

from current literature how damaging these pits can be to the glass in the long term, as most 

literature reviews how pits effect the optical properties of glass [86], or on the increased surface 

roughness [87].  

Hench and Clark [88] found that scratches in the glass surface can eventually lead to pit formation in 

glass; the increased surface area resulting from scratches deeper than 0.2µm results in increased pH 

leading to faster degradation of the glass matrix in that area, leading to pit formation. Whilst this 

might appear as a chemical reaction, the driving force was kinetic; the increased surface area from 

the scratches/pits.  

A study on the corrosion of a medieval composition glass revealed pitting [89], however they defined 

the pits that formed as spherical in nature, appearing as craters rather than the enclosed pits seen in 

metals.  Further results revealed these pits favoured microbial attack, causing hairline fractures in 

the glass causing severe degradation of the glass structure. Whilst this type of corrosion is not within 

the scope of this review, there is little reason it does not apply to nuclear wasteforms following 

burial or surface storage (following failure of all other engineered barriers).  

 

2.5 Effect of Fe on the corrosion of glass 
 

 

Once the waste has been either immobilised or encapsulated in a GCM, it will then be placed in a 

carbon steel container, and from there into a GDF, where it will be backfilled with various materials 

designed to extend the lifetime of the waste before exposure to groundwater. The last barrier to fail 

is that of the carbon steel container, in which the glass or GCM will be. As this barrier is unlikely to 

corrode congruently, the GCM will first be exposed to a water enriched in iron. Whilst this thesis 

does not investigate the effect of simulated iron-containing water on the corrosion of GCMs, the 

effect that iron in solution has on the durability of these materials is of importance due to the 

presence of iron in some GCMs which will be leached into solution, possibly creating a locally iron 

saturated solution, not dissimilar to the water exposed to a corroding canister. To this end literature 

on the studies of simulated iron-containing water is reviewed.  

Simple tests on all GCMs begin with the assumption that all  other barriers have not only been 

breached but no longer affect the groundwater or environment, ignoring the possibility of additional 

elements in solution, precipitates from the corroded barriers, or pH changes (i.e. from alkaline 

cement). Following distilled water corrosion tests, the next logical step is to fully simulate the 

environment that the waste material will be subjected to. As the last barrier before the waste matrix 

will be the steel container, it is reasonable to assume that the characteristics of the resulting water 

will be significantly influenced by the corrosion of the canister.  

Whilst one of the criteria for the nuclear waste canisters is a reasonable congruent corrosion [90] for 

whichever metal is selected, however it is realistic to assume that corrosion will not be fully 
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congruent and some areas will be fully exposed to the wasteform before others. The corrosion of a 

ferrous canister will lead to a local change in environment, and in the reducing conditions of a GDF 

will encourage the precipitation of iron oxides such as magnetite [91]. For the wasteform that is 

exposed, it will not be subject to deionised water, or even standard simulated water used in other 

studies but by a water with iron ions and corrosion products, not to mention the possibility of other 

barrier relics. There have been some studies on the effect that this may have on glass corrosion but 

no literature regarding the same effect on GCMs could be found.  

Many different environmental conditions are possible for a GDF and all scenarios assume that the 

corrosion of the canister will be in an aqueous media. At its most basic the reduction of iron to iron 

oxide when in the presence of water is extremely well known and gives the simplest of equations: 

Fe2+ + 2 H2O ⇌  Fe(OH)2 + 2 H+     (1) 

Fe3+ + 3 H2O ⇌ Fe(OH)3 + 3 H+     (2) 

 The chemistry behind the corrosion and precipitation of iron and iron hydroxides in a GDF was 

reviewed by Biederman and Schindler [92] who cited the following reaction to occur: 

Fe3+ + 2H2O ⇌  FeOOH (s)+ H+     (3) 

Tests were performed at room temperature and in an acidic environment, however it has been 

reported that in an alkaline environment this phase still forms, along with several others, FeCO3, α-

FeOOH, β-FeOOH, γ-Fe2O3, Fe3O4 [93] the formation of these in GDF conditions was summarised by 

King and Padovani in Figure 3. 

 

Figure 3: Progression of iron in anaerobic and carbonate conditions, showing which phases occur under what conditions. It 
is thought these are likely to occur in a GDF environment [90]. 

The effect on glass leaching of aluminium, copper, lead, tin and titanium was studied by Buckwalter 

and Pederson [94] who showed that only lead and aluminium had any meaningful effect on the 

leaching, with aluminium causing a reduction in leaching and lead was found to stop corrosion 

completely. It is clear from this study that neglecting the composition of the groundwater, both at 

the time the GDF is full and closed, and for future easily anticipated events, would be a mistake.  
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McVay and Buckwalter [95] used ductile iron in a 90 oC MCC-1 test with Pacific Northwest National 

Laboratory (PNNL) 76-68 glass to assess the effect it had during short term leach tests, several types 

of water were utilised to allow comparisons, the leach rates of which can be seen in Figure 4. The 

effect of iron in solution is clear, increasing the normalised leaching rate after a few days for all the 

waters. As might be expected from these results, the leached layer on all Fe-waters showed varying 

increases in the leached layers for the same leaching times. Gel thickness was 9, 5, and 1 µm for 

deionised, tuff and basaltic waters without iron, and 14, 13, and 13 µm for the Fe-enriched versions. 

 

 

Figure 4: Normalised leaching rates of boron and cesium in various simulated ground waters as a function of time [95]. 

Investigation of these samples showed precipitation to occur, based on the particles forming only on 

the top of the sample (not the sides) and EDX study of the elements found silicon in addition to the 

iron. This was the main explanation for the increased leaching, higher pH (0.5 pH higher on average), 

and thicker gel layer; as silicon was removed from the glass it reacted with the iron forming iron 

silicates which helped remove further elements within the glass. 

Detection of iron ions in solution was unlikely due to the formation of colloids and precipitation 

directly onto the glass and original iron block. Iron was expected to form variations of iron hydroxide 

and iron silicates once removed into solution, these particles were removed by the filters used for 

ICP analysis. These formed particles over not just the glass, but the iron block as well, this was found 

to accelerate the corrosion of the iron leading to a synergistic effect which could mean that once 

some glass is exposed to groundwater what is left of the canister could suffer increased corrosion, 

further reducing the life time of the canister.  
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2.6 Crystalline Wasteforms 
 

Glasses have been the primary choice for nuclear waste immobilisation due to the aforementioned 

properties, and in addition have already been proven effective as a waste matrix with actual 

radionuclides. At the start of the nuclear era little thought was given to the use of polycrystalline or 

polyphasic materials as a wasteform however in the last 60 years, excepting novel wasteforms such 

as GCMs, only one ceramic was researched in any detail, that of Synroc.  It is unsurprising that little 

thought has been given to other potential crystalline materials as no full-scale production method 

has been fully proven to be a viable alternative to borosilicate glass, or more effective a waste 

matrix. Whilst it is true that certain crystalline materials prove more effective at immobilising certain 

waste elements than glasses [96] or have shown similar leaching times but much higher waste 

loadings, no one crystalline wasteform has shown the durability, ease of production and overall 

waste loadings (over all elements) as that of glass.  

Synroc, however, has shown great promise for the immobilisation of specific wastes and may be 

considered for widespread use in the future, should research show it is wiser to do so. 

 

2.6.1 Synroc 

Synroc polycrystalline ceramic was first researched in America (where it was called supercalcine) but 

was dropped early on as a wasteform after the success of borosilicate glass, Australia continued 

development eventually building a full-scale plant to immobilise wastes from medical isotope 

production. Following this, several other countries also invested research into various aspects of 

Synroc, such as Japan, China, UK, and Russia.  

Synroc itself is a titanate based polyphasic ceramic and can be further subdivided into Synroc-A to 

Synroc-E.  All contain hollandite (Ba(Mn4+
6Mn3+

2)O16 ), perovskite (CaTiO3), and zirconolite (CaZrTi2O7) 

but Synroc-A has Ba-feldspar kalsilite (KAlSiO4), and leucite (K[AlSi2O6])   in addition. Other variations 

of Synroc exist (such as synroc-C, or D) but are less studied. Other phases have been reported, such 

as pyrochlores, aluminates, titanates, and noble metals [97]. Each phase is specialised for 

immobilising a specific set of elements allowing high waste loadings, but outside of this small 

number of elements, have little to no solubility. 

The polyphasic nature of Synroc has led to certain difficulties in determining a dissolution rate for 

the wasteform as a whole. Ringwood et al. [98] performed a study showing that caesium was mostly 

retained in hollandite which was found to have extremely impressive retention of the element, apart 

from small areas at the extremities of the sample which turned into rutile losing all of the 

immobilised element. The nature of this retention was due to the strong bonding of barium (2+) in 

the crystal structure at susceptible areas effectively stopping the ingress of leaching elements. It was 

observed however by Lumpkin et al. [99] that of all the major phases present, hollandite was the 

most susceptible to dissolution. Further, the most susceptible phases were found to be the minor 

phases and relicts from processing such as beta alumina type phases, Al relicts, intermetallic alloys 

particles and perovskite [99]. This leads to a further complication when determining leach rates for 

such a multi-phasic matrix, as each phase will have its own leach rate (and possibly corrosion 

mechanism) thus it is either assumed all leach/dissolve at the rate of the most susceptible phase or, 
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as was assumed by Smith et al. [100], an average is taken based on the weight loss of the matrix as a 

whole. This issue is obviously applicable for GCMs as well, which may have even wider disparity in 

leaching and dissolution rates for the individual phases. In addition to this issue, was the rate at 

which each phase releases its constituent elements; Synroc usually has its waste elements in more 

than one phase, hollandite and caesium are an exception to this rule. Determining which of the 

phases is leaching a certain waste element more than the other can be challenging, not to mention 

the reason for the preferential release.  

Lumpkin et al. [99] used the following formulae to determine the overall leach rate of the Synroc 

they investigated: 

𝑋 =  
∆𝑚

𝜌 (𝑆𝐴)
      (4) 

where X is the thickness of the material dissolved from the sample, Δm is the difference in mass 

before and after dissolution, ρ is the density, and SA is the surface area subject to attack. 

Although the main result was the average over the whole sample, a “worst case scenario” (WCS) for 

the dissolution rate was also given based on the corroded depth of the most susceptible phase-beta 

alumina. The average was 0.1 nm a day whilst the WCS was 0.9 nm over a 552 day period. It is clear 

that there is a large disparity in these results and that both should be reported when working with 

multiphasic materials or glass composite materials. 

 

2.7 Corrosion of Ceramics 
 

Generally speaking, the corrosion behaviour of all materials can be divided into three groups: (1) 

electrochemical, (2) chemical, and (3) mechano-chemical corrosion. 

Chemical corrosion of ceramics is the most studied case of corrosion in aqueous environments and 

includes several steps: (1) reaction (dissolution) of grain boundary phases; (2) water transport along 

grain boundaries into the bulk of ceramics, which is often accompanied by phase changes in the 

grain boundary phase; and (3) reaction (dissolution) of ceramic grains. The corrosion of ceramics and 

crystalline materials has been studied using simple reaction kinetics and the principle that the 

slowest of the steps involved for corrosion is the rate limiting step. The 5 steps given for this 

corrosion are transport to the surface, adsorption of the reactants, chemical reaction between 

adsorbed species and the crystal surface, desorption of the reactant products, and transport of the 

reaction products into solution.  

Provided that the dissolving solid comes into equilibrium with the leachant, the following two 

equations were given by White [101]: 

𝑑𝐶

𝑑𝑡
= (

𝑉

𝑆𝐴
)𝑘𝑆(𝐶𝑆 − 𝐶)𝑛     (5) 

𝑅𝑎𝑡𝑒 = (
𝑉

𝑆𝐴
) (

𝑑𝐶

𝑑𝑡
) = 𝑘(1 − Ω)𝑛     (6) 

Ω = (𝑖𝑜𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)/(𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)   (7) 
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Where Ω is the saturation ratio defined as Equation 7, “n” is the order of the reaction, and “k” is the 

reaction rate constant. V is the volume of leachant (l), SA the surface area exposed to attack (cm2), C 

is the concentration of ions in solution (g/l) and Cs is the saturation concentration, and t is the time 

(days). 

2.8 Production methods  
 

Vitrification technologies for HLW have gone through several iterations and technologies as 

described by Ojovan and Lee [130] before we reached current technologies.  Out of all the 

technologies researched, two were adopted on an industrial scale for use to immobilise nuclear 

waste. The first, developed in France (1978), later adopted and modified by the UK, was termed the 

AVM process (Atelier de Vitrification de Marcoule) and is a two-step process. First the liquid waste 

was fed into a rotary calciner, the resulting solid waste then fed into an induction heated melter 

where it was immobilised into glass. On the other hand, the USA (among others) adopted joule 

heated ceramic furnaces to treat its liquid waste in a one step process rather than two, negating the 

need for a calciner, but the melter in this process is required to deal with the off-gas. Whilst these 

describe HLW, certain UK ILW (such as wet wastes, high organic content wastes, and sand filters 

[102]) have been investigated for immobilisation in glass rather than encapsulation in cement, using 

either of these techniques.The technologies used in the following experiments, were those of 

plasma Vitrification (PV) (Tetronics International, Marston Gate, South Marston Park, Swindon, 

Wiltshire SN3 4DE UK) and Joule Heated Ceramic Melters using GeoMelt (Kurion, corporate 

headquarters, 2020 Main St., Suite 300, Irvine, CA 92614, USA). Both techniques are explained 

below. 

2.8.1 Plasma Vitrification 

An emerging technology for waste processing is the use of thermal plasmas in vitrification of 

hazardous waste from various fields including refractory processing, medical usage, and nuclear 

waste immobilisation.  

Plasma is the fourth state of matter, and is similar to that of a gas in that it homogeneously fills the 

container it is in. The plasma itself is electrically neutral but the electrons have been dissociated with 

their atoms becoming an electron/ion pair, and can be further divided into cold and hot/thermal 

plasmas, only thermal plasmas being of interest. The interest in plasma has risen lately in fields such 

as coal fly ash [103,104], medical [105], for pyrolysis of various liquid and solid wastes [106], and for 

various nuclear waste materials. 

The primary reason for the industry looking towards plasma based solutions for waste treatment 

arises from several unique advantages plasma offers [106]: 

1) The plasma high temperature offers higher operating temperatures allowing for certain 

wastes that normally would need to be encapsulated, to be vitrified. 

2) Plasma can destroy volatile organic gases that would otherwise need filtered and adsorbed 

to water or filters causing additional waste. 
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3) ILW or LLW typically need pre-treatment to separate wastes; chemical, combustible, and 

metallic, mostly due to the incapability of normal incinerators to process all of these, 

however plasma vitrification can successfully vitrify all of these simultaneously. 

4) Relatively simple to run, no calciner or other components are needed. 

5) Offers waste size reduction. 

6) Furnace is generally smaller than other melters for the same throughput.  

Downsides to plasma include the large amount of electricity consumed (0.57kWh/kg for typical coal 

incinerator [107] versus 1.5kWh/kg for a DC double arc argon plasma melter [103]) and the 

perceived unreliability of the technology [106]. 

Current technology revolves around a plasma torch, a continuous input of electricity is used to 

create an electrical arc between two electrodes the high resistivity of the surrounding gas causes it 

to heat up and with the continued input of gas and electricity temperatures exceeding 20,000K have 

been reported [106]. Three different types of torch exist, however the most thermally efficient is the 

one currently being considered to destroy nuclear related waste [108,109] termed a direct current 

transferred plasma torch. 

 

Figure 5: Principles of two types of plasma furnace, using either a) single electrode where the second electrode 
is placed at the base of the furnace creating a conductive pathway through the melt, or b) a dual electrode 

configuration [110]. 

Several companies are working towards plasma based hazardous waste disposal, one of which is 

Tetronics; they use a twin electrode skull plasma reactor to destroy a wide variety of wastes. Their 

reactor consists of two graphite plasma torches, one the cathode and the other the anode. The input 

of electricity between the electrodes ionises the argon gas which is constantly fed into the reactor, 

this results in a zone of plasma as seen in Figure 5. Waste is continuously fed into the reactor whilst 

the skull melting technique is used to avoid the various issues associated with a refractory container 

such as secondary waste and monetary cost from removal and replacement of the refractory tiles.  

The ability to control the parameters of the reactor (heat and chemistry) can allow for a more 

flexible method of waste disposal, allowing optimisation of the final wasteform. 
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2.8.2 Joule Heated In Container Vitrification  

The main principle of this type of vitrification is that of resistive/ohmic heating, whereby any 

conductive material with resistance produces heat when subject to an electrical current dependent 

on the resistance of the material and as a function of the square of the current.   

Melters based on this technology use the high electrical resistance of glass frit and its waste (either 

liquid or solid) to produce a high temperature (1000-1800 oC) environment. The general principle is 

that containers have two electrodes submerged in waste and glass frit. A high electrical current is 

passed through the solid glass and Joule heating is dissipated as heat into the surrounding 

glass/waste eventually turning the entire batch into a liquid.  

The whole process can be used in a continuous or semi-continuous fashion, and in addition offers 

the benefit of being a one-step procedure which allows it to be applied in-situ to wastes that are not 

suitable for transport; one such example is the in-situ trials done at Hanford of contaminated soil 

[111]. 

 

 

Figure 6: Showing two common methods for treating waste using joule heating methods, either a) in-situ 
treatment, processing waste material in the ground common for disposal of legacy hazardous landfill sites and 

b) in-container for the treatment of silo stored wastes [112]. 

The process used in the in-situ method uses a “top down” strategy; here the electrodes are gradually 

lowered into the waste (Figure 6a). They start at the surface melting the starter graphite path into a 

liquid, which provides the conductive path necessary for it to continue heating its surroundings, the 

electrodes then melt the surrounding soil/waste and sink into the liquid waste. This process 

continues until the waste is fully vitrified. GeoMelt uses the in-situ technology for its in-container 

waste processing, and for the samples used here a batch experimental run was used. 
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2.9 Glass Composite Materials  
 

The benefits of both glasses and ceramics as wasteforms have been summarised earlier, each have 

their own strengths and weaknesses. The idea of combining these two materials in such a way that 

we could acquire both their strengths and use one material to cover the weakness of the other is 

appealing. Lee et al. have made an excellent review of nuclear wasteforms, including GCMs [5]. 

GCMs must be separated into three distinct sub categories: glass ceramics, glass encapsulated 

crystal waste, and crystal containing glasses from the processing. These are discussed in the 

following sections. 

2.9.1 Glass ceramics 

Glass ceramics are defined by the method of production; these materials are produced intentionally 

by using a second heat treatment on a glassy wasteform to encourage nucleation and crystallisation. 

Of all the three categories, these are the most studied as they have many applications outside of the 

nuclear industry such as dental (fillings and coatings), ceramic glazes, cooker tops [113], and even as 

mirrors for space applications [114].  

2.9.1.1 Phosphates 

Except for the Russian sodium-aluminium phosphate glass, nuclear glasses for HLW can only cope 

with small phosphate loadings (max solubility 2-3 wt% for P2O3  [115]) however often these loadings 

are much less than the solubility limit to dilute the element and its negative effects on the glass 

properties. The disadvantage of dilution is an increased waste volume, which in turn will make 

production and final disposal in a GDF more expensive, making such a disposal route undesirable. 

Sengupta et al. (2012) established that although several ideas had been proposed, no research has 

been directed to solving the problem of stability of phosphate glasses, and any phosphorous 

containing waste, mainly due to a complete lack of understanding of the difficulties associated with 

this waste. Sengupta et al. summarized others work [116, 117, 118] to demonstrate that even small 

amounts (1-2wt%) of phosphate wastes in borosilicate glasses caused liquid immiscibility, trace 

element partitioning, reduction of melt viscosity, depressed solidus and a shift in the liquidus 

boundaries towards a silica deficient domains with variably polymerised silicate melts.  

Whilst glasses cannot immobilise large amounts of phosphate wastes (3wt% maximum), ceramics 

based on phosphates have good long term behaviour and a high incorporation capacity [119,120] 

making their feasibility as a GCM relatively appealing. The use of a nuclear GCM based on a 

phosphate ceramic above laboratory use has not been addressed to date and remains an area of 

research [115], although uses have been found outside this field including biomedical applications 

and electronic packaging [121]. 

 

2.9.1.2 Titanates 

Zirconolite (CaZrTi 2O7) has long been studied as a waste matrix for the immobilisation of various 

actinides and lanthanides and was in designed to be the most durable phase in Synroc for the 

immobilisation of plutonium having a good leach resistance and resistance to radiation-induced 

amorphisation [122]. 
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Experiments on the SiO2–Al2O3–CaO–ZrO2–TiO2 system incorporating lanthanides and actinides and 

processed into a zirconolite-glass ceramic via a two-stage heat treatment have been performed to 

assess the material as a wasteform [123]. With a variety of surrogate oxides (Ce2O3, Nd2O3 ,Eu2O3, 

Yb2O3, ThO2) only zirconolite formed in the bulk at 1050 and 1200 oC. Loiseau et al. [122] showed 

surface crystallisation of several other phases. The phases observed were titanate (CaTiSiO5), 

anorthite (CaAl2Si2O8) , baddeleyite (ZrO2) and small crystals of thorium dioxide (ThO2). The thickness 

of these crystals was dependant on the heat treatment, at 1200 oC they were up to 1000 µm thick 

[122]. These results agree with Caurant et al. [124] who found the same phases with the exception 

of thorium dioxide (as their samples contained no thorium). Further, it was discovered that 

zirconolite was replaced with titanate crystals for long heat treatment times (4 h+) making it appear 

that zirconolite is not a thermodynamically stable phase [124] although it is assumed that like 

glasses, decomposition kinetics are greater than the expected life time of the waste. 

Study of sphene (CaTiSiO5) as a waste matrix has mostly been done in Canada for safe disposal of 

HLW produced from their CANDU reactors as sphene has been shown to be particularly stable under 

the saline ground-water conditions present at GDF depth. Research on sphene, and sphene glass 

ceramics has been going on since 1984 [125], it shows promise as a wasteform being thermally 

stable in the envisaged Canadian environment (T<423K) and it has been found to have a better leach 

resistance than that of borosilicate glass [126]. However, study on the radiation resistance of sphene 

found that its structure does not cope well under irradiation, and was 2-3 times more susceptible to 

alpha recoil damage than zircon, but interestingly, does not seem to undergo amorphisation [127] 

although results on this are not fully agreed upon [125].  

Formation of sphene glass ceramics varies from composition to composition but generally the 

expected melting temperature for the material is around 1300-1350 oC [128] and along with 

reasonable viscosity leads to compatibility with a Joule Heated Ceramic Melter (JH-CM). However, it 

was noted that the high temperatures, whilst capable for a JH-CM, are not conducive towards 

limiting volatilisation. Hayward et al. [128] used two compositions and studied their progression 

under XRD as a function of temperature. Fluorite structure (believed to be Ca[U,Ce]Ti2O7) formed in 

the first composition and wollastonite (CaSiO3) formed in the second, and that both these phases 

recrystallised into sphene at around 1000-1150 oC.  

A leaching study performed on a sphene glass ceramic showed that waste elements leached out of 

the glass much more so than the sphene, and additionally the ICP-OES results indicated that the 

glass suffered more structural corrosion than the sphene [128].  Other studies on sphene, and 

similar titanates, have shown that they are prone to forming a thin film of TiO2 over the surface 

preventing further corrosion. Hayward et al. demonstrated, quantitatively that sphene glass 

ceramics have a leach rate an order of magnitude lower than that of borosilicate glass. 

Many GCMs based on a pyrochlore structure ((U,Pu,Hf,Gd)2Ti2O7 ) encapsulated in a lead glass 

matrix have been investigated for possible use as wasteform [129,130,131 ] and it was 

demonstrated that these wasteforms showed a good tendency for Pu retention, good mechanical 

strength, good thermal properties (close co-efficient of thermal expansion), and >90% theoretical 

density's. However, little to no information has been provided on the leaching characteristics of such 

a wasteform. Leaching characteristics on just the pyrochlore structure, such as zirconolite, have 

been found to be susceptible to amorphisation under alpha radiation which substantially reduces 
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the chemical durability. Pace et al. [132] Reported that the transition to a glassy phase occurs in all 

repository conditions and is predicted to be fully complete after 1000 years. Tests demonstrated 

that the amorphous form had leaching rates 50 times higher than the crystalline form [23]. It can 

only be inferred that a glass encapsulated form of this waste would have a higher durability if the 

two phases did not interact. This GCM serves as a prime example of where a less durable wasteform, 

with a high waste loading capability, can be safely protected by the relatively superior durability of 

the glassy matrix. 

 

2.8.1.3 Ca-Mg-Si Glass ceramics 

Various waste forms based on calcium magnesium silicates glasses have been used containing 

various crystalline phases such as diopside (CaMgSi2O6), powellite (CaMoO4), perovskite [133] 

(unsuitable due to temperature instability),wollastonite (CaSiO3) and mellite (Al2C6(COO)6·16H2O), 

dependent on the nucleating agent added [134].  

Diopside has been examined as a chemically durable phase, however most work has been in the 

areas of matte glazes [135], dental fillings/coverings and for immobilisation of non-nuclear wastes 

[136]. This material is highly resistant to aqueous corrosion in the respective fields although the 

formation of diopside is often accompanied by crystallisation of a relatively less durable phase; 

anorthite and/or wollastonite [137]. The literature on the use of this material to safely 

encapsulate/immobilise coal and fly ash waste reported mainly on the mechanical strength and 

general stability of the glass; Barbieri et al. found that the glass was particularly stable and resulted 

in a material with higher thermal and strength properties than that of the parent glass [138]. Reports 

on the durability were reported by Fröberg et al. over 4 days to be below detection limits (ICP-OES) 

and gave no observable corrosion in the pH range 1.5-13.4 [135]. In contrast, the corrosion of 

wollastonite (dendritic and columnar), pseudo-wollastonite, and plagioclase showed signs of 

corrosion up to pH 9.1 after which only dendritic wollastonite demonstrated signs of corrosion. This 

disagrees with the findings of Barbieri et al. [139] who found that wollastonite had a reasonable 

durability.  

 One of the issues with glass ceramics with this composition is the formation of other phases that 

may not necessarily be wanted. As previously mentioned, some phases are known to form, their 

durability depending on the author and their definition of a “durable” material. In addition to the 

aforementioned phases, several other phases have been shown to form such as various iron oxides 

(haematite, magnetite, and Fe3O4), augite, and franklinite. The original diopside/wollastonite glass 

ceramic bulk crystallised, believed due to the presence of titanium and iron which act as nucleating 

agents. The iron can also stimulate the production of other phases thus restricting the iron content 

of these glass ceramics, should those phases not be wanted. Alizadeh and Marghussian [140] 

highlighted that various elements can affect the nucleation of different phases and how the 

morphology of the various phases could be altered by slightly altering the composition. 

The naturally occurring zeolite, clinoptilolite is used as an inorganic ion exchanger to clean elements 

such as 90-strontium or 137-Cs from radioactive aqueous solutions. Whilst it proves very effective 

for cleaning these elements out of solutions containing them, it becomes a secondary waste that 

must be disposed of. One envisaged disposal route is encapsulation in glass. A 137 caesium 

clinoptilolite encapsulated in glass was studied by Juoi and Ojovan [141], the leaching rates of the 
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resulting GCM showed this wasteform to be reasonable, having leaching rates below that of similar 

waste encapsulated in both Portland and alumina cement. The glass proved effective as a corrosion 

resistant encapsulate for clinoptilolite and wollastonite, although an issue was formation of 

percolating clusters for high waste loadings leading to high leaching rates.  

A similar study was performed by Bosch et al. [142] however the clinoptilolite was heat treated to 

attain a glassy phase (where none existed before) in comparison to the study by Juoi and Ojovan 

[141] where glass frit was added. Contrary to the findings of Juoi and Ojovan, Bosch et al. found that 

retention for Cs decreased the higher the proportion of glass, achieved by heat treatments of up to 

1000oC, however such a heat treatment produced secondary phases (K-feldspar and possibly 

pollucite((Cs,Na)2(Al2Si4O12)2H2O)) although the effect these had on the leaching was not 

determined. This method of producing a GCM may be preferable if the resulting wasteform is 

chemically durable, the temperatures are similar to what would be needed for Juoi and Ojovan’s 

method but without the need for glass frit. During heat treatment, little migration of Cs occurred 

between the clinoptilolite and the glass, Cappelletti et al. [143] on a similarly formed waste showed 

that Cs was retained in the glassy phase and leaching tests showed low release rates however they 

also demonstrated the variability of the resulting wasteform based on minor composition 

fluctuations or heat treatment times/temperatures.   

 

2.9.2 Glass encapsulated waste crystal waste 

It is inevitable that certain wastes will require unrealistic processing temperatures to be immobilised 

in polyphasic ceramics or standard borosilicate glasses, the most prominent example being 

refractories. If such materials are added to glass frit and fired the result is a glass encapsulated 

waste, a crystalline waste in a glass matrix. This type of GCM is already being researched [144] and 

experimental wastes, originally designed to be fully amorphous but did not fully melt, are being 

found to have a reasonable leach rates suitable for ILW disposal [142]. 

The formation of water soluble complex molybdates in standard borosilicate nuclear waste glass 

when present in compositions over 1 wt% has meant the disposal of high-molybdenum content 

wastes has been problematic. Thus, research is being conducted in other methods to safely dispose 

of this waste, one such example is the calcium enriched waste glass encapsulated wasteform, which 

encourages the formation of powellite (CaMoO4) to attain waste loadings of up to 12 wt% [144] a 

vast improvement over immobilisation in glass. One issue with this wasteform is the formation of 

secondary crystalline products as a direct consequence of the encapsulated waste; these may 

compromise the formation of a durable glass (liquid-liquid phase separation) or the sequestration of 

other waste elements into the less durable phase.  

Other elements pose a similar problem, and have also been assessed for encapsulation such as 

phosphates or halide species. Donald and Metcalfe [145] used such a phosphate ceramic (for halide 

waste) encapsulated in a ternary aluminium-sodium-phosphorous glass, production of this glass 

encapsulated waste was by “pressure-less consolidation route or alternatively by cold pressing and 

sintering of ceramic/glass mixtures” [145].   

Perhaps the best example is that of the aforementioned yellow phase, a complex molybdate 

formation in borosilicate glasses. Under normal conditions the solubility is about 1wt % and above 
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this it acts as a nucleating agent for various molybdates, chromates, and sulphates. When formed, it 

depletes the nearby glass of waste constituents, mainly molybdenum and caesium, the resulting 

phase is water soluble making it extremely undesirable for a wasteform that is supposed to last 

millennia [146]. 

 

2.9.3 Crystal Containing Glasses from processing  

When looking into literature of glass composite materials in the context of nuclear waste, you will be 

sorely disappointed at the results; not much research has been put into this wasteform, and for 

good reason. Of all the wasteforms metal is by far the worst choice, undergoing electrochemical 

corrosion, a form that out-paces both chemical and mechano-chemical corrosion. In fact, the only 

literature on the subject that could be found was that of a patent for such a glass that used the glass 

a sort of sacrificial phase [147].  

A possible scenario for low processing temperature wasteforms is that some metallic species will not 

fully integrate with the glass matrix and thus leave solid particles of metal waste encapsulated in 

glass. At the time of writing, no literature on the corrosion of such a composite material could be 

found, most likely due to the quick corrosion times of nearly all metals used in the nuclear industry; 

such materials are either fully melted to achieve dissolution and immobilisation into the glass matrix 

or, for LLW, encapsulation in cement is preferred. As such, it may be necessary to look outside the 

constraints of the nuclear industry to better understand how such a composite material would react 

under repository or near repository (ILW disposal site) conditions. 

Metals in general corrode via galvanic corrosion, the less noble of the metallic species is corroded 

preferentially; the scientific theory on this subject is well known and not discussed further [148]. 

Several ways to reduce or galvanic corrosion is to isolate the metals in an insulating material, such as 

glass or non-conducting ceramic. Some work has been carried on out on aqueous corrosion of metal-

ceramic joints [149] however this was with a ceramic assumed to be a semi-conductor. Perhaps the 

best idea of such a material is in reinforced concrete, whereby metallic rods are placed in a cement 

matrix. The steel and concrete have a synergistic relationship; the metal improves the strength 

whilst the cement helps to reduce corrosion of the steel bars by keeping any pore water at a high 

pH. Research performed by Gouda [150] demonstrated that the overall picture was not as simple as 

this, and that several other factors came into play. Solutions saturated with calcium had a 

passivating effect on the metal whilst solutions with small amounts of chlorine and sulphur ions had 

a large negative effect on the corrosion of the metal. For reinforced cement, the general idea is that 

the high pH causes a thin passivating layer of gamma iron oxide to form [151]. Some parallels with 

glass encapsulated metallic waste can be made, such as the pH environment the exposed metals will 

be subject to, or the reaction with ions in solution to form a passivating layer. In addition, the 

drawbacks of such a material should not be ignored, that small concentrations of ions such as Cl or S 

can have disastrous effects and as some nuclear wastes and GDF environments contain these 

elements it would be wise to have more studies performed on this material. 
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2.10 GCM Microstructures 
 

The various microstructures that can develop during processing for glass ceramics only, were 

discussed in depth by Holand and Beall [Error! Bookmark not defined.] and are summarised here. 

 
Figure 7a shows an ultrafine grained microstructure in what would now be termed nanoscale. Figure 

7b shows a cellular membrane structure resembling an organic cell. The microstructure itself 

comprises the crystalline portion as the “cell” and the membrane as residual glass. Using silicate 

glass as an example, the formation of this structure occurs when the silica content of the crystal 

forming entity contains less than that of the surrounding glass. Normally, crystallisation would 

continue until all the glass has been consumed, or until the rejected elements formed their own 

separate crystal phase in a similar way to eutectic formation in metals. However, for glasses with 

certain compositions, the rejected elements may themselves form a stable glass (relative to the 

crystal) as reported by Chyung et al. for a LiO2-Al2O3-SiO2-TiO2 glass crystallising to beta spodumene. 

They reported that the remnant glass was roughly 95% SiO2 and 5% Al2O3 which is an extremely 

stable glass [152]. 

 

Figure 7:a) an ultrafine grained microstructure. The black bar represents 1 µm. B) Cellular membrane structure 
[153]. 

 

Dendrites are often defined as “branching tree like structures” (Figure 8, Figure 9). However, the 

standard definition is insufficient to fully describe the dendritic structures that can form. Whilst it is 

true that if you isolate one strand it will indeed appear to look similar to that of a Christmas tree. 

However, at the point at which it crystallised, whether it was due to large undercooling, nucleating 

agent, or through surface nucleation, the average angle, length, and spacing between branches will 

be different. For instance, Wang et al. [154] observed a small (200-500nm) surface-like dendritic 

crystallisation in between two different areas of composition. This is in contrast to Trivedi and 

Laorchan [155] who found a variety of bulk-dendrites (Figure 9). 
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Figure 8: dendritic structure of a glass ceramic (a) and a computer simulated dendritic structure in a glass (b) [156]. 

 

Figure 9: Various dendritic structures observed by Wang et al. (left) and Trivedi (middle,right). 

 

In the case of a nuclear waste matrix, the formation of dendrites could be beneficial, for instance 

should closely packed surface dendrites that are superior to the waste underneath form, the lifetime 

of the wasteform would be increased. Dendritic microstructure formation during cooling for glass is 

much the same as it is in metallurgy, a reasonable degree of undercooling is preferred for the 

formation of a dendritic microstructure, however a heat treatment may be required to grow them 

[157]. 

The house of cards microstructure is not as ordered as the name might suggest, rather, consisting of 

randomly orientated crystalline flakes (Figure 10). This type of microstructure is sought after for 

certain applications as the flakes act to stop or redirect cracks such that they cause only local 

damage [153] and not catastrophic failure, although this is dependent on the nature of the crystal 

(flake versus spherulitic) [158]. The chemical durability of these types of microstructure have not 

been studied from a nuclear wasteform perspective but from a dental one, glass ceramics have been 

looked at for dental applications since 1968 and was finally made a reality with a tetra-silicate mica 

crystal in a glassy matrix and was found to hold up well to the biological environment [159]. 
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Figure 10:House of Card microstructure. a)  Illustrating the orientation of this microstructure (no scale bar was 

found), b) House of card microstructure at the scale shown (20 µm scale bar) [160]. 

Glass encapsulated crystal GCMs display a microstructure of a glassy matrix, along with either an 

altered form of the crystal waste from thermal processing, or the original crystal dispersed in the 

matrix. The main difference between glass ceramics and glass encapsulated crystal waste forms is 

from the origin of the crystal, in glass ceramics the pre-treated materials naturally form a crystal 

component during processing leading to the microstructures previously shown. Glass encapsulated 

crystals will however result in crystals with differing microstructures dependant on waste loading, 

pre-treatment of the waste, and thermal treatment [161]. Figure 11 shows how the waste loading of 

a sintered borosilicate glass with Cs containing clinoptilolite resulted in different microstructures. 

When the clinoptilolite was sintered (Figure 11b) there was insufficient glass to fully encapsulate the 

waste allowing for Cs migration during leaching studies [162]. Further, with different waste loadings 

additional phases formed, such as sodalite (Na4Al3Si3O12Cl) which occurred due to a reaction 

between the clino and the glass. Overall, the effect this will have on the durability of the wasteform 

will be dependent on both the type of crystal that has formed, and its microstructure. Juoi et al. 

[162] found that increased waste loadings of a Cs-clinoptilolite GCM, the formation of wollastonite 

with different microstructures occurred; higher waste loadings resulted in a more rounded 

morphology with better durability than the angular ones that formed at lower waste loadings. 
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Figure 11: BSE image of 3 GCMs (a) GCM wasteform with 1:1 glass to Cs-clino volume ratio (b) sintered Cs-clino 
only and (c) sintered borosilicate only, accompanied are the EDX graphs for the glass and crystal phases present 
in each image; energy (keV) versus count rate (A.U) [162]. 

Another issues that arises from glass encapsulation is incomplete bonding between the crystalline 

and glassy phase, when encapsulating a crystalline phase it must be chosen such that the thermal 

expansion co-efficient are similar to avoid this [163].An example where such choices were made by 

Pace et al., resulted in good bonding between the encapsulated crystal and host glass can be 

observed (Figure 12); cracks propagated through the material with little deflection when 

encountering the crystal phase.  
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Figure 12: A glass encapsulated lanthanum zirconate material, where cracks propagated through the crystals, 
with little deflection, signifying strong bonding between the two [163]. 

 

2.11 GCM Macrostructure  
 

Whilst it is important to control the microstructure of the GCM to give the best wasteform, if 

possible, the macrostructure is just important.   

Ojovan et al. [164] demonstrated the importance of macrostructure in the case of a glass 

encapsulated clinoptilolite formed by pressure-less sintering for 2 h at 750 oC, various waste loadings 

were studied and leaching tests performed for each sample. Large increases in leaching rates for 

small increase in waste loadings were explained by the formation of interconnecting clinoptilolite 

particles (Figure 13). 

 

Figure 13:showing the importance of the distribution of crystals in a matrix on corrosion. (a) Showing that equally 
dispersed and isolated particles are ideal should one crystal be exposed only that crystal will be corrode, (b) and (c) show 
increasingly large amounts of crystals can lead to pathways for water ingress (pathway of leaching shown in red). As the 
weaker phase % is increased, so too is the depth from which ions can be leached due to intersecting crystals. Adapted from 
[164]. 

As the waste loading increased, it reaches a threshold whereby the clinoptilolite particles had 

produced a complex interconnecting network that allowed waste elements to bypass the protective 

glass (Figure 13c). The formation of these percolation clusters in highly undesirable for phases that 

may be designed to carry the waste (regardless of durability) or for phases that may be less durable. 
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Therefore, care must be taken to find a maximum waste loading with the avoidance of percolation 

clusters; clusters of particles that provide highways for leaching through the glass.  

 

Figure 14: Various methods of encapsulating waste-containing crystals [164].a) isolated crystals dispersed homogenously in 
a glass/ceramic matrix b) showing a core of crystals dispersed in a glass/ceramic matrix, which is encapsulated in a waste 
free phase c) showing crystals dispersed inhomogeneously thought a more durable matrix leading to a gradient 
concentration of hazardous elements  versus depth. 

Assuming the GCM is devoid of percolation clusters, the positioning and partition of waste elements 

must be considered. Figure 14(a) shows a homogeneous distribution of a phase containing waste 

particles, embedded in a matrix of either glass or ceramic devoid of any waste elements. The 

durability of such a wasteform will be less than that shown in Figure 14(b) which has an additional 

layer, free of waste elements however it can be envisaged that the processing route would be 

problematic and costly.  

Not included in Figure 14 is a fourth possibility, whereby a more corrosion resistant crystal forms at 

the surface, effectively encapsulating the more vulnerable glass. This mechanism, provided the 

crystal is more durable, is far easier to induce than any of the microstructures in Figure 14. Little 

literature exists for the kinetics of such systems, most likely due to the complexity. Some models 

have been constructed [163,165,166,167,168], for instance Pinet et al. [168] constructed a model 

using the simple principle that the crystalline phase consisted of variously sized perfect spheres 

encapsulated in the glass matrix (Figure 15). 
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Figure 15: showing the principle of the model constructed by [168] where spherical crystals containing wastes are dispersed 
homogenously throughout a more durable matrix, 2D slices of this 3D wasteform were then taken to model alteration when 

attacked by water 

The various equations used to verify this model for the glass composition used are not discussed 

here.  Rushton et al. [167] used molecular dynamic simulations to investigate how the concentration 

of alkali ions varies at the boundary of different crystals and found that the alkali ions moved into 

positions above the crystal where the cations would have been had the crystal continued. This led to 

higher concentrations of certain elements (dependant on the crystal and orientation), and a small 

semi-crystalline layer; this layer will have important effects on the properties of the GCM though ion 

transport along the interface and interface strength [165, 167]. 

 

2.12 Expanded aims 
 

Based on the literature survey preformed, the initial aims can be expanded: 

• Characterisation of the specimens will play an important role in predicting corrosion 

behaviour, reliance on literature to assist in this regard is paramount, in a wide array of 

fields and not just in the nuclear sector.  

• The wasteforms must be held to a higher standard than typical ILW, due to the historical 

background and the uncertainty of the classification of the waste involved in the future, 

therefore a worst-case scenario should be established and discussed. The likelihood of this 

scenario should be decided. 

• Comparison with current, conventional waste matrices should be performed. 

• Looking at how a purely glassy or purely ceramic phase corrodes will be useful for 

comparison, but cannot be used on its own to assess the durability of the entire wasteform 

as other factors will come into play not relevant to those wasteforms, such as less durable 
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phases providing an easy path of water ingress into the sample, leading to accelerated 

corrosion. 

• The macro and micro structure will play an important role in the durability, with different 

arrangements leading to either better or worse durability. When deciding the life time of the 

wasteform, this should be considered. 

• Glass corrosion is still an ongoing area of study; discussion on corrosion should look outside 

current theories if it does not agree with the evidence present.  

• The thermal treatments used are different, and could lead to large difference in the 

wasteform for the same waste stream. This should be discussed when appropriate; the best 

thermal treatment for the relevant waste should be chosen. 
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3.0 Experimental Procedures 
 

This chapter outlines the various techniques and instruments used throughout this thesis containing 

brief theory and technical details about the instruments, and information surrounding the materials 

preparation.  

Each material supplied by Sellafield (Table 1) was subjected to the same regime; the sample was first 

prepared and characterised using the techniques explained below, this was then followed by 

leaching for set amounts of time. Following this the leachant was removed for analysis and the 

sample was subject to the same tests carried out pre-leaching to observe the changes.  

3.1 Sample Background 
 

Joule Heated In-Container Vitrification (JH-ICV) thermal treatment is being investigated by Sellafield 

Ltd with services provided by Impact Services incorporated (1952 E. Allegheny Avenue, Philadelphia, 

PA 19134, (215) 739-1600) using GeoMelt technology, on a proof of concept basis to establish an 

alternative method to dispose of difficult wastes, where the current method of disposal is typically 

cement encapsulation. One of the benefits provided by JH-ICV is the ability to directly convert an 

already contaminated vessel into a potential wasteform suitable for disposal; this completely avoids 

the intermediate procedure of handling/separation of wastes before intermediate steps prior to 

heating which can be hazardous and expensive. Three samples were investigated; a summary of the 

waste type and short hand name is outlined in Table 1, along with the samples produced using 

plasma technology, discussed later.  

JH-PCM was developed to examine the possibility of converting a waste container, such as a skip or 

drums of untreated waste into an immobilised ILW. The process was aimed at treating ion exchange 

media, sand Plutonium Contaminated Material (PCM), concrete, uranium, pile fuel cladding, soils, 

and metals, all of which are categorised as having a high metal content in the form of containers, 

plant equipment, structural materials, and swarf. The “Joule Heated-High Metal Surrogate” (JH-

HMS) sample in contrast was used to determine the feasibility of converting diverse size and shape 

high metal content waste, directly to a waste from. The wastes being treated were from the Site Ion 

Exchange Plant (SIXEP) at Sellafield (specifically sand and clinoptilolite mix) and pile fuel cladding. 

The JH-SIXEP material had the general objective of immobilisation of high metal content waste only, 

minimisation of non-active additives, volume reduction, and minimisation of secondary wastes 

produced during process, using the GeoMelt hybrid method (see section 3.1.1). The simulant wastes 

were that of plutonium contaminated metals and organics, but also SIXEP waste (Magnox sludge). 

Should the thermal treatments of the various issues that each of these samples address (high metal 

content, diverse shapes, in-container treatment) be successful in producing a wasteform capable of 

meeting the strict criteria placed for GDF wastes/ILW, the benefits would be great. Little pre-

treatment would be required; such as sorting of wastes known to produce unsuitable wasteforms, 

the cutting of large or awkwardly shaped wastes, and the removal of wastes from a skip into the 

vessel used to thermally process it. This would accelerate the processing of legacy/difficult wastes, 

and reduce the hazards present in their treatment. 



55 
 

Direct current plasma furnaces are being considered for the thermal processing of various wastes in 

an effort to produce an inert and stable wasteform suitable for use on both hazardous and non-

hazardous waste. It has many advantages over conventional nuclear thermal treatment systems and 

is discussed in more detail in section 2.8.1.  Sellafield Ltd performed several trials using such a 

treatment method via the company Tetronics (Tetronics International, Marston Gate, South Marston 

Park, Swindon, Wiltshire SN3 4DE UK) who specialise in use of plasma technology for various 

hazardous waste disposal (asbestos, nuclear, chemical, organic etc.), to show the viability of using 

such a furnace for the treatment of hazardous radioactive waste, the ones discussed in this section 

are all categorised as ILW but are to be placed in GDF for long term disposal. Of the three samples 

discussed, a separation can be made between the “Plasma Furnace High Metal Surrogate” (PF-HMS) 

and “Plasma Furnace High Metal Surrogate 2” (PF-HMS2) materials, and the “Plasma Furnace 

Asbestos” (PF-Asb) material. PF-HMS and PF-HMS2 were part of the same set of trials used to assess 

the viability of using a DC plasma furnace to safely immobilise metal wastes comprising of 

containers, plant equipment, structural materials, and swarf in use in nuclear facilities. 5 trials were 

performed, with a final demonstration trial; the first 5 trials had the objective of investigating the 

possibility of integrating ferrous wastes into a molten bath with a temperature lower than the 

expected melting point of the waste metals. The information gathered from these trials was then 

used in trial 6 to help produce an ideal final wasteform that could meet the criteria for safe disposal. 

Whilst trials 1-5 investigated a particular treatment condition, or specific set of wastes, the 

demonstration trial used the full waste simulant for Pile Fuel Cladding (PFC), pond solids, and 

plutonium contaminated material.  

Trial 3 had the main objective of destroying asbestos contaminated material (ACM), this trial was 

applicable to both asbestos within the nuclear industry and out, using the most commonly used 

asbestos material for insulating purposes. This type of waste is not commonly dealt with due to its 

relatively safe nature in comparison to more dangerous radioactive wastes, but still possesses a 

considerable health hazard. Any nuclear facility built before the 1985 ban on certain asbestos 

materials (amosite and crocidolite), and a few built before the 1999 outright ban on all identified 

asbestos, will contain asbestos and will need to be disposed of in compliance with both nuclear and 

ACM health regulations.  The use of a plasma furnace to meet this criterion was tested in this 

sample, with the main objective of rendering the relevant asbestos inert as to allow disposal in 

landfill (for non-nuclear waste), and to a lesser extent, achieve higher waste loadings and waste 

volume reduction than other thermal techniques. 

Radioactive isotope simulants were added to some of the waste streams, chosen to emulate as 

closely as possible the chemical nature of the actual elements thought to be present in the waste 

stream, where this has been done the elements being simulated are noted. Where information was 

supplied on these surrogates, the minimum mass needed to simulate them is given as 

estimated/calculated to be in the actual waste stream itself. The most prominent of these 

surrogates (and used in the largest amount) is that of cerium, a surrogate for plutonium. Cerium has 

been proven to be one of the best chemical surrogates for plutonium, and suffices in this role in 

many fields [169], however limitations exist on cerium as a surrogate, such as the role of calcium 

reacting between uranium and plutonium, versus cerium [169]. The inadequacy of cerium as a 

chemical surrogate are beyond the scope of this work, and can be found elsewhere [170,171]. 

Similarly, none of the surrogates used here can fully simulate the chemical nature of the actual 
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elements and will require repeat trials using the real elements to confirm similar behaviour. A list of 

chemical surrogates for a range of radioactive isotopes can be found here [172].   

Table 1: Samples received from Sellafield produced by JH-ICV and plasma technology showing the waste type 
used and the abbreviation for them: JH-PCM, JH-HMS, JH-SIXEP, PF-HMS, PF-Asb, and PF-HMS2. 

Production 
method 

Waste  Short hand 
name 

JH-ICV Magnox sludge surrogate and Plutonium Contaminated 
Material 

JH-PCM 

JH-ICV High Metal Surrogate, including SIXEP and PFC JH-HMS 

JH-ICV SIXEP sand/Clinoptilolite mix and PFC silo waste JH-SIXEP 
Plasma furnace High metal surrogate PF-HMS 

Plasma furnace Asbestos PF-Asb 

Plasma furnace High metal surrogate PF-HMS2 

 

3.1.1 Joule Heated-Plutonium Contaminated Material  

The standard JH-ICV waste treatment involves placing the waste in a cubic container, with 4 graphite 

rods in each corner acting as electrodes to supply the heat. The treatment of these particular wastes 

involves a GeoMelt hybrid method which uses 2 stages to treat the wastes: 

1) Simulant waste was first placed in the container without sorting and as is needed with such 

technology a starter path was added between the electrodes, the arrangement of this is 

schematically shown in Figure 16. The starter path is used to allow a conductive pathway 

between the electrodes to initiate heating in an otherwise non-conductive waste media. In 

addition, a combination of glass forming/waste material was placed on top of the starter 

path. Power was then supplied to the electrodes which cause the starter path/waste/glass 

forming material to form an electrically conductive melt. It must be noted that the entire 

container was not filled, a portion was left empty. 

2) Following stage one additional waste was fed into the ICV container, while power was 

supplied to the electrodes (continuing the process), this continued until the level of waste 

reached a satisfactory height for the container allowing the container to be completely filled. 

The main advantage of this technique is its ability to maximise the amount of waste in the container, 

as the anticipated glassy wasteform results in a significant waste volume reduction. If all the waste 

had been added at the beginning the container would not have been completely full at the end of 

the process. The alternative treatment used is when the container is completely full, and the starter 

path placed on top of the waste, as the heat propagates downwards and out, rather than upwards 

and out, the result is a far more efficient treatment process. The maximum temperature achievable 

with this JH-ICV is 1800 oC and can be controlled to match the wasteform being treated. 
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Figure 16: Sketch of the GeoMelt hybrid method from above looking down. Black circles show the location of 
the graphite electrodes with the starter path shown in red/orange [prepared by author]. 

Two unique waste streams; PCMs and SIXEP Magnox sludge were used. 334 kg of a variety of 

simulated PCM and glass forming materials were added in stage 1 followed by 425 kg of simulated 

Magnox sludge, no interruption of power occurred during the entire process. The compositions of 

the simulant wastes are shown in Table 2. 

The steel, PolyVinyl Chloride (PVC) gloves, rubber, cellulose, and polyethylene were partially packed 

into 48 carbon steel tin coated cans and compacted. The cans were then placed in a separate small 

container and filled with Ordinary Portland Cement (OPC); these were then placed into the melter. 

The reason behind this methodology was to simulate a scaled 200 litre carbon steel waste drum 

loaded with PCM debris which has been compacted inside a 500 litre stainless steel over-pack drum.  

Non-radioactive surrogates were used to simulate their radioactive isotopes Ce, Cs, Sr, Co,and Eu 

being used to simulate, specifically, 144Ce, 137Cs, 90Sr, 60Co, 241Am, and 154/155Eu. Cerium, in addition to 

being used to simulate Ce144 was also used to simulate plutonium, and rhenium was used to simulate 
99Tc. Note the cerium was added in the form of misch-metal, whilst the composition of the misch 

metal was not given, it is assumed to be of similar composition to those used in other trials using this 

method (66.6% Ce, 33.3% La). The various amounts of these elements added are outlined in Table 3, 

which also displays the minimum amounts of these elements necessary to be detected in sample 

analysis, specifically ICP-MS and ICP-OES. 
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Table 2: Composition of simulant wastes elements. *no information was supplied on the chemical content of 
these materials, other than they were included as glass forming additives. ^ Flux is added material to lower the 
glass transition temperature, no compositional data was given. No error ranges were given in the supplied 
information [173]. Note; the local soil composition by elements was estimated using British geological survey 
data of the soil composition in the area around Sellafield.  

Stage 1: PCM simulant waste       

Component 
Mass of feed 
(kg) Elements wt% 

        

Carbon steel drum fragments 78.9     

Stainless steel drum 7.1 

Carbon 0.04 

Chromium 18.1 

Nickel 8.1 

Iron 73.76 

Misch metal* 0.49 

Lanthanum 33.68 

Cerium 66.11 

Praseodymium 0.11 

Neodymium 0.11 

PVC gloves 24.1     

Rubber 9.7     

Polyethylene as grocery bags 5.4     

Portland cement* 27 

Silica 22.45 

Alumina 5.1 

Iron Oxide 4.08 

Calcia 64.29 

Magnesia 2.04 

Potash 1.02 

Soda 1.02 

Local soil and flux*^ 163 

Silicon 65 

Aluminium 20 

Iron 7 

Magnesium 2.3 

Calcium 6 

Total 334   
      
Stage 2: SIXEP waste     
Demineralised water 63.96   
Misch metal* 2.93   
Brucite (Mg(OH)2) 82.26   
Local soil* 276.25   
Total  425.4   
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Table 3: Mass of waste surrogate elements added in g [173]. 

 
Staged portion SIXEP portion 

Material  Minimum mass needed 
(g) 

Actual amount 
(g) 

Minimum mass needed 
(g) 

Actual amount 
(g) 

Cerium 16 490.4 10 2928.7 

SrCO3 0 0 15 15 

Cs2CO3 8 8 5 5 

Re2O7 0 0 10 10 

Eu2O3 8 8 5 5 

Co3O4 7 7 5 5 

 

The final wasteform as received is shown in Figure 17. 

 

Figure 17: An image of the as received wasteform.  

Table 4 reveals the calculated final composition of the wasteform, however due to partitioning this 

may not be representative of the composition of the phase(s) present. 
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Table 4: Calculated global elemental composition of the sample JH-PCM, calculated based on waste content, 
along with additions to promote glass forming.  

Element Wt%  Element Wt% 

Si 35.712  Pr 0.001 

Al 13.184  Ny 0.001 

Ca 5.557  Cr 0.187 

Fe 22.193  Cs 0.007 

Mg 13.491  Eu 0.007 

La 0.168  Co 0.022 

Ce 0.329  Re 0.015 

Na 1.357  Sr 0.022 

K 1.958  Ni 0.084 

C 5.706    
 

 

3.1.2 Joule Heated-High Metal Surrogate 

Trials producing the JH-HMS wasteform were to determine how the JH-ICV process could cope with 

diverse high metal content wastes categorised as ILW consisting of various shapes and sizes and 

those that may be considered difficult to process via conventional means. A summary of the various 

waste simulant is shown in Table 5 and Table 6. In addition to the 41 kg of surrogate waste material 

added, it was reported that 69 kg of glass/silica frit was added, and 28 kg of Fe2O3 was added as an 

oxidising agent.  

This trial used a refractory (monolithic cast, aluminosilicate) lined 500 litre stainless steel ICV 

container, the inner refractory was separated from the rest of the container by a layer of silica sand.  

Similar to sample JH-PCM, non-radioactive surrogates were used to simulate their radioactive 

isotopes Ce, Cs, Sr, Re, Ru, and Eu being used to simulate, respectively, 144Ce, 137Cs, 90Sr, 99Tc, 103Ru 

(can additionally act as a surrogate for 99Tc), and 154/155Eu.  
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Table 5: Waste composition in wt%, mass, and volume [173] 

Material Form 
Mass 
(kg) Element wt% 

          

Stainless steel Plate of bars 9.55 

Carbon 0.04 

Chromium 18.1 

Nickel 8.1 

Iron 73.76 

Mild steel Skip vessel 10.5 

Carbon 0.3 

Silicon 0.25 

Manganese 0.8 

Sulphur 0.02 

Phosphorus 0.02 

Iron 98.62 

Al Plate or bars 3.8     

MgO/cement/organics Round bars 1.85 

Silica 22.45 

Alumina 5.1 

Iron Oxide 4.08 

Calcia 64.29 

Magnesia 2.04 

Potash 1.02 

Soda 1.02 

Misch Metal  Square bars 11.45 

Lanthanum 33.68 

Cerium 66.11 

Praseodymium 0.11 

Neodymium 0.11 

MgO/cement/organics Powder/pieces 3.9 

Silica 22.45 

Alumina 5.1 

Iron Oxide 4.08 

Calcia 64.29 

Magnesia 2.04 

Potash 1.02 

Soda 1.02 

Total   41.05   
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Table 6: Composition of radioactive surrogate elements added to JH-HMS waste [173]. 

Item Mass (g) 

Eu2O3 5 

Cs2CO3 5 

Re2O7 6 

SrO 5 

RuO2 5 

A steady treatment of 16 h produced the final wasteform, the temperature in the furnace varied 

between 1200-1250 oC however a melt temperature of 1415 oC was determined to be the necessary 

temperature to achieve full dissolution of all waste elements. Once the reactive elements were 

treated this temperature was employed for the remainder of the processing, however the time at 

which this temperature was achieved throughout the waste was difficult to state accurately due to 

the location of the thermocouples used to determine the temperature of the mix. These were placed 

at strategic locations from the bottom up; the first thermocouple to show temperatures above the 

nominal 1200 oC was 360 mm above the bottom (highest elevated thermocouple) after 6 h 

treatment. In addition, reduction and increase to the power supplied to the furnace, and thus the 

temperatures, allowed for varying temperatures throughout the processing. The exact temperature 

of the melt was further convoluted by the migration of molten waste with differing thermal 

properties towards a thermocouple. 

No mixing was employed; this was due to the low viscosity of the waste melt at the temperatures 

involved; it was predicted that sufficient convective mixing would occur to mix the sample. 

Hot air was used to cool the waste during processing under pressure to ensure that the air leaving 

would not form water in the off-gas filters. 

The final wasteform following thermal processing is shown in Figure 18. 
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Figure 18: Image of the wasteform as received. 

 

Table 7 reveals the total composition of the wasteform by elements, but due to partitioning of 

elements in various phase(s) may not be representative of the composition of any one phase. 

Additionally, only a small portion of the final wasteform (138 kg) was received, and may not be 

representative of the entire wasteform.  

Table 7:Calculated  global elemental composition of the sample JH-HMS, calculated based on waste content, 
along with additions to promote glass forming. Note; these values may not be representative of the wasteform 
received, as only a small portion of the final material was sent for analysis. 

Element Wt%  Element Wt% 

Si 54.81  C 0.03 

Al 3.16  Mn 0.06 

Ca 2.85  S 0.00 

Fe 28.69  P 0.00 

Cr 1.33  Pr 0.01 

La 2.98  Ny 0.01 

Ce 5.84  Mg 0.09 

Na 0.05  K 0.01 

Ni 0.06    
 

 

3.1.3 Joule Heated-SIXEP  

Further to JH-PCM which was the first of a two-part trial, this is a description of the second.  

Trial 2 again involves two waste streams, that of sand and clinoptilolite (SIXEP) and PFC silo waste. As 

was described in the treatment of the wastes for JH-PCM the process involved two basic methods of 

initial melting. The first was used in JH-PCM the second in this case a top down approach method 
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was used. For this method, all the waste and glass forming material is added at once to fill the 

container, a starter path is then laid between the electrodes and power supplied. This causes the top 

layer of waste to become molten via Joule heating and with the continued input of electricity will 

eventually melt the entire container from the top down. This is illustrated in Figure 19. 

 

Figure 19: Schematic of how melting proceeds during JH-SIXEP waste treatment, (a) waste (orange) is added 
with a starter path layered on top (red).(b) the graphite electrodes are steadily lowered into the mixture of 

waste and molten waste (light blue) with the top solidifying (dark blue) and (c) the final wasteform is 
completely solidified [prepared by author] . 

The container itself was an 80cm2 x 100cm deep square box, stainless steel on the outside with a 

refractory lined interior; the refractory is pre-cast alumino-silicate panel and granular silica. 

The addition of the waste streams/glass former was performed in stages, initially a 2.54 cm deep 

layer of glass former was placed on the base silica and inner surface, the pile fuel cladding silo waste 

was then continuously loaded whilst at different elevations 2.54 cm diameter by 15.24 cm long 

magnesium rods were placed in too. Following this sand/ clinoptilolite combination was added filling 

the remainder of the container dedicated to waste, the starter path layer was placed on top along 

with the graphite electrodes. The composition of the PFC, sand/ clinoptilolite combination, and mass 

of radioactive tracer elements is shown in Table 7and Table 8. Note, although the tracer elements 

were assembled along with the other wastes before being added to the other wastes, an error made 

by Sellafield resulted in the omission of all tracer elements. 

Non-radioactive surrogates were used to simulate their radioactive isotopes Ce, Cs, Sr, Co,and Eu 

being used to simulate, specifically, 144Ce, 137Cs, 90Sr, 60Co, 241Am and 154/155Eu 
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Table 8: Mass of simulant pile fuel cladding waste added and Composition of waste added to simulate 
sand/clinoptilolite mixture for JH-SIXEP. [173] 

Pile Fuel Cladding Silo waste    

  
Mass 
(kg) Element Wt% 

C - Graphite 13.5     

CaCO3 -Limestone 5.5    

Fe- Steel  14.8    

Mg- Metal rods 16    

Mg(OH)2 - Brucite 4.3    

Al2O3-Alumina 4.3    

Cellulose HEPA 2.2    

Hydraulic oil 0.3    

Total 60.9    

      

      

Sand/Clinoptilolite       

        

Demineralised water 34.1     

Clinoptilolite 42.4 

Na 1.647 

K 2.802 

Ca 2.872 

Al 7.734 

Si 28.177 

O 55.034 

H 1.734 

Silica sand  10.5     

Ce/La- Mish metal 0.8 

La 33.68 

Ce 66.11 

Pr 0.11 

Ne 0.11 

Mg(OH)2 Brucite 4    

Al2O3-Alumina 0.1    

CaO-Quicklime 0.4    

Fe2O3- Hematite 0.1    

Na2CO3-Sodium carbonate 0.2    

K2O - Potash 0.2     

 Total 92.8   
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Table 9: Mass of waste surrogate material added to simulate radioactive material, in g for sample JH-SIXEP. 
[173] 

Radioactive tracer materials 
   

     
 

Minimum mass needed 
(g) 

Mass added (g) 
 

  
From trial 1 

HEPA 
Additional 
surrogates 

Total 

Ce 
(mischmetal) 

420 0.2454 575.484 575.72
9 

SrCO3 6 0.9491 14.837 15.787 

Cs2CO3 7 0.9673 16.317 17.284 

Re2O7 8 0.1584 0 0.1574 

Eu2O3 7 0.0173 10.367 10.383
9 

Co3O4 7 0.0101 17.068 17.087
2      

The final wasteform as receieved is shown in figure xx. 

 

Figure 20: An image of the wasteform as received. 
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Table 10: Calculated global elemental composition of the sample JH-SIXEP, calculated based on waste content, 
along with additions to promote glass forming. Note; these values may not be representative of the wasteform 
received, as only a small portion of the final material was sent for analysis. 

Element Wt%  Element Wt% 

Si 16.260  Ny 0.001 

Al 6.048  Pr 0.001 

Ca 5.041  K 1.889 

Fe 20.191  La 0.367 

C 21.776  Ce 0.720 

Mg 26.484  Na 1.223 
 

3.1.4 Plasma Furnace-High Metal Surrogate 

Tetronic’s plasma furnace was used to melt various waste metals, consisting of stainless steel, mild 

steel, magnesium, and aluminium alloys with the objective to fully incorporate these metals into a 

low melting vitrified phase.  The high melting point of some metals and the volatility of the 

magnesium made this challenging, leading to several trials to fully accomplish this goal. The plasma 

furnace can potentially reach temperatures of 1800 oC, however, the thermocouple used had a 

maximum temperature capability of 1200 oC making exact measurement impossible. 

The waste metals used consisted of a hollow stainless steel block (unknown dimensions and 

thickness, composition shown in Table 11), mild steel rods (composition shown in Table 12), 

aluminum rods, and magnesium rods. The composition of the magnesium rods is only cited of being 

commercial quality, whilst the aluminum rods were sourced internally; no other information was 

given regarding the origins of the materials nor the amount added. These were used to simulate the 

wastes contained in the PFC silo specifically the PFC, a magnesium lithium alloy, and the aluminium 

nitride for decay to carbon 14. The magnesium and aluminium rods were placed inside the stainless 

steel block, which in turn was placed inside a copper crucible (600 mm inner diameter) together 

totaling 6 kg of metallic waste. An addition of  0.39 kg of slag maker (composition shown in Table 13) 

was added before thermal processing. A screw feeder connected to the furnace then fed the rest of 

the slag maker into the crucible when turned on at a rate of approximately 5.5 kg/hr, in total 9.1 kg 

of slag (including the initial slag) was present. This resulted in a 1.5:1 ratio of slag to metal waste.  

Table 11: Composition of stainless steel used, as per ASTM 304 used as a waste simulant in sample PF-HMS. 
[173] 

Stainless steel wt% 

Carbon 0.04 

Chromium 18.1 

Nickel 8.1 

Iron 73.76 

Total 100 
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Table 12: Mild steel composition used as a waste simulant in sample PF-HMS. [173] 

Mild steel wt% 

Carbon 0.3 

Silicon 0.25 

Manganese 0.38 

Sulphur  0.02 

Phosphorus 0.02 

Iron 98.62 

total 99.59 

 

 

 

Table 13: Composition of slag maker used in sample PF-HMS. [173] 

Formula Slag maker composition, trial 5 wt% 

SiO2 Silica 50 

Al2O3 Alumina 20 

CaO Lime 30 

 

Feed tubes supplied air to the furnace at 150 Normalised litres per minute (Nlpm) along with 20 

Nlpm via the sparge ring. Due to pressure issues the feed tube air pressure was reduced to 75 Nlpm 

during the processing. The graphite electrodes used were used in a sacrificial method, thus 

becoming incorporated into the vitrification process. The recorded mass losses on the cathode and 

anode are shown in Table 14. 

Table 14: Graphite anode/cathode initial, final and mass loss in g. [173] 

Graphite electrode consumption Anode Cathode 

Initial mass (g) 1865 2055 

Final mass (g) 1695 1900 

Mass loss (g) 170 155 
 

One part of the wasteform as received is shown in Figure 21. 
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Figure 21: An image of one part of the wasteform as received. 

 

3.1.5 Plasma Furnace-Asbestos 

Simulant slag was added to the plasma furnace and heated at 1600 oC at atmospheric pressure until 

thermal equilibrium was reached, which occurred after 1.5 h, this was designed to give a glassy 

wasteform with a liquidus of approximately 1400oC. Overall, 70 kg of slag (composition in Table 15) 

was used over the course of 5 h. ACM waste was then added over 3 h involving a total of 42.5 kg of 

asbestos waste, a mix of amosite (~26.5 kg pure amosite (Fe7Si8O22(OH)2)).) and chrysotile (10 kg 

pure chrysotile (Mg3Si2O5(OH)4)Most of the amosite used was saturated with water (~26.5 kg), a 6 kg 

portion of material was an amosite/chrysotile mix and was wet; to the same extent as the pure 

amosite portion. No quantifiable information was supplied on how much water was contained in the 

“wet” amosite/chrysotile mixture. 

Table 15: Composition of the glass forming mix added [173]. 

Formula Name Wt% 

SiO2 Silica Sand 33.7 

CaO Burnt Lime 58.8 

Al2O3 Bauxite 3.2 

Fe2O3 Iron Oxide 4.3 

The arc was initiated by electrode contact with a voltage of 400 V and sustained until plasma current 

was detected. Typical arc voltages of 130 to 180 V were observed when the ACM was being 

processed and around 100 to 110 V during operational periods without ACM feed. Steady state 

operating currents were set at 1100 Amps through a balance of plasma stability and the process 

gross power requirement. The typical power input while processing ACM varied between 150-170 

kW with occasional peaks at 250 kW (probably as a result of variations in the ACM water content).  

The gross energy requirement for handling wet ACM of different characteristics was calculated to be 

approximately 100 kWh tonne-1 and, therefore, with a feed rate of 0.059 tonnes per hfrom an 

assumed hearth feed rate loading of 0.18 tonnes h-1 m-2, the anticipated gross power requirement 

https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydroxyl
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was 150 kW. Argon was used as the plasma gas and the electrode gas flow rates were maintained 30 

Nlpm during the heat to stabilise the plasma arc, with a typical 150 mm arc length. 

The as received material is shown in Figure 22. 

 

Figure 22: An image of the as received material. 

Table 16 reveals the total composition of the wasteform based on the background composition 

provided. Note due to partitioning of elements amongst the phase(s) this may not be representative 

of the composition of any one phase. 

Table 16: Calculated global elemental composition of the sample PF-Asb, calculated based on waste content, 
along with additions to promote glass forming. Note; these values may not be representative of the wasteform 
received, as only a small portion of the total wasteform was received.  

Element Si Ca Al Fe Mg 

Wt% 31.217 46.093 0.929 9.599 12.162 
 

3.1.6 Plasma Furnace-High Metal 2 

The wasteform as received from Sellafield Ltd, comprised of a translucent green glassy material with 

approximately 0.5 g of a metallic and/or metal oxide mixture, separate from each other and easily 

separated by hand. The green portion of the sample is displayed in Figure 23, the brown tint was a 

thin powdery layer that fell off the sample upon further handling. The green portion of the material 

also had areas of black within it that were also translucent. 
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Figure 23: Picture of the bulk material as received from Sellafield of sample PF-HMS2, scale is shown in cm. 

Simulant waste was designed to represent three key ILW; Pond solids, PFC and PCM wastes (exact 

compositions shown in Table 17). To further simulate the conditions of handling the actual active 

materials, no sorting was performed during preparation and processing. Simulant radioactive waste 

was used to mimic the chemical behaviour of PCM. The mischmetal used to simulate trans-uranic 

actinides, whilst specific elements were added to simulate their radioactive counterparts, namely 

crystalline caesium nitrate (99.8% pure, impurities composition not supplied) to simulate 137Cs, 

europium oxide (99.999% pure) to simulate uranium, and rhenium pellets ( <99.9% pure)to simulate 

technetium. Magnesium oxide powder (325 mesh) was used for the magnesium oxide outlined in 

Table 17and Empera polystyrene granules were used as a substitute for nitrile gloves and for other 

organics that may be present as ILW. OPC was also added, as a rough simulant for cement from 

decommissioned buildings that may be present in the waste silos.  

The same initial waste set up as described in section 3.1.1 JH-PCM was used, waste components 

were added to the crucible before thermal processing. However, europium oxide, caesium nitrate, 

OPC, magnesium oxide, rhenium pellets, mischmetal, and polystyrene were added in addition to the 

hollow steel block (containing the aluminium and magnesium rods). This decision was made to fully 

simulate how an untreated waste container/skip would appear. In total, approximately 10 kg of the 

pre-thermally treated waste was added and ~0.3 kg of slag maker. A further 9.7 kg of slag maker was 

then added after establishing a plasma arc; via screw feeder at a rate of 5.5 kg/hr. The composition 

of the slag is shown in Table 18.  
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Table 17: Composition of the various wastes used as simulant, each waste is broken down into its elemental 
composition when appropriate. Error ranges were not given [173]. 

PF-HMS2 Wastes Waste wt%  Elements  Wt% 

        

Stainless steel 24.68 

Carbon 0.04 

Chromium 18.1 

Nickel 8.1 

Iron 73.76 

Mild steel 20.17 

Carbon 0.3 

Silicon 0.25 

Manganese 0.8 

Sulphur 0.02 

Phosphorus 0.02 

Iron 98.62 

Aluminium rods 9.96   

Magnesium rods 4.51     

Mischmetal 26.57 

Lanthanum 33.68 

Cerium 66.11 

Praseodymium 0.11 

Neodymium 0.11 

Europium oxide 1.04   

Caesium Nitrate 2.49     

Rhenium 0.67   

Polystyrene 3.30     

Magnesium 
oxide 

3.30   

OPC 3.30 

Silica 22.45 

Alumina 5.1 

Iron Oxide 4.08 

Calcia 64.29 

Magnesia 2.04 

Potash 1.02 

Soda 1.02 

Total 100.00   
 

 

Table 18: Composition of the slag maker added [173]. 

Formula Slag maker wt% 

SiO2 Silica 50 

Al2O3 Alumina 20 

CaO Lime 30 
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Table 19 reveals the overall composition of the wasteform, based on the background information 

received. Note that due to partitioning of elements in phase(s) this is not representative of the 

composition of any one phase. For instance, an issue documented in the processing of this 

wasteform was the formation of a metal rich phase at the bottom of the melter, as no such material 

was analysed, this would result in a depletion of these elements in the analysed wasteform, along 

with a corresponding increase in other elements. 

Table 19: Calculated global elemental composition of the sample PF-HM2, calculated based on waste content, 
along with additions to promote glass forming. Note; these values may not be representative of the wasteform 
received, as only a small portion of the final material was sent for analysis. 

Element Wt%  Element Wt% 

Si 25.482  K 0.017 

Al 15.115  Cs 1.249 

Ca 16.115  Eu 0.522 

Fe 19.180  S 0.002 

Cr 2.241  P 0.002 

La 4.490  Pr 0.015 

Ce 8.812  Ny 0.015 

C 1.691  Na 0.017 

Mn 0.081  Ni 1.003 

Mg 3.952    
 

 

3.2 General sample preparation 
 

Unless stated otherwise, the term “ground” is used in the context of reducing surface roughness of 

bulk samples using an abrasive held fixed; the procedure involves using silicon carbide paper in six 

steps using 400, 600, 800, 1200, p2400, p4000 grit paper with 2 mins at each step, using the Buehler; 

8” MetaServ 250 single grinder-polisher. Grit p4000 has a median particle size of 2.5 µm [174].  

Similarly, the term “polishing” refers to a two-step polishing regime using loose abrasive particles; 

this is not in addition to the grinding regime; the two are not necessarily performed together. The 

sample is first polished using a 3 µm diamond suspension for 3 mins, after which it is washed in still 

water and then re-polished for 4 mins on a 1 µm diamond suspension. Polishing was performed on 

the Buehler; 8″ Single Speed Grinder/Polisher. 

Any powders mentioned refer to a sample that has been crushed using a pestle in a mortar such that 

it sits on top of a 38 µm sieve but fell through a 63 µm sieve unless stated otherwise. Following 

sieving the powder was washed in acetone. 
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3.3 Characterisation 
 

3.3.1 Scanning Electron Microscope 

Samples were ground and polished, and because of the non-conducting nature were coated with 

either gold or chromium using: 

- Gold: EMITECH K550 at 25 milliamps for 1 min. 

- Chromium: Quorum Q150TS ,pre-set program for 20 nm layer thick. 

Gold or chromium were chosen to not interfere with elements known to be present in the samples 

for EDX analysis, based on the chemical composition as was determined from section 3.1. For 

instance, samples known to contain lanthanum, cerium, praseodymium, and neodymium were 

coated using gold rather than chromium, due to the Kα peak of Au overlapping with the minor 

actinide elements Mα. Carbon was not chosen to allow determination of the presence of carbon in 

the material, if any.  

Following this they were then observed using Backscattered Electron Imaging (BEI), Secondary 

Electron Imaging (SEI), and Energy Dispersive X-Ray (EDX) results were collected. The Jeol JSM 6400 

Scanning Electron Microscope (SEM) was used at an accelerating voltage of 20 keV and a working 

distance of 15 mm, unless stated otherwise. High resolution images were obtained using the LEO 

Gemini 1520 Field Emission Gun (FEG) SEM, both the working distance and acceleration voltage 

were varied. 

Pre-corrosion tests were performed to allow comparison with the post corrosion SEM. Secondary 

electron and backscattered electron images were taken of areas of interest (such as a crystal or 

easily found feature) along with EDX results to allow a before and after comparison.  

Post corrosion, samples were gold-coated and analysed using BEI, SEI and EDX. Following these 

results, the samples were mounted in epoxy, cut in half and gently polished to reveal a cross 

sectional view of the sample. This exposed cross section was then coated with gold and re-examined 

using SEM-EDX to gather chemical data as a function of depth from the original surface. The main 

focus of this test was EDX line scans. Whilst point scans give qualitative/quantitative information on 

the chemical content at the specific point selected, line scans give only a profile of how the elements 

are distributed along a line, showing any increases or decreases as a function of distance. This makes 

line scans a very useful tool for analysing how the chemical composition changes as a function of 

depth.  

It is important to note that the interaction volume of X-rays under standard conditions is close to 1 

µm3, this is obviously undesirable for gel layers with thicknesses of <1 µm. To reduce the interaction 

volume as much as is possible, the acceleration voltage was lowered to 5 kV. The reduction was 

estimated to be approximately half, to 0.5 µm using the formula and basic assumptions shown in 

Equation 8.  

Penetration depth equation: 

𝑥(µ𝑚) =  
0.1 𝐸𝑂

1.5

𝜌
     (8) 
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Where Eo is the accelerating voltage in kV and  ρ the density of the sample in g/cm3 [175]. 

Typically, borosilicate glass has a ρ around 2.23g/cm3 giving a penetration depth of 0.501 µm using a 

5 keV accelerating voltage. 

The equation given for the width of the interaction volume is as follows: 

𝑦(𝜇𝑚) =  
0.077 𝐸0

1.5

𝜌
     (9) 

Where Eo is the accelerating voltage in kV and  ρ the density of the sample in g/cm3 [176]. 

The SEM principle is much the same as that of an optical microscope, however instead of light waves 

and an optical lens, electron and magnetic lenses are used, typically in a high vacuum to limit 

interference from dust particles however SEM’s do exist that can operate without a vacuum [177]. 

The use of electrons is due to their potentially small wavelength. The spatial resolution of an image 

is directly proportional to the wavelength of the photon used to convey the image; electrons used in 

this manner can have very high theoretical resolution as their wavelengths are in the region of 10pm 

in comparison to a limit of 500 nm for visible light. One important difference is the mechanism of 

image formation; an SEM forms the image with each pixel being formed sequentially, by scanning 

each spot before moving onto the next. 

Electrons are generated from an electron source; three sources currently exist for SEM applications 

however only two such sources were used in this study, a tungsten filament which produces 

electrons via thermionic emission, and a FEG, which as the name suggests, emits electrons through 

field emission; this provides a much higher image resolution than that of a tungsten gun.  More 

information regarding the sources can be found in “Review of electron guns” by Christian Travier 

[178]. 

Electrons are then passed through a series of magnetic lenses and focused into a narrow beam and 

on to the sample. Several signals are emitted as a result of electronic interaction, the ones utilised in 

this thesis are secondary electrons, back scattered electrons and characteristic X-rays, and the zone 

from which they are generated is termed the interaction volume. This is summarised in Figure 24. 
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Figure 24: Cross sectional view of the generic set up of an SEM, showing how the electron beam is focused as it 
passes through several electromagnetic lens’ before being directed onto the sample by a set of deflection coils. 

The relative position of the various detectors (BSE/X-ray, SE detector) and coils are shown. [prepared by 
author]. 

Although these signals are generated within the interaction volume, they originate from different 

portions of the interaction volume, the size of which is dependent on the density of the sample and 

the accelerating voltage applied to the electron source (and thus the energy of the electrons 

interacting with the sample) [179]. 

Each of the different signals is discussed in the following sections. 

3.3.1.1 Secondary Electrons 

Secondary electrons arise from the inelastic interaction of the primary electron with electrons in the 

sample, removing an electron from the atom it is bound to. The electrons produced are energetically 

weak, typically less than 50 eV and thus only those from the first new nanometres (~5 nm) escape 

the sample and are detected. The low energy nature and low penetration depth leads to a signal 

that primarily yields topographical features as crevices lead to reabsorption of electrons appearing 

dark, whilst raised surfaces and slopes allow more electrons to reach the detector appearing 

brighter. In addition, edges appear brighter due to enhanced emission at corners [180]. 
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3.3.1.2 Backscattered electrons 

Backscattered electrons (BSE) are electrons that have elastically interacted with the sample and have 

small sample escape angles, relatively to the electron beam. For this reason, the backscattered 

electron detector is usually a toroidal silicon solid state detector [181] placed directly above the 

sample, and such that the electron beam passes through the open centre. Production of BSE is 

dependent on the electron beam spot size, accelerating voltage, density of the material and 

chemical content of the investigated area.  Heavier atoms and atomically denser areas will create 

more BSE as the nucleus will have a larger field of influence.  It is for this reason that BSE imaging 

shows differences in composition with bright areas being atomically denser than darker areas. BSE 

originate from the lower half of the interaction volume, typically a depth of 1 µm, giving a similar 

spatial resolution. This can be influenced by the accelerating voltage and density of the sample. 

3.3.1.3 Energy dispersive X-ray spectroscopy 

The ejection of electrons in the sample atoms via inelastic primary electron collisions produces an 

unstable atom. This is instantaneously corrected by a high energy electron falling to the low energy 

position. By the law of conservation of energy, an X-ray is produced which is unique to that element. 

This allows for qualitative information regarding the chemical content of the specimen to be 

collected however quantitative data can also be obtained using standards calibrated by comparing 

their relative intensities. The resolution of EDX is similar to that of BSE and affected by the same 

factors.  

3.3.2 Depth Profiles 

Depth profiling features significantly in post corrosion sample analysis as a means to determine the 

concentration of elements as a function of depth. This involves mounting the sample in a nickel-

epoxy mix to ensure the resin is conductive in such that the attacked surface is embedded in the 

resin and not visible. The mounted sample is then removed from the epoxy container and cut length 

wise, such that the attacked surface and pristine version of the sample are visible, along with the 

surrounding epoxy. The sample is then gold coated, or chrome coated (based on preliminary results 

of the sample composition) and placed in the SEM for analysis. This process is outlined in Figure 25. 
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Figure 25: Process for sample preparation for depth profiling. 1) Sample attacked surface is determined 2) the 
attacked surface is placed at 90o angle to the epoxy mould, and epoxy is poured in and allowed to set. 3) the 
solid epoxy is cut in half exposing the pristine sample, the attacked surface and the epoxy. 4) sample is then 

coated, and placed as seen in the SEM for observation [prepared by author]. 

The prepared sample is then analysed using EDX line scans. This analysis technique differs from usual 

EDX results in that the concentration is not provided in wt% or at% but in the number of X-rays 

associated with a particular element, and a plot of the X-ray count versus the length of the pre-

determined line is formed. As already mentioned, EDX uses X-rays to determine the concentration of 

elements; it does so by plotting a graph of X-ray counts versus X-ray energies. Each energy is 

associated with a certain element, much like XRD peaks are associated with a certain crystal. The 

intensity of these peaks in comparison to each other allows qualitative analysis of the elements 

present.  Line scans are made up with two steps, the first performs the normal EDX scan over the 

entire line analysed giving the elements present over the line. Step 2 involves narrowing the search 

by only analysing the energy associated with the elements found present in step 1, and counting the 

X-rays associated with that element. This function is not done 1 energy value at a time but over the 

entire spectrum as set out by the user, for all samples this was in the 0-20 keV range. The result of 

this technique is an X-ray count profile over the line investigated. The line was chosen such that it 

went through the bulk sample, attacked surface and any corrosion layer present, and into the epoxy. 

This is summarised in Figure 26. 
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Figure 26: Example BSE image of a glass sample corroded for 10 weeks under MCC-2 conditions, superimposed 
on this image is the position of line-scan analysed (yellow line). The line scan, along with the sum of all X-ray 

counts over the line are illustrated in the spectrum; showing the total X-ray counts as a function of X-ray energy 
[prepared by author]. 

The results for this are plotted as X-ray counts versus length (µm) yielding a graph similar to that 

seen in Figure 27, however the scale relating to certain elements makes presenting these results on 

one graph impracticable. In this case the high counts for silicon would cause the other results to be 

dwarfed in comparison, and no information from the Na-Mg graph would be visible. The large scale 

of this technique used in this thesis made portraying the results as seen in Figure 27 also 

impracticable and so the results were normalised by the bulk values (100% is X-ray count in the 

pristine wasteform).  

Normalising the results utilised the relatively constant number of X-ray counts in the pristine glass as 

the number of X-rays that would be detected in an uncorroded wasteform as it was not in direct 

contact with the attacking solution, and was too far away from the surface to have any elements 

leached as was found from long scans stretching over 100 µm; for most samples no leaching was 

found past 10 µm depth. For instance, the bulk X-ray counts for silicon in this example would be 

4450 X-ray counts over the 10-15 µm range. Each point along the graph was then divided by this 

average, converting it to a percentage of the bulk X-ray count giving the more convenient graph 

shown in Figure 28. The final graph allows for any increase/decrease in the concentration of a 

particular element to be observed relative to the values that would be found in bulk.  

It must be noted that these do not reflect the actual concentration of these elements, normal EDX 

software forces the composition to sum to 100, hence the qualitative nature of EDX. This technique 

only shows the X-ray counts for each element, thus results for each element are independent as 
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would not be the case for EDX point scan results where an increase in one element must have a 

corresponding decrease in another element, this does not occur here.  

 

Figure 27: Example un-processed graph from an EDX line scan. The X-ray counts are plotted against length, the 
length is determined by the scale bar of the image used, the software extrapolates from the scale bar as to the 

length of the line chosen, in this case the length of the yellow line in Figure 26[prepared by author]. 

 

Figure 28: Example of a processed depth profile, by normaliing the results against the bulk values silicon is now 
easily observable on this graph as the green triangular points, retaining the profile observed in the previous 

graph, but allowing for quick comparison against the other elements [prepared by author]. 

This technique comes with both benefits and drawbacks. The benefits are numerous and include the 

following: 

• In comparison to other techniques, this is a quick means of determining the 

elemental profile, whilst other techniques such as focused ion beam trenches and 

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) are often costly and 

very time consuming. 

• Training time for this technique is minimal; a novice SEM-EDX user along with the 

correct software requires only modest training to properly use this technique. 

• Cost. SEM and EDX are extremely common, and are relatively cheap to use. This is 

the cheapest method to show a depth profile. 

The drawbacks are mostly based on the quality of the information received.  
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• The more expensive and time consuming techniques already discussed provide 

much more detailed information on the sample, including more accurate results, 

and include elements otherwise not detected by EDX. 

• The spatial resolution is a limitation to this method. Under normal conditions this 

can be 2 µm but with adjustments to accelerating voltage, incidence angle of the 

electron beam, stage height, and the type of filament used this can be reduced to 

0.5µm. 

• The results collected show a profile, rather than a quantifiable concentration, whilst 

useful this may not be appropriate for other wasteforms.  

This technique was chosen as a means to quickly determine whether a waste-form is worth more, in-

depth analysis. Glass corrosion studies often jump to the more advanced techniques, when both 

money and time could be saved should this technique show the waste-form is unsuitable for 

disposal allowing more time and resources to be committed to the more promising wasteforms. 

Error for this method was chosen to be no more than ±5% (of bulk values) for each data point, the 

error will be a function of the square root of the total X-ray count, longer scan times increased the 

total number of X-rays thus allowing for smaller error. Due to machine error, sample PF-Asb depth 

profiles are shown with error bars as longer scan times could not be employed resulting in a higher 

error for certain elements.   

3.3.3 Scanning Electron Microscopy; Further Notes 

SEM and EDX were first used to observe the presence and composition of the phase(s) present, for 

any material where a possible crystalline phase was present through visual inspection this was the 

first technique used. BEI was favoured over SEI for use in determining the location of the crystalline 

phase present in this sample. However not all samples produced an image where these phases were 

easily observable and distinguishable, thus further steps were taken to help detect these phases and 

analyse the differences between them. In addition, the inherent nature of EDX point scans make 

certain observations difficult, such as determining what element has increased/decreased in 

comparison to a previous scan as the results are forced to sum to zero, an increase in one element 

must have a corresponding decrease in another, or in all. The spatial resolution of EDX also makes 

determining the composition of small particles (diameters <2 µm) problematic as the scan will 

invariable include X-rays from the surrounding region, convoluting the results; this is better seen in 

Figure 29. To help with this problem, the settings of the SEM were adjusted to lower the width of 

the interaction volume, thereby decreasing the minimum width for accurate readings. The 

accelerating voltage was decreased from 20 keV to 15 keV to 10 keV and to 5 keV. This was expected 

to reduce the interaction volume width to around 1.5 µm (for 15 keV) and 0.3 µm (for 5 keV), and 

hence the spatial resolution was reduced to this width (see Equations 8 and 9, section 3.3.1). The 

spot size of the electron beam is dependent on several variables and cannot be calculated. However, 

the spot size was in the region of 10 nm (estimate 1-50 nm range), and therefore not the limiting 

factor for spatial resolution. 
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Figure 29: A mock example of how EDX scans cannot be representative of the actual composition. In this 
example the particle is ~2 µm wide. The region being scanned is shown as a red circle leading to results which 
include the surrounding regions composition. Typically, EDX point scans are shown as points (red dot) rather 

than the area being scanned (red circle) as the region scanned is influenced by a range of factors [prepared by 
author]. 

A second tool which helps with the issues surrounding the spatial resolution of EDX, is the use of EDX 

mapping, whilst these are still governed by the limitations on EDX spatial resolution, they can help 

by showing an increase/decrease in the number of X-ray counts associated with an element. This is 

not as noticeable in EDX point scans which forces the wt%/at% numbers to sum to 100, and might 

show an increase in one element, as a greater decrease in another element occurs and vice versa. 

Further, because the point scans are extremely close to one another (<1µm) they are much more 

sensitive to composition changes as they can show the increase/decrease of an element going into a 

small phase, such as the example one shown in Figure 29. If the mapping showed that, for instance, 

Fe increased in the sample region, before decreasing again to zero when leaving the sample then it is 

safe to assume that the particle consists of iron. Conversely if the amount of silicon decreased to 

zero going into the particle and rose again going out, then it is likely no silicon exists in the particle. If 

no other elements are detected then it can be said the particle consists of only iron, even though the 

particle may show signs of containing silicon. This of course can be accomplished by using multiple 

point scans instead of mapping, however this method is time consuming and the same conclusion 

can be reached in minutes using mapping in comparison to hours when using multiple individual 

point scans. This method is shown in Figure 30, the mock graph is linear, but this method is applied 

on a 2-dimensional scale making the process easier. 
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Figure 30: A mock example of how EDX mapping can help show the real composition of a particle, to some 
extent overcoming the spatial limitation. This will, to some degree, allow certain elements to be shown as 

either lower in composition than a single EDX point would show, or completely remove altogether. In this case 
the particle is pure Fe [prepared by author]. 

Where similarly composed phases were present in close proximity to each other, high contrast BEI 

was employed, whereby changing certain parameters results in better contrast but a “noisier” 

image. This technique is used due to the inability of BSE to distinguish between phases of similar 

composition, usually BSE can distinguish these phases but issues arise when the phase composition 

is close, and will vary from sample to sample. Generally, by altering the energy of the primary 

electrons the number of backscattered electrons produced by either atomically denser phases or by 

phases containing heavier elements, can be increased or decreased. This is done by lowering the 

accelerating voltage from 20 keV to 10 keV. The large decrease in accelerating voltage results in a 

large loss of total BSE production making a clear image harder to obtain. This was compensated for 

by using a longer scan time, typically the scan time was increased from a 2 mins to 5-10 mins, 

dependant on the resulting image. 

The compositional accuracy of EDX (not based on spatial resolution) was checked by analysing 

against several known materials; the brass sample holder, and 4 standards used in calibration for 

wavelength dispersive X-ray spectroscopy (MgO, pure Si, NaAlSi3O6 (albite field), and CeAl). For this 

method, 10 EDX point scans were performed on each standard and averaged, this resulted in an 

accuracy of 0.1-2 wt% from the predicted stoichiometric wt%; the more complex the material 

(number of elements present) the greater the error.  As the most complex material referenced for 

EDX was the NaAlSi3O6 and most of the GCMs analysed here were even more complex, it is difficult 

to establish an absolute upper error.  As the albite material had an error of 2 wt%, this will be taken 

as the upper limit. Although 2 wt% is the established maximum error, error limits for EDX results will 

be presented as either the average from a series of EDX points, or the inherent error of EDX reported 

by the manufacture of 0.1 wt%, whichever is greater. The reason behind this choice is the method of 

calculating the error; although 2 wt% was found as a maximum this was a rare occurrence, and not 

the case for all the reference samples where on average, the error was approximately 1 wt%. Rather, 
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this should be noted as the upper error limit, with the presented error being representative of only 

the available information from the analysis.  

Carbon and oxygen was observed as an impurity (in all samples) in amounts no greater than 0.5 wt% 

and 1 wt% respectively, and was present as organic surface contamination. This was repeated for 

when the standards were coated in gold, and again in chromium (on different dates). This resulted in 

a higher error for when the peaks of Au and Cr interfered with elements in the standards of 

approximately 5 wt%. This result led to the decision to first analyse each sample twice, once coated 

in gold, a second time in chromium to assess what elements were present and select the coating 

most appropriate for the material.  

3.3.4 X-Ray Diffraction 

Solid samples were held in place by plasticine to achieve a level surface. Powder samples 

(approximately 50 µm average particle diameter, ± 20µm) were placed on a single crystal; zero 

background substrate of silicon, the single crystal was cut such that the diffraction peaks would be at 

a large 2θ and so not appear on the trace. The powder was then flattened out using a glass slide. 

Diffraction was carried out using a Bruker D2 Phaser, using a step size of 0.0249 2θ between 20-70 

2θ. The total time for each analysis varied from 1 to 8 h. Following this, the program X-Pert 

HighScore Plus was used to identify the phases based on the detected diffraction lines. HighScore 

Plus uses the International Centre of Diffraction Data (ICDD) to do this. 

 

X-ray diffraction (XRD) is a technique that utilises X-rays to probe the crystalline structure of a 

material, and provides unique information of its structure, allowing for identification of materials 

based on the measurements taken, by comparing to known crystalline XRD patterns. This analysis 

method works in an almost identical way to fingerprint analysis, and has the same drawbacks: it only 

works well for materials that are known and have been previously documented. 

X-rays are electromagnetic radiation produced by electronic transitions in the atom and have 

wavelengths in the range of 0.02 Å -100 Å. Diffraction of these waves by regularly spaced atoms can 

then give information on the crystal. To achieve diffraction, the distance between the atomic slits, 

has to be comparable to that of the wavelength of the propagated radiation. X-rays meet these 

criteria, and as such are perfect for investigating the distances between atoms in any crystalline 

media. When the X-rays interact with the crystal, they are diffracted by a diffraction angle θ 

determined by the Bragg equation: 

2𝑑 sin Ɵ = 𝑛𝜆      (10) 

Where “d” is the spacing in the crystal, “θ” is the diffraction angle (between the beam and the lattice 

planes) “n” is an integer, “λ” is the wavelength of the radiation [182]. 

The interaction of X-rays for the same crystallographic plane produces constructive interference 

leading to an increase in detected X-rays for the incident angle used to achieve this. By plotting 

incident angle (measured in 2θ by Equation 10) versus X-ray counts, a set of peaks, representative of 

that particular crystal, gives the diagnostic “fingerprint”. 
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3.3.5 Differential Thermal Analysis/Thermo Gravimetric Analysis  

About one g of powdered samples (~50 µm particle diameter, ±20 µm) were used in an inert alumina 

crucible, a heating regime of 5°C min-1 was used to a maximum temperature of 1600°C followed by a 

cooling rate of 20°C min-1. This was performed in an argon atmosphere. The device used was the 

Netzsch STA 449 F1 Jupiter. 

Differential Thermal Analysis (DTA) and Thermo Gravimetric Analysis (TGA) are two techniques, 

often used simultaneously, to help measure thermal attributes of a material e.g. melting 

temperature. The technique involves placing two inert crucibles in a sealed chamber, one containing 

the sample (powder or monolith) whilst the other one is empty and used as a reference. Both 

samples are then subject to a heating regime in a predetermined environment (argon or oxygen). A 

precise thermocouple and weighing scale detects differences in sample temperature, and any weight 

gain/loss [183].  

 

3.4 Leach tests  

3.4.1 Durability tests 

The first step to understand how GCM degrade is to use ideal conditions, in this case de-ionised 

water, in a controlled temperature environment.  

Several durability tests have been constructed to assess chemical resistance, mainly those devised 

by the Materials Characterisation Centre (MCC) at the PNNL in the USA. The MCC-2 (ASTM C1220-

10) was selected, and comprises of a monolithic sample placed in a closed container with a volume 

of deionised water dependant on the surface area of the wasteform. For these tests the Surface 

Area to Volume ratio (SA/V) was 0.05 m-1, on average this resulted in 10 ml of deionised water for 

every 0.5 g of wasteform. Once prepared the closed samples were placed in an oven at 90 oC for up 

to 14 weeks. 

3.4.2 Sample preparation  

Monolithic samples were first roughly cut into cuboids using a copper saw, and put through a 

grinding and polishing regime as discussed in section 3.2. The initial grinding regime (coarse) was 

performed in such a way so as to make a regularly shaped cuboid. The subsequent grinding stages 

were performed as usual apart from the final grinding stage where all sides were equally ground 

until the specimen weighed approximately 0.5 g (±0.0001) determined from a Sartorius mass 

balance. This process was repeated 5 times, resulting in 5 distinct cuboids of the same wasteform 

which were washed in acetone, allowed to dry, and were then collectively placed in one Teflon 

digestive vessel. A volume of de-ionised water was then added to the digestion vessel, the amount 

dependant on the surface area of the sample; the amount of water was calculated such that the 

SA/V ratio was the same across all wasteforms. The Teflon digestion vessel was then placed in an 

airtight oven set to maintain a temperature of 90°C ± 1°C.  

The desired corrosion times were 2,4,6,10, and 14 weeks. At each time interval, the digestion vessel 

was removed from the oven (but not opened) and allowed to cool to room temperature in a water 

bath. A thermocouple was used to determine that the outside of the Teflon digestion vessel was 

within 1°C of room temperature (measured from the base), and then left to cool for an additional 1 

h to ensure the entirety of the vessel was at room temperature. The vessel was then removed from 
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the water bath and opened. One specimen was removed from the vessel using sterilised plastic 

tweezers. A syringe was then used to remove a portion of the leachate, the amount removed was 

dependant on the intial SA/V ratio; the volume of water removed was such that it conserved the 

SA/V ratio throughout the experiment. The vessel was then resealed, and placed back into the oven. 

This procedure took no more than 2 h, the oven was noted to have dropped no more than 1 °C 

during the procedure, and recovered to 90 °C within 5-10 mins.  

The whole procedure was repeated at each corrosion time until week 14 when the last specimen 

was removed along with the remaining water. The amount of water removed from the last specimen 

was measured to ensure that no excessive evaporation had occurred during the removal process for 

the entire corrosion time. For example, if 50 ml of water was the initial amount of water added, at 

each removal stage, 10 ml was removed; if less than 9 ml was present at week 14 then the results 

from the entire experiment was discarded.   

The corroded specimen was immediately removed for electron-microscope analysis as described in 

section 3.3.3. The leachate was removed for both ICP-OES and pH analysis (on separate aliquots) as 

described in section 3.5.1 and 3.5.2.  

Each wasteform had the above description preformed 7 times, resulting in 6 teflon digestion vessels, 

each containing 5 specimens for one wasteform. However, 3 of these were dedicated to pH analysis 

solely, and were removed much more frequently to measure the progression more accurately. The 

values were checked against those determined from the “main” experiment, as described above. 

Also of note, the pH analysis was performed after the main experiment, and did not interfere with 

the oven temperature.  

At least one Teflon digestion vessel from each wasteform (30 samples across 6 wasteforms) failed 

the “test” on the leachate at week 14 and had all their results discarded, equating to a 84% success 

rate.   

3.4.3 Surface areas 

Various surface areas were calculated during the course of the experiments, most prominently for 

SA/V ratios, however other surface areas are given. All surface areas were measured using the same 

technique; a combination of high contrast SEM images, and pixel counting. Contrast on an SEM 

image was altered do make the desired shape appear as one colour (usually white), with everything 

else appearing as the opposite colour (usually black). The number of white pixels in the image was 

known (calculated by adobe photoshop) and compared with the scale bar to give a surface area. 

Error was limited to the contrast; this was performed manually and susceptible to human error, the 

contrast was altered until the operator was satisfied that the area only involving white/black pixels 

was associated with the desired area to be calculated.  

When calculating the surface area occupied by a crystalline phase to determine total crystal%, BSE 

allowed for distinguishing the different phases, and using the above method the various surface 

areas calculated. The maximum error calculated for this method was ±5%, mostly due to the “grey” 

area at the crystal-glass boundaries. However, greater error is cited due to the size of the crystalline 

phases, and the size of the image; the inhomogeneity of some samples meant that certain SEM 

images contained more/less crystal % than the average. To lower the error associated with this, 

multiple sites were analysed. 
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Surface areas for SA/V ratio used this method, each side was imaged and the total surface area 

calculated. Error using this method was less than that for surfaces areas calculated elsewhere, as no 

boundary existed (these samples were not mounted in epoxy).  

Average pore size utilised this method; one pore at a time was isolated and its pixel count 

calculated. Additionally, the software also allows for lines of known pixel length to be drawn, this 

allowed for the dimensions of the pores to be calculated when compared with the pixel length of the 

scale bar. A large number of pores were then analysed giving an average. 

3.5 Solution Analysis 
 

3.5.1 Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy or ICP-OES was the used for determining 

leachant composition, this was used to analyse the elements released into solution during MCC-2 

tests. 

ICP-OES uses an argon based plasma torch, maintained at temperatures upwards of 7000K to 

completely ionise any element placed into the plasma chamber [184]. Liquids analysed using this 

technique must first be passed through a nebuliser, via a peristaltic pump; this aerosols the liquid 

changing it into a mist. This is then injected into the plasma chamber and “swirled” around by an 

electromagnetic field. 

When the sample is passed through the plasma all compounds are broken down into their 

constituent elements, which are then further broken down to ions, however this de-ionisation 

process is continuous, with electrons joining the nucleus before being removed from it again. The 

plasma emits light based on the elements present due to recombination of electrons, the 

wavelengths of which are unique to that element. The light is passed through a spectrometer to help 

separate each wavelength before it reaches the main detector. Most modern detectors are a solid 

state type, based on charge coupled devices, thus removing the limitations on previous detectors 

which worked on a single wavelength basis requiring several detectors and were fixed once installed 

thus limiting the number of elements that can be to analysed. 

Once the detector analyses the various wavelengths, a program compares the intensity of these 

wavelengths with known standards, thus allowing a high degree of accuracy on the order of ppm for 

analysed solutions. Some issues can arise from this such as an overlap of certain elements 

wavelengths; the intensities of certain elements can make it difficult for the computer software to 

accurately detect other elements with similar wavelengths. As each element produces more than 

one wavelength of emitted light, several wavelengths were selected to avoid these issues as far as 

possible. 

Leachant samples were removed via a syringe and passed through a filter to remove any solid 

particulates which could damage the apparatus. These were then immediately moved to the 

instrument, an iCAP 6000 series ICP-OES and analysed. ICP multi-element standard solution VIII (24 

elements in dilute nitric acid, 100ppm) was used to determine the presence of Al, B, Ba, Be, Bi, Ca, 

Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Se, Sr, Te, Tl, Zn. A separate standard was used to 

determine the concentration of silicon (1000ppm in sodium hydroxide solution) due to 
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incompatibility between the two sets of standards. The standards were prepared at concentrations 

of: 5, 10, 20 and 40ppm. These were then double checked by placing a separately constructed 

sample of known concentration among the leachant samples analysed. Any deviation from the 

separately prepared standard would indicate a mistake in the reference standards preparation and it 

would be performed again with new standards. 

3.5.2 pH tests  

Long term pH tests were conducted using the MCC-2 test, after a fixed time a 10 ml (±2 ml based on 

SA/V ratio) portion of liquid was withdrawn and analysed. The vessels were removed from the oven 

(at 90 oC) and allowed to cool to room temperature without breaking the seal; this was to avoid any 

evaporation of the leachant. The vessels were then opened and the solution analysed using the 

Thermo Scientific Orion star A111 pH meter to an accuracy of 0.02. The results were run in triplicate 

and the vessel resealed and returned to the oven. Error was either the max difference from the 

average of 3 repeat results on each 10 ml of solution, totalling 9 results for one time, or the inherent 

error of pH (0.02) whichever was greater. 

3.5.3 Normalised Leach Rates 

Normalised elemental release rates (NLr) are commonly used to calculate the rate loss of a material 

subject to a corrosion test as a function of time; normalising these results allows for comparison 

with other materials subject to the same test.  The equation used for calculating NLr of an element i 

present in the solid [185] is shown below (Equation 11): 

𝑁𝐿𝑟 =  
(𝐶𝑖−𝐶0)∗𝑉

𝑓𝑖∗𝑆𝐴∗𝑡
     (11) 

Where “Ci” is the concentration of element “i” in solution (g/l), C0 is the initial concentration of 

element i in solution however as doubly deionised water was used the value was zero (confirmed by 

ICP-OES). “V” is the volume of leachant used (l), “SA” is the reactive surface area of the sample (cm2), 

and “t” is the time of the corrosion experiment (days). 

In glass corrosion experiments, fi is the mass fraction of element “i” in the material, typically 

calculated using the following formula: 

𝑓𝑖 =  
𝑤𝑖

𝑤0
             (12) 

Where wi is the mass of element i in the wasteform (g), and wo is the total mass of the sample used 

(g). 

However, due to uneven partitioning of elements into different phases in a GCM, Equation 12 could 

not calculate the total mass fraction of element “i” in the wasteform, instead Equation 13 was used 

to determine the mass fraction of element “i” in the wasteform:  

𝑓𝑖 = ∑
𝑤𝑖

𝑤𝑜
𝑚𝑖

𝑛
𝑖=1       (13) 

Where “n” is the total number of phases present in the wasteform, wi/wo is the mass fraction of 

element “i” in phase “n”, and mi is the volume fraction of phase “i” in the wasteform.  

Averaged EDX wt% results were used to calculated the mass fraction of element “i” in each phase. 

The volume fraction of each phase was calculated from SEM images; a low magnification was used 
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to allow full view of the analysed sample (approximately 1 mm2) and the surface area occupied by 

each phase was calculated, this was preformed 4-6 times to get as accurate a value as possible.  

Error was calculated using the larger value from the maximum and minimum values determined 

from Equation 11, this involved maximising the values for Ci , whilst minimising the values for fi and 

SA for calculating the total maximum value, and vice versa for determining the total minimum value.  
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4.0 Results 
 

This chapter aims to present the results collected for each sample whilst chapter 5 will discuss the 

results presented here in more detail. 

4.1 Joule Heated-In Container Vitrification Wasteform Characterisation 
 

To help prediction of how each material will perform under repository conditions, identification of 

the phases present in them is needed. In addition, microstructural and phase characterisation will 

help further experiments using this technology by indicating which wastes need to be retreated to 

avoid the formation of harmful phases (if any). This chapter documents the various results collected 

from the characterisation techniques used before and after simple corrosion testing in aqueous 

environments (see section 3.2-3.4). 

4.1.1 Joule Heated-Plutonium Contaminated Material   

XRD results for this sample were split into two due to the “spots” that were visually observable on 

the sample. First, a sample was prepared for XRD without any segregation of these spots, the second 

XRD specimen was prepared by removing and segregating these “spots” so that none were believed 

to be present for the XRD analysis. Figure 31 displays the results for the non-segregated portion, 

revealing that the material is crystalline; the main phases suggested using the XRD database 

described in section 3.3.4 were clinoenstatite, enstatite, pigeonite, and augite. Substitution of 

various simulated waste elements would be enough to shift the peak locations and their associated 

intensities from those used to originally determine the XRD pattern for each specific crystal. The use 

of XRD to determine the exact phase present is well known, however a lesser known use of XRD for 

more difficult materials is the ability to use the peak locations and intensities, even if changed from a 

stoichiometric crystal, to assign a family of phases to the crystal in question. In this case, it can be 

said with a high degree of accuracy that the phase present is from the pyroxene family of phases.  

A 2 g (±0.1 g) portion of the sample that was determined to have no crystalline phase was isolated 

using a combination of a copper saw and subsequent grinding until no more crystalline phases were 

visually observed. This was then analysed using XRD (figure 32) revealing it to be amorphous. 
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Figure 31: XRD trace of a powdered portion of JH-PCM without separation of the visibly crystalline phase(s). 
Peaks shown are pigeonite (P)[PDF 01-076-0543] , augite (A)[PDF 01-076-0544], enstatite (E) [PDF 01-076-

0524], diopside (D)[PDF 01-071-0994] , clinoferrosite (CFS) [PDF 00-017-0548], and clinoenstatite (C) [PDF 00-
019-0769]. Due to the large amount of pyroxene peaks, it is likely the main phase is from the pyroxene family of 

phases, with substitution causing shifts in peaks, leading to the convoluted XRD pattern. 

 

Figure 32: XRD trace of the powdered portion of  sample JH-PCM which did not contain any of the visually 
identified crystalline phase. The XRD trace revealed a characteristic amorphous hump and absence of crystal 

peaks 
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BSE imaging suggests these spots were crystalline by morphology, due to the dendritic shape, as can 

be seen in Figure 33a). Not so readily seen is the presence of a second phase observed as the light 

phase surrounding, and intermixed, with the dendritic crystalline phase Figure 33b). A few areas 

were large enough (>2 µm2) for EDX to be collected without a significant error associated with 

particles this small. The EDX maps displayed showed a relatively constant composition compared 

with the glass portion, with the exception of magnesium and calcium, shown in the EDX maps in 

Figure 33c) and d).  The results obtained for the Ca-depleted phase (herein referred to as phase 1) 

are displayed in Table 20 but are not truly representative of the elements present; it is probable that 

small amounts of EDX signals from the surrounding glass and dendritic phase (herein referred to as 

phase 2) contaminated the results. 

 

 

Figure 33: BSE images and EDX maps of the crystalline portion of sample JH-PCM. a) shows a smaller (100-
200µm) more symmetrical version of this crystal, whilst b) illustrates the shape of the more larger (400µm) 

crystals.(c) Ca and (d) Mg EDX maps of image a) are shown to highlight the difference in these two phases i.e. 
Ca enriched and Mg depleted for phase 1 and vice versa for phase 2. Bright spots are artefacts of the gold 

coating. 
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Table 20: Composition of the phases present in the sample in oxide wt%. Results were obtained from the 
average of points taken where the lines indicate in figure 28. Error is displayed as either standard deviation 
from 10 different point scans, or the inherent error of EDX analysis (0.1 wt%), whichever was greater. 

Phase 1 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

Compound % 2.2 3.5 11.4 62.0 1.3 17.5 1.2 0.4 

Error ± 0.1 1.2 0.3 0.6 0.2 1.4 0.1 0.1 
         

Phase 2                 

Compound % 2.5 11.3 12.3 67.3 2.4 2.4 1.1 ND 

Error ± 0.1 0.9 0.3 0.4 0.1 0.8 0.2 - 

 

BSE-SEM showed the glass to be homogeneous (Figure 34). However, EDX evaluation of the glass 

yielded unusual findings; multiple point scans were performed in various locations revealing a large 

variation (±3 wt%, for Mg this is a 30% variation between the lowest and highest detected value, 

compared to the average) in the composition of certain elements (Table 21). High contrast 

backscattered imaging (Figure 35) reveals that the bulk glass is in fact made up of two amorphous 

phases.  

Another phase was also seen in the form of spheroids, with bright contrast in BEI consistent with a 

metal oxide or metal. EDX of these spheroids determined they were an iron-chrome alloy or oxide 

(97.1 wt% Fe and 1.5 wt% Cr),carbon results were removed due to the inability of EDX to correctly 

identify carbon due to contamination (present for all SEM-EDX results). 
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Figure 34: BEI taken of JH-PCM wasteform which had no observable crystalline phase. The white area on the 
right hand side is an artefact caused by uneven gold coating near the epoxy-glass boundary. 

 

Table 21: The average, maximum, and minimum values found from analysing 20 random points in the glass 
taken from the image in Figure 34. A large difference can be seen in the values for certain elements, Na, Mg for 
example. Results given in oxide wt%. 

  Na2O MgO Al2O3 SiO2 K2O CaO TiO2 

Compound% 1.9 9.7 12.3 66.6 1.8 6.7 1.1 

Max Value 4.4 13.4 13.2 67.5 2.1 10.8 1.3 

Min Value 0.8 7.4 11.8 65.8 1.6 4.7 0.9 
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Figure 35: a) High contrast BEI mode showing areas of differing colour, indicative of an area of differing 
composition.b) high magnification (30 µm scale bar), high contrast BEI centred on an Fe-Cr particle, evident 
from the EDX graph of X-ray count (A.U) versus energy (keV) (c) taken from the labelled Fe-Cr particle in (b).  

EDX from the two separate glass phases (Table 22) confirms the composition differences are small, 

with the major elements (aluminium and silicon) present in similar amounts. However changes in 

the remaining phases, while small by total wt% were large in comparison to each other, for instance 

sodium decreased from 3.9 wt% to 0.9 wt% (Table 22). It was also noticed that the second glassy 

phase was usually (but not always) associated with the small undissolved Fe metal spheres, little to 

no iron was detected in either glass and the amounts detected were within the error margin of EDX 

suggesting it is most likely not present, or if it is, in small amounts (<0.1 wt%).This  suggests that the 

conditions during processing were not sufficient to fully melt the iron-containing wastes to allow 

incorporation into the glassy structure, or that the glass was saturated in this element. 

Another possibility relates to the reducing conditions during processing. It is accepted that 

conditions during vitrification should be reducing to minimise melt foaming [186] and to prevent de-

vitrification during the thermal treatment. However, should the conditions in the melter be too 

reducing, this will force metallic oxides to precipitate out of the melt [187,188]. Rather than having 

insufficient conditions to fully melt the waste, it appears that the conditions were in fact too 

reducing, causing the already melted iron components to precipitate out of the melt as small 
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metallic sphere of iron. Further, this theory is backed by the apparent dual glasses that formed in the 

material, the ionic strength of the different Fe cations results in changes in the viscosity of the melt 

and promotes glass immiscibility [189]. This conclusion could be established using Mossbauer 

spectroscopy or ion chromatography to establish the ratio of Fe2+/Fe3+ which is generally considered 

to be a good indication of the conditions during the thermal processing; a ratio >0.6 is accepted as 

being to reducing [190]. Should this be the case, this would allow for the conditions of the melt to be 

altered to prevent the formation of both the dual glass and the Fe spheres, possibly enhancing the 

durability of the GCM dependant on the properties of the glass that forms.    

Table 22: EDX composition of the two glasses found in sample JH-PCM displayed in oxide wt%, whilst 
differences were relatively small the result was two separate glasses. Spectra for each glass are shown below. 
Error is displayed as either standard deviation from 10 different point scans, or the inherent error of EDX 
analysis (0.1 wt%), whichever was greater. 

Glass 1 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 

Average 0.9 12.3 12.3 65.5 2.0 5.9 1.1 

Error ± 0.6 0.8 0.20 0.5 0.20 1.2 0.2 

        

Glass 2        

Average 3.9 7.0 12.2 64.5 1.8 10.1 1.1 

Error ± 1.0 0.7 0.2 0.3 0.10 0.8 0.2 
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Figure 36: DTA curve (dotted blue line) and TGA curve (red line) of powdered sample JH-PCM in argon 
atmosphere at a heating rate of 20 oC per min (exothermic reactions are up). The irregular shape made 

distinguishing transition temperatures and crystallisation/melting temperatures difficult.  

DTA data (Figure  36 blue line) reveals the wasteform to be thermally stable to a temperature of at 

least 900 oC. Whilst the curve itself might suggest exothermic reactions at 660 oC and 910 oC, the 

overall change in the values would suggest that these are statistical anomalies, rather than an 

exothermic reaction. Additionally, no change in the specimen following the DTA/TGA was observed 

(should any reaction occur, a change in colour and/or shape could have been observed). 

TGA data (Figure 36 red line) revealed a small weight loss before 200 oC, attributable to moisture 

loss, and a second weight loss towards the end of the experiment (~1000 oC). The second weight loss 

could be attributable to the dehydroxylation of linked water in one or several phases contained 

within the GCM. This mass loss has also been observed in materials that utilise cerium as a 

surrogate, and was determined to be due to the reduction of cerium from 4+ to 3+, it was found to 

occur at approximately 800-1000 oC (becoming most noticeable at 1000 oC) and continue until 1300 
oC in a helium atmosphere. Further, the reduction became less noticeable in an oxygenated 

atmosphere, as would be expected [169]. 

Whilst difficult to discern, a glass transition appears to be present at approximately 685 oC, evident 

from the step change in the TG% at that temperature, consistent with a glass transition. A 

crystallisation temperature is also present at 960 oC. 
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4.1.2 Joule Heated-High Metal Surrogate  

Visual observation of the JH-HMS sample showed it to be a predominantly black (assumed) glassy 

phase with a second brown area which was present on about 20% of the total surface area (±10%), 

these areas were small, circular (>1 mm diameter) patches which often formed as clusters. The 

crystalline % was estimated using a series of low magnification SEM images (SEI and BSE images), 

and the result averaged. Similar to JH-PCM, the crystalline and presumed glassy, black phase were 

physically separated using a combination of a copper blade and grinding, XRD was performed 

separately on each portion. XRD on the crystalline portion (Figure 37) suggest the presence of a 

cerium oxide silicate (Ce4.67(SiO4)3O), alumina III (rhombohedral), and fayalite (Fe2SiO4). Repeated 

XRD also showed that a complex calcium-magnesium-iron silicate (Ca0.9Mg0.71Fe0.25Si2O6) phase is 

present. This is in agreement with the EDX results Table 24. XRD confirmed the black portion to be 

glassy, showing a typical amorphous hump, as seen in Figure 38, the composition of which can be 

seen in Table 23. 

 

 

Figure 37: XRD trace of the powdered, and unaltered JH-HMS sample, showing the presence of cerium oxide 
silicate (CS)[PDF 00-022-0169], calcium magnesium iron silicate (CMF)[PDF 01-083-2015], aluminium oxide 
(shortened to AlO, phase is Al2O3) [PDF 01-088-0826], and fayalite (Fe2SiO4) [PDF 00-020-1139].CS and CMF 

accounted for the majority of the peaks present. Both fayalite and Al2O3 showed small peak intensities 
suggesting they were not present in large amounts compared to the other two. 
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Figure 38: XRD of the powdered black phase (presumed to be glassy) separated from brown phase (shown to be 
crystalline) showing an amorphous hump and absence of crystal peaks confirming it to be glassy for the JH-

HMS sample. 

 

 

Table 23: Glass compositional analysis of sample JH-HMS, displayed in oxide wt%. Error is displayed as either 
standard deviation from 10 different point scans, or the inherent error of EDX analysis (0.1 wt%), whichever 
was greater. 

 Glass MgO Al2O3 SiO2 CaO Fe2O3 La2O3 Ce2O3 

Compound % 2.5 7.0 49.7 7.5 12.7 5.7 15.0 

Error ± 0.1 0.3 1.6 0.2 0.6 1.0 1.2 

 

SEM-BSE imaging of the sample (Figure 39) revealed the brown phase was in fact a complex mixture 

of several, possibly including crystalline, phases as can be seen from the EDX maps in Figure 40. 

Figure 39, reveals the two brightest phases, along with the dendritic structure surrounding these 

phases. EDX analysis shown in Table 24 indicated the bright phases in both pictures in Figure 39to be 

of the same composition thus confirming that they are the same phase. The difference in shape is 

likely due to a difference in viewing angle; one is simply a cross section of the other. This relation 

was seen throughout the sample, i.e. where the bright phase was observed, so too were the 

dendrites. It was unclear if these were the only phases present, as a possible third phase can be 

observed in Figure 39b), as a darker phase in between the dendrites. To assess whether more than 

the observed phases were present EDX-mapping was employed (Figure 40). 

Four phases were thus identified. The phase which appears the brightest under BSE imaging was 

composed of mainly Ce and La, and thus was termed the Ce-La phase, and was nearly always at the 

centre of the groups of crystalline phases. The biggest phase (termed phase 1), accounting for 
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roughly 75% (±10%, varies depending on overal size of crystal) of the total crystalline portion was 

slightly depleted in La and Ce compared to the glass. Phase 2 immediately surrounded the Ce-La 

phase, and was characterised by a greater depletion of Ce and La than in phase 1. Phase 3 showed 

the greatest depletion of Ce and La, and was found inbetween the Ce-La dentrites, rather than phase 

2 which encompased it like a shell. The EDX data and location of these various phases are illustrated 

in Table 24 and Figure 41.  

 

 

Figure 39: BSE images of the crystalline portion of the JH-HMS sample. a) At least three individual phases can 
be seen, the glass (surrounding the large dendrites), the bright phase in the centre of the picture in a triangular 

arrangement, and the large grey structure surrounding it. b) A darker, smaller (1-5 µm diameter) dendritic 
phase can be seen.  
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Figure 40: EDX mapping of Na, Mg, Ca, Fe, La, and Ce of the area shown in Figure 39a)for sample JH-HMS. It is 
clearer that in area encompassing the Ce-La enriched phases, that both Ca and Mg saw an increase relative to 
the rest of the area analysed. Slightly more difficult to make out, is the decrease in Ce and La in the same area. 
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Figure 41: SEM-BSE of the crystalline portion of sample JH-HMS. a) shows the complicated morphology 
surrounding the Ce-La phase, whilst b) reveals the different phases identified and where subsequent EDX points 

were taken from. 

Table 24: Composition in oxide wt% of the 4 phases found in sample JH-HMS. Typical EDX spectra for each 
phase are shown below. Error is displayed as either standard deviation from 10 different point scans, or the 
inherent error of EDX analysis (0.1 wt%), whichever was greater. 

CeLa Phase 
 

MgO Al2O3 SiO2 CaO Fe2O3 La2O3 Ce2O3 

Compound % 
 

0.2 1.1 16.5 6.5 0.8 25.1 49.7 

Error ±  0.2 0.8 2.3 0.3 0.4 1.2 2.5 

         

Phase 1                

Compound % 
 

3.3 7.2 48.9 9.6 11.6 7.9 11.6 

Error ±  0.2 0.5 0.7 0.3 0.7 0.4 0.7 

         

Phase 2                

Compound % 
 

5.6 7.9 54.6 13.4 7.8 4.6 6.1 

Error ±  0.1 0.4 1.1 0.2 0.6 0.4 0.6 

         

Phase 3                

Compound % 
 

5.7 8.8 59.2 12.4 11.2 1.6 1.2 

Error ±  0.2 0.2 0.8 0.4 0.4 0.3 0.9 
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4.1.3 Joule Heated-SIXEP  

Macroscopically, JH-SIXEP material was highly porous with the average pore size being 0.5 mm ±0.1 

mm in diameter but these were not always spherical pores, rather they were generally elliptical. The 

pore density was difficult to assess as it varied over 5 separate analysed surfaces, but on average 

accounted for approximately 30% (±15%) of any surface after grinding and polishing. This is 

extremely undesirable in a wasteform as it increases the surface area of the sample leading to faster 

corrosion than a similarly sized non-porous waste and unnecessarily increases the volume of the 

wasteform [191].  

XRD analysis revealed the sample was heterogeneous with two representative traces shown Figure 

42 and Figure 43. Clinoenstatite (MgSiO3), enstatite (Mg0.944Ca0.056SiO3), periclase (MgO, cubic), 

magnesioferrite (MgFe2 3+O4), clinoferrosilite (FeSiO3), and various other iron oxide phases such as 

magnetite (Fe3O4), wustite (Fe0.902O), and hematite (Fe2O3) were likely present. As EDX found no 

phase comprising of just magnesium, periclase can be ruled out. 

 

 

Figure 42: XRD of the powdered JH-SIXEP sample showing the possible presence of ClinoFerroSilite (CFS) [PDF 
00-017-0548], Enstatite (E)[PDF 01-076-0525], ClinoEnstatite (CE) [PDF 00-013-0415], MagnesioFerrite 

(MF)[PDF 00-001-1120], Hematite (H)[PDF 01-073-0603], Wustite (W)[PDF 01-079-1971], and Magnetite 
(M)[PDF 01-072-2303]. It is most likely that hematite wustite or magnetite are present (but not all) as minor 
phases, based on further results only two of the remaining named phases are possible as a major phase. The 

large number of suggested peaks are  most likely due to heavy element substitution causing peak shifts.   
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Figure 43: XRD of the powdered JH-SIXEP sample showing the possible presence of ClinoFerroSilite (CFS) [PDF 
00-017-0548], Enstatite (E) [PDF 01-076-0524], ClinoEnstatite (CE) [PDF 00-013-0415], MagnesioFerrite (MF) 

[PDF 00-001-1120], Hematite (H), Wustite (W), and Magnetite (M). The same phases are present but in 
differing amounts leading to the difference in peak heights from Figure 42.Further to figure 42, it is clear there is 

a minor iron phase (Wusitite/hematite/magnetite) followed by up two of the remaining named phases. 

 

SEI and BSE imaging (Figure 44) revealed a highly crystalline material. Four points were chosen to be 

analysed further determined by shape and size; the crystal approximately 100 µm long, 40 µm wide 

(on average, +/- 10 µm), in Figure  44awas termed “thick crystal 1”. A 50 µm by 50 µm (on average, 

+/- 10 µm) angular phase was termed “thick crystal 2”, however it was assumed at this point that 

these were in fact the same crystals but orientated differently. The third is the long small thin 

crystals termed “thin crystal”, seen in Figure 44, which varied in length from over 100 µm to smaller 

than 5 µm, the width was 3 µm +/- 1 µm. The last phase was the glass matrix. The EDX results 

obtained are shown in Table 25, it was confirmed that the two large phases, the thick crystal 1 and 

thick crystal 2 were of a similar composition. Based on the XRD and EDX data the crystalline phases 

are not the iron phases due to the low concentration of iron, and high concentration of other 

elements ruling out hematite, wustite, magnesioferrite, or magnetite, leaving only the pyroxene 

phases (enstatite and ferrosilite) and their polymorphs. Based on these results it can be concluded 

that both thick crystals and the thin crystal are a pyroxene phase (CFS,E, and CE).  
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Figure 44: BEI of the two types of crystal observed in JH-SIXEP sample, a) containing broader crystals than the 
long and thinr crystalss seen in b). 

 

Table 25: EDX results for the analysed phases. 5 points were taken for each phase analysed and averaged. Error 
is displayed as either standard deviation from 10 different point scans, or the inherent error of EDX analysis (0.1 
wt%), whichever was greater.  

Glass Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 

Compound % 2.2 0.8 13.1 65.4 1.9 4.9 11.8 

Error ± 0.2 0.2 0.5 0.1 0.2 0.4 1.3  
  

      

Thick Crystal 1               

Compound % 0.2 24.8 1.6 57.8 0.2 0.6 15.0 

Error ± 0.2 2.2 1.2 1.1 0.3 0.2 1.4  
  

      

Thick Crystal 2               

Compound % 0.1 24.0 2.0 57.2 0.2 0.7 15.8 

Error ± 0.4 2.3 1.2 1.5 0.2 0.2 1.3  
  

      

Thin crystal               

Compound % 1.0 7.3 7.5 58.4 1.1 3.3 21.6 

Error ± 0.2 1.0 1.0 1.1 0.1 0.2 1.3 
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4.2 Joule Heated Wasteform Corrosion Studies 
 

Corrosion studies consisting of surface SEM-EDX analysis and depth profiling were used to determine 

corrosion progression after 2, 4, 6, 10, and 14 weeks. As samples JH-PCM and JH-HMS contained 

crystals embedded in a matrix homogeneously, but with differing sizes, it was assumed that the 

interfaces between these could be the least corrosion resistant. For this reason, analysis was centred 

on the changes, if any at the interfaces, between the glass and the crystalline phases present. The 

depth profiles were also aimed at looking how the crystals fared during corrosion testing. However, 

their small (~1-5 µm wide) size coupled with their relative scarcity in the wasteform made locating 

these phases in cross sections difficult; in some cases, a cross section through a crystal could not be 

found. For this reason, only depth profiles for 10 and 14 weeks are shown. This situation was made 

worse by the sample size (0.5 mm3 dependant on sample density) used in the corrosion 

experiments, which lowered the chances of finding crystals which had intersected the cross section 

more difficult. 

4.2.1 Joule Heated-Plutonium Contaminated Material 

The analysis of this sample was split into two; the sample corrosion resistance and differences 

between glass 1 and glass 2, and the corrosion progression of the crystal. Whilst both had similar 

objectives, the main difference is that the corrosion progression of both glasses was expected to 

adhere to current glass corrosion models [192].  

Observation of the surface after 6 weeks showed that a layer had developed over the entire surface, 

including the crystal. This layer was not seen before 6 weeks. This layer made direct observation of 

the crystal using SEM difficult as the layer appeared homogeneous in composition, shown in Figure 

45. BSE was somewhat effective in determining its location, however EDX mapping allowed for 

better resolution providing useful information on the thickness of the layer as EDX has a larger 

interaction volume than that of BSE mode for the particular SEM settings in use, putting the 

thickness of the layer at somewhere between 1-3 µm. More accurate measurements are shown in 

subsequent cross sectional analysis. EDX maps showed little change in the crystal from pre-corroded 

samples (see Figure 33). 
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Figure 45: BSE image of a crystalline area from JH-PCM samples after 6 weeks of corrosion, the inability to 
distinguish the crystal is evidence that a layer has developed on top of the crystal (shown pre-corrosion in 

Figure 33a).. 

 

Figure 46: EDX maps of JH-PCM area shown in Figure 45 for magnesium, calcium, and silicon after 6 weeks 
corrosion, the deeper interaction volume of EDX allows for a clearer image of the underlying crystalline phase. 

Retrieval of depth profiles for the crystal could only be obtained for 6,10, and 14 weeks due to the 

lack of a crystalline phase in the 2 and 4 week corrosion samples. In addition, the size of phase 1 

made getting depth profiles impossible as the line scan was often interrupted by the bigger, phase 2 

causing unreliable results. The depth profiles for phase 2 from these 6-14 week corrosion are shown 

in Figure 47-49. Depth scans revealed that if a leached zone was present it was small (<1µm) for 6 

and 10 week corrosion. No corrosion layer was evident from depth profiles at these times, most 

layers present themselves from a spike in the silicon profile and none were seen. After 14 week 

corrosion time, the profile showed signs of a leached zone, approximately 2-3 µm deep, depleted in 

Na and Al. Mg concentrations did not decline in this zone, but remained constant until the end of the 

leached zone where concentrations declined along with all other elements. No spike in the silicon 

profile was observed, signifying that a corrosion layer was not present; however, the layer could 

have spalled of during sample preparation.  



108 
 

 

Figure 47: Graph of depth (µm) as a function of bulk values (as a %) for the crystal in JH-PCM (phase 2,Figure 
33a) after 6 weeks of corrosion time. 

  

 

Figure 48: Graph of depth (µm) as a function of bulk values (as a %) for the crystal in JH-PCM (phase 2, Figure 
33a) after 10 weeks of corrosion time. 
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Figure 49: Graph of depth (µm) as a function of bulk values (as a %) for the crystal in JH-PCM (phase 2,Figure 
33a) after 14 weeks of corrosion time. 

The surface of the glass matrix was analysed using SEM-EDX which indicated that a gel layer had 

developed after 6 weeks, although this was not continuous showing areas where it had either flaked 

off during transport and investigation of the sample, or the environment had caused it to be 

removed, through water movement during handling. These areas were often characterised by “pits” 

in the centre of the less degraded glass (Figure 50), however these are not thought to occur due to 

pitting corrosion, and rather they are the result of the removal of the iron chrome particle discussed 

in section 4.1.1. The two glasses present also behaved differently during corrosion, glass 1 showed a 

non-continuous gel layer (Figure 50a), whilst glass 2, associated with the iron particles, displayed a 

continuous, gel layer (Figure 50b) centre island). In fact, only a few particles are observable on glass 

2 whilst glass 1 was corroded more as the new surface was lower than that of glass 2. This was 

evident from the presence of the fine scratches produced during grinding still being observable 

(Figure 50b)Close inspection of the gel layer suggested that it could be precipitation initiated; Figure  

51shows that the gel layer consisted of merged spherical particles indicative of such a layer. 
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Figure 50: BSE images of the glassy portion of sample JH-PCM after 6 weeks of corrosion. a) Shows only glass 1, 
and displayed a non-continuous layer, b) reveals the pit in the glass thought to occur due to removal of an Fe 

particle, leaving a “hole”. Also, visible on glass 2 in b) are scratches produced from preparation before corrosion 
showing little to no removal of the surface had occurred. The surrounding glass (glass 1) showed no such 

scratches on the exposed portions, indicating destruction and removal of the silica network. 
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Figure 51: High magnification SEI of the corrosion layer present over glass 1 in JH-PCM clearly showing particles 
rather than a smooth gel layer as would be expected from current glass corrosion theory (see section 2.4 on 

glass corrosion). 

Easily observable in the gel layer using EDX (Table 26), is the increase in magnesium in both the 

exposed glass and gel layer; calcium also saw a slight depletion.  Unexpected was the increase in 

sodium (0.9 wt% pre-corrosion, 1.7 wt% post) in the exposed corroded glass surface for glass 1, as 

Na (and other mobile alkaline ions) is usually the first element to become depleted during leaching 

[64]. Therefore, the gel layer acted as a barrier to transport of this ion from the glass to the gel layer, 

building up at the pristine glass/gel layer interface, however the gel layer itself was depleted in Na.  
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Table 26: EDX of the corroded surface of glass 1 after 6 weeks of corrosion, from the gel layer, the exposed 
glass, and the uncorroded glass for comparison. Spectra for the gel layer and exposed glass are displayed 
below. Error is displayed as either standard deviation from 16 different point scans, or the inherent error of EDX 
analysis (0.1 wt%), whichever was greater 

Glass 1 (gel layer) Na2O MgO Al2O3 SiO2 K2O CaO TiO2 

Compound % 0.5 14.5 12.9 62.8 1.2 8.0 0.3 

Error ± 0.3 0.9 0.4 1.5 0.2 1.5 0.2 

        

Glass 1 (no layer)        

Compound % 1.7 6.7 11.6 69.3 1.7 8.5 0.5 

Error ± 0.4 0.3 0.5 0.7 0.1 0.8 0.3 

        

Glass 2        

Compound % 0.5 14.4 14.0 63.6 1.0 5.3 1.1 

Error ± 0.1 0.4 0.1 0.5 0.2 0.4 0.9         

Glass 1 (pre-corrosion) 0.9 11.1 12.5 67.2 2.0 5.0 1.2 

 

At 10 weeks, the corrosion layer from glass 1 had progressed to encompass both glasses in a 

continuous manner, showing less exposed areas than that at 6 weeks although the layer did crack. 

The difference between the two glasses is still visible, albeit harder to discern (Figure 52). Table 27 

shows the change in composition for this layer, which had a similar composition for the layer on 

both glass 1 and glass 2, this could mean that the layer itself was due to spreading of the glass 1 

layer onto glass 2, rather than glass 2 forming its own corrosion layer. 

 

Figure 52: BSE image of surface of glassy area (both glass 1 and glass 2) in JH-PCM after 10 weeks of corrosion. 
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Table 27: EDX from Figure 52 showing the composition of the continuous gel layer on glass 1, and glass 2 in 
oxide wt% after 10 weeks. Error is displayed as either standard deviation from 10 different point scans, or the 
inherent error of EDX analysis (0.1 wt%), whichever was greater. The continuous gel layer that formed on glass 
1 had similar amounts of magnesium compared to the non-continuous gel layer that formed after 6 weeks of 
corrosion time. 

Glass 2 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 

Compound % 0.2 16.3 13.7 59.6 1.3 8.8 0.2 

Error ± 0.1 2.4 1.3 1.7 0.4 2.2 0.1 

         

Glass 1 (gel layer)               

Compound % 0.3 15.7 19.9 55.5 0.7 7.0 0.8 

Error ± 0.3 2.4 1.8 2.4 0.1 0.8 0.7 

 

Depth profiling was again performed to analyse change in composition of the glass/gel layer as a 

function of time, and BSE imaging was used to better assess the depth and nature of the corrosion 

layer present at various corrosion times (Figure 53). The 6 week scans show the variability in gel 

layer thickness (Figure 53a ) and b)), whilst the 10 week scan (Figure  53c)) shows the areas where 

glass was not corroded, in contrast with the glassy area that formed a gel layer. Figure 53d) and e) 

show areas that formed gel layers with adjacent gel free areas after 14 weeks of corrosion. As the 

depth profiles were the same for all times investigated; only the 14 week samples profile are shown 

for each glass where a gel layer was present. 
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Figure 53: BSE cross section of JH-PCM at 6 weeks (a and b), 10 weeks (c), and 14 weeks (d and e). a) A gel layer 
is visible, b) The gel layer has ingressed into the sample, most likely via a crack. c) The gel layer is present on 

glass 2 only, glass 1 has corroded more than glass 2, evident by the difference in “height” of 2-3µm, this can be 
seen in d) and e). e) Corrosion has resulted in pits, most likely due to removal of the FeCr particles, no gel layer 

formed in these pits. 
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Figure 54: % of bulk values as a function of depth for "glass 1" in JH-PCM after 14 weeks of corrosion.Also 
shown is the BSE image where the linescan was taken. 

 

Figure 55: % of bulk values as a function of depth for "glass 2" in JH-PCM after 14 weeks of corrosion. Also 
shown is the BSE image where the linescan was taken. 
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Elemental depth profiles for glass 1 and glass 2 remained unchanged at all corrosion times (2-14 

weeks) thus Figure 54and Figure 55are representative of elemental depth profiles at all corrosion 

times as no secondary corrosion mechanisms were observed, such as reactions with the gel layer 

with other species/ions [193]. Each glass developed its own separate corrosion profile; glass 1 

showed an increase in the amount of magnesium from a depth of 10 µm but started to decrease 

from a depth of 3 µm until reaching the surface. All other elements displayed a steady decrease in 

concentration from a depth of 10 µm to the surface with Ca and Mg showing the highest rate of 

decrease. Glass 2 in contrast displayed a “zone” where Mg showed a rapid increase at a depth of ~17 

µm, plateauing at this increased concentration until a depth of 3µm, after which it decreased 

steadily until the original glass surface was reached. Ca and K showed the opposite of this, although 

they displayed the same profile (plateau from 17-3 µm) the concentration was lower than bulk 

concentrations. In Figure 55, a spike in Na is observed at a depth of 11-17 µm, however this is not 

due to corrosion occurring near the surface, but indicated the EDX line scan intersected a corroded 

crack protruding in to the glass. 

Cross sectional images also revealed a peculiar mode of corrosion for glass 2, where it was attacked 

from the side, at the interface between glass 2 and glass 1 (Figure 56). It is unknown why this 

occurred as glass 2 was seen to form a continuous, protective gel layer; why it did not form on the 

exposed sides is unclear. Whilst this was not observed for all instances at the glass 1-glass 2 

interface, it was not an isolated incident. It was thought that this might be due to the morphology of 

glass 2; as this glass was mainly present as spherical particles the shape was merely the corrosion of 

the bottom part of a particle. However, this was not the case. 

 

Figure 56: Cross section SEI of the two separate glasses in sample JH-PCM, and their attacked surface (black is 
epoxy). The area in red illustrates the attack on the Na-Glass from the side. 

Figure 57 reveals the progression of solution pH during corrosion with time, measured as described 

in section 3.5.2 which followed the expected trend for a glass as predicted by current glass theory 

(see section 2.4), rising to over 10 in the first few weeks, before levelling off around pH 9.5 and rising 

again after 14 weeks. This pH regime will follow the standard glass corrosion model; during the rise 

to pH 9 leaching of weakly bound elements will occur, those that cause NBO, to be replaced by H3O+ 

once a steady state of pH ~9 is reached silicon dissolution will occur causing destruction of the silica 
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network. The presence of a corrosion layer in this sample may mitigate this network dissolution 

acting as a boundary between the attacking alkaline water and the pristine glass. How the crystals 

will react to the conditions is uncertain, however the collected results displayed a corrosion layer 

which may act in a protective manner similar to the glass corrosion layer. 

 

 

 

Figure 57: pH versus corrosion time (weeks) for JH-PCM sample (including both glass 1 and 2, and the 
crystalline components). Error bars reported are either the reported error of the pH machine (0.1 pH value), or 
the difference between the maximum and minimum values found from repeat tests, whichever was the larger. 

ICP results (Table 28) revealed that leaching increased for all elements with the exception of iron up 

to 6 weeks. The error for the 10-week solution makes it unclear whether the values dropped 

(indicating precipitation) or remained steady (indicating no further leaching had occurred) as the 

upper end of the error places their values close to the results at 6 weeks. Previous results revealed 

that a semi-continuous gel layer (with minor cracking) had developed over the entire material which 

would tend to suggest that the latter of these is true; leaching was either slowed or stopped after 10 

weeks. This is confirmed by pH results which revealed that the solution had achieved a steady state; 

a change in pH would be expected if precipitation had occurred. 
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Table 28: ICP results (in ppm) from 2-10 weeks from sample JH-PCM. Error is based on an average of 3 aliquots 
from the same solution using standard deviation. Result for potassium and iron after 4 weeks were unreliable 
with an estimated error approximating the average. Error is displayed as standard deviation only as these were 
larger than the systematic error of ICP-OES. 

(ppm) Al Ca Fe K Mg Na Si 

2 Weeks 2.91 2.69 0.04 0.48 1.10 2.88 15.50 

4 Weeks 2.79 3.25 0.00 - 0.22 3.46 19.49 

6 Weeks 3.12 4.15 0.01 - 0.33 7.02 22.96 

10 Weeks 2.71 4.06 0.00 - 2.75 6.84 20.51 

        

Error (Std Dev.) 
       

2 Weeks 0.4544 0.0893 0.1025 0.1121 0.0145 0.4535 0.1143 

4 Weeks 1.0948 0.3471 0.1421 - 0.0075 0.6261 0.5521 

6 Weeks 0.8538 0.1415 0.1443 - 0.0057 0.2623 0.4365 

10 Weeks 0.7234 0.1602 0.1811 - 0.0801 0.3795 1.2457 

 

Normalised leach results for silicon (Figure 58) reveal a steady decrease for the duration of the 

experiment (10 weeks). Due to silicon’s role in the glass and silicate crystals, this result is promising, 

indicating that the main structural component is retained in the crystalline/glass phase. The main 

element leached out of glasses is Na, the NLr for which are displayed in Figure 59. As would be 

expected the release rate was higher than silicon due to the ease from which it is leached from the 

glass, however Figure 59reveals that the release rate decreases with time. 
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Figure 58: Normalised leach rates versus time for sample JH-PCM, for silicon. A continual decrease in the 
normalised leach rates is easily observable. 

 

Figure 59: Normalised leach rates for sample JH-PCM for sodium. 

4.2.2 Joule Heated-High Metal Surrogate 

The complex nature of the crystalline portion of JH-HMS made the retrieval of repeatable corrosion 

results difficult; the CeLa phase, and various CaMgSi phases adjacent to it had complex morphologies 

displaying variable width, shape, and size all of which contributed to difficulty in location of those 

that intersected the surface. This was only exacerbated by the inability of the depth profiles to 

achieve an uninterrupted line scan; these scans were often interrupted by a second phase such as 

the darker dendritic phase or the Ce-La phase. The darker dendritic phase and Ce-La phase were also 

difficult to isolate and analyse for similar reasons. 

SEM analysis of the surface after 2 weeks yielded no drastic change aside from a small etching effect 

that allowed for easier observation of the crystalline phase, no corrosion layer was observed.  

Undetected in uncorroded samples were Ce-La phases completely isolated from a dendritic phase, 
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dark or light, however at this corrosion time several such examples were seen. It is unknown 

whether this is due to complete removal of these phases or if this arrangement existed before 

corrosion and was not detected. The greatest difference at this time was in the small phase (0.5-2 

µm) located in between the Ce-La phase, phase 3. It was seen to be almost completely removed 

from the sample (Figure 60b) showing this phase to be the least corrosion resistant of the phases. 

The glass was relatively unaffected by the environment until after 6 weeks, where it displayed a non-

continuous layer which continued to some extent onto the grouped crystals (Figure 61). Interestingly 

this layer followed lines, most likely a relic from the grinding. The fact this layer continued onto the 

crystalline phase showed it was most likely precipitated rather than the more conventional 

hydration formation of the gel layer. 

 

 

Figure 60: Surface BSE images of sample JH-HMS after 2 weeks of corrosion. a) Shows the larger crystal 
(pyroxene phases) arrangement, which showed no corrosion layers, or other indicators of corrosion. b) shows a 
higher magnification image of a), revealing a previously unseen (pre-corrosion) darker portion giving the area 

an etched appearance. It is unclear if this is due to corrosion or if it was present before corrosion.  

 

Figure 61: Surface BSE images of the glassy portion of JH-HMS (a) following 6 weeks of corrosion displaying a 
clear corrosion layer. b) shows a portion containing both the crystal portion and glass illustrating an exposed 

area in the glass corrosion layer approaching the crystal. 



121 
 

As can be seen in Figure 62and Table 29, a significant change occurs in the surface glass composition 

after 6 weeks of corrosion, specifically in the concentrations of Al, Si, Fe, La, and Ce. No observable 

change from this composition occurred on the surface past 6 weeks, displaying the same 

micrographs. No additional compositional changes were observed. Cross sectional analysis 

confirmed this observation, no layer was seen before 6 weeks, but at 6 weeks, and all subsequent 

corrosion times a thin gel layer along with a leached layer, visible as a white surface layer followed 

by a darkened region below it (Figure 62). Whilst SEI/BEI showed that this layer was approximately 

2.16 µm thick (±1 µm) depth profiling revealed a leached layer below the gel layer, which extended 

an additional 2 µm into the sample. The profile displayed two trends dependant on the elements. 

Firstly, Mg, Na, Si, and Al steadily decreased over the leached layer whereas in contrast, La, Ce, and 

Fe concentrations remained constant through both the leached layer and partially through the gel 

layer (Figure 63and Figure 64), following this a steep decline in these elements was seen. Changes in 

the crystalline portion were more easily distinguished through cross sectional scans rather than 

surface ones.  

Table 29: EDX results for the glass surface after 6 weeks of corrosion for sample JH-HMS, results displayed in 
oxide wt%. Error is displayed as either standard deviation from 20 different point scans, or the inherent error of 
EDX analysis (0.1 wt%), whichever was greater. 

Glass Post Corrosion MgO Al2O3 SiO2 CaO Fe2O3 La2O3 Ce2O3 

Compound % 2.3 4.4 33.5 7.3 18.0 11.3 23.1 

Error ± 0.1 0.2 0.7 0.5 0.4 0.6 0.9 
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Figure 62: BEI cross section image of a 6-week corroded sample of JH-HMS showing a surface layer on top of 
the glass comprised of that observed on the surface (figure 55, partially covering corrosion layer), with an 

underlying layer of a differing composition. 

 

Figure 63: Graph displaying the depth profile of the glass portion of JH-HMS. This profile was seen for all times 
investigated where a gel layer was present; results are averaged from results for these times (2-14 weeks). 
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Figure 64: Graph displaying the depth profile of the glassy portion of JH-HMS for the elements shown. This 
profile was seen for all times investigated where a layer was present; results are averaged from results for 

these times (2-14 weeks). Silicon and iron are shown in both as a reference. 

 

With the exception of Ca, the other elements showed a “shelf” 2 µm into the layer, evident in Figure 

64 in the depth region of 1.5-3.5 µm. This trend was confirmed by several other scans performed at 

various locations around the glassy portion of the sample. When including EDX results into the total 

leached depth, it increases to 4 µm excepting both Ce and La which form a separate leached layer of 

1 µm.  

 

Figure 65: Cross section using BSE imaging of the glass and its gel layer in sample JH-HMS at a) 6 weeks, b) 10 
weeks, c) and 14 weeks. Gel layer had an uneven depth producing a variable size gel layer (2-3 µm). 

Figure 65 shows the corrosion layers over the glass for 6,10, and 14 weeks along with the calculated 

depth of the leached layer.  The gel layer formed in an uneven manner, at its deepest it was 

calculated to be close to 3 µm and at its lowest around 2 µm. This was true for 6,10, and 14 weeks 

showing that no noticeable growth of the layers occurred as a function of time, up to 14 weeks. The 

associated EDX line scans also did not change. 
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Whilst the pyroxene phases did not display a definitive gel layer, it showed a layer where the 

concentration of elements did drop, as can be seen in Figure 66. After 4 weeks Na, Al, and Si all 

dropped off steadily whilst Ca, La, and Ce continued at close to bulk values until around 1 µm from 

the surface where they tapered off to approximately 50% bulk values. This trend was not the same 

for both iron and magnesium which displayed two unique profiles. Iron gradually increased until 

reaching 1 µm deep wherein it decreased. Magnesium initially showed a profile similar to that of 

calcium, a gradual decrease until 2 µm into the sample when it started to increase again, building up 

the closer to the surface. 

 

 

Figure 66: Depth profiles for the crystal at 6 week in JH-HMS. The graphs are split into two, Fe and Mg in b), 
with the remaining elements in a), for clarity. 
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Figure 67: Depth profiles for the main crystal (largest pyroxene phase, originally phase 1) at 14 weeks in sample 
JH-MHS. The graphs are split into two, Fe and Mg in b), with the remaining elements in a), for clarity. 

pH results for JH-HMS samples over 14 weeks (Figure 68) reveal that pH levels quickly rose to above 

pH 11, one of the highest recorded for all wasteforms investigated. Interestingly ICP-OES results 

from the solution corroding the specimens (Table 30) did not fully reflect such a high pH; for such an 

alkaline solution, considerable structural corrosion would be expected. In the glass this would 

destroy the silicate network resulting in a high concentration of silicon in solution (>50 ppm), with 

correspondingly high concentration of the waste elements contained in its structure, which would 

be released as the glass network dissolved. In the absence of secondary phases forming from 

precipitation, the low concentration of silicon would suggest that little corrosion of the glass 

network was occurring. This result whilst unexpected is encouraging as it suggests that the glass will 

retain its waste elements for significantly higher periods of time than the other glasses, and GCMs 

studied which had higher Si release in a less alkaline solution. 
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Figure 68: pH versus corrosion time (weeks) for sample JH-HMS up to 14 weeks. Error bars reported are either 
the reported error of the pH machine (0.1 pH value), or the difference between the maximum and minimum 

values found from repeat tests, whichever was the larger. 

Table 30: ICP results (in ppm) for JH-HMS for 2,4,6, and 14 weeks. 10 week results were omitted due to faults 
with the machine. Error is based on the average of 3 aliquots from the same solution. Error is displayed as 
standard deviation only, as these were larger than the systematic error of ICP-OES. 

 

(ppm) Al Ca Fe K Mg Na Si 

2 weeks 2.648 1.745 0.015 0.000 1.035 3.202 9.090 

4 weeks 3.643 1.969 0.060 0.050 0.490 3.745 11.973 

6 weeks 3.578 1.807 0.000 0.273 0.379 9.041 13.509 

14 weeks 2.143 3.490 0.001 0.607 0.794 10.443 12.710 

        

Error (Std Dev.) 
       

2 weeks 0.554 0.129 0.125 0.023 0.028 0.783 0.314 

4 weeks 1.488 0.227 0.208 0.017 0.018 0.558 0.454 

6 weeks 1.092 0.083 0.127 0.044 0.007 0.510 0.509 

14 weeks 0.612 0.201 0.094 0.222 0.032 0.209 0.787 
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NLr revealed a decrease in the release rate of aluminium and silicon (Figure69) for the duration of 

the experiment (14 weeks) a good indicator for how destruction of the glass network/crystalline 

network progresses due to their structural role. Mg and Ca release rates (Figure70) reflect this with a 

large decrease in release rate after 4 weeks, after which the release rates continued to decrease at a 

lesser rate.  

 

 

Figure 69: Normalised leach rates of silicon (red) and aluminium (blue) for sample JH-HMS. 

 

 

Figure 70: Normalised leach rates of magnesium (red) and calcium (green) for sample JH-HMS. 
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4.2.3 Joule Heated-SIXEP 

Following 4 weeks of corrosion, a layer had developed on the glassy portion of the sample 

(Figure71b) and partially on the thin pyroxene phase but not on the thick pyroxene. A surface layer 

on the thinner crystal cannot be ruled out as some degree of corrosion/layer can be seen on top of it 

(Figureb). EDX was used to help identify compositional changes in the surface layer on all phases, 

(Table 31). 

 

Figure 71: BSE images of JH-SIXEP sample a) pre-corrosion, b) surface after 4 weeks of corrosion showing an 
etching effect, surface debris, and a roughened appearance; sharp sides and points pre-corrosion in a) versus 

uneven sides in b) to the thin crystals that was previously absent. 

 

 

 

Table 31: EDX results of the surface of JH-SIXEP sample after 4 weeks of corrosion, taken from the three 
different phases shown. Results in oxide wt%. Error is displayed as either standard deviation from 10 (5 for the 
thin crystal) different point scans, or the inherent error of EDX analysis (0.1 wt%), whichever was greater. 

Thick Pyroxene MgO Al2O3 SiO2 CaO Fe2O3 

Compound % 17.0 1.3 59.0 0.9 21.7 

Error ± 0.9 0.3 1.00 0.3 1.5       

Glass 
     

Compound % 0.8 12.0 67.7 6.2 13.4 

Error ± 0.1 0.3 1.00 0.2 1.0       

Thin pyroxene      

Compound % 2.1 1.5 30.6 2.5 63.3 

Error ± 0.2 0.6 0.9 0.1 0.2 
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By week 6 this corrosion layer had progressed to cover the entire sample surface (Figure 72) 

including areas where this layer had spalled off revealing the pristine/leached glass underneath, this 

is obvious by the change in colour in these areas signalling a change in composition difference 

relative to the layer on top. Further results from 6 weeks onwards did not show any change in 

surface appearance, or in surface composition and so are not included. 

 

 

Figure 72: BSE image of the of JH-SIXEP surface after 6 weeksof corrosion. (a) focuses on the areas were the 
corrosion layer had spalled off revealing the phase underneath, the glass matrix. (b) Shows how the sample 
appeared after 6 weeks of corrosion; the corrosion layer is hard to discern without the areas where it is has 

spalled off, these were isolated to only the glass phase. 
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Table 32: EDX results from surface analysis on sample JH-SIXEP after 6 weeks of corrosion, for the various 
identified phases. Results in oxide wt%. Error is displayed as either standard deviation from 10 different point 
scans, or the inherent error of EDX analysis (0.1 wt%), whichever was greater. The high error for the uncovered 
glass and thin crystal is due to the small size (on the order of µm’s) which approaches the spatial resolution of 
EDX. Typical spectra for each phase is shown below. 

Large pyroxene MgO Al2O3 SiO2 CaO Fe2O3 

Compound % 17.0 1.3 59.1 0.9 21.7 

Error ± 0.9 0.3 1.0 0.3 1.5 
      

Glass (covered)      

Compound % 1.0 11.4 67.5 6.0 14.1 

Error ± 0.3 0.9 1.0 0.5 1.8 

      

Glass (uncovered) 
     

Compound % 0.4 7.5 51.5 8.2 32.3 

Error ± 0.1 1.8 6.9 0.9 7.9 

      

Thin pyroxene 
     

Compound % 3.3 3.1 38.9 2.3 52.4 

Error ± 1.8 2.4 11.0 0.4 14.1 
      
 

The depth profiles for the elements shown after 4 weeks are displayed in Figure 73and Figure74. 

Iron was separated as it displayed a distinctly different profile. Although the depth profiles for the 

elements shown in Figure 73would suggest a lack of corrosion layer due to the gradual decrease in 

all elements (typical of leached layer rather than a gel layer), a gel layer was observed none the less 

(Figure75a). Figure 74 reveals that iron displayed an even composition until a depth of 1 µm where it 

observed a steady increased composition for approximately 0.4 µm (0.8-1.2 µm region) before 

displaying a rapid decline. Comparing this with the depth profiles in Figure 73, in the 0.8-1.2 µm 

range, Na and Mg were seen to slightly increase, whilst Al was revealed to have reached a plateau, 

neither increasing nor decreasing in concentration; before this region it was observing a steady 

decline. This is evidence that the corrosion layer tends to retain these elements, and due to the 

complete lack of change in the silicon profile, is not a primarily a silica gel layer.  
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Figure 73: Depth profile for various elements in the glass in sample JH-SIXEP after 4 weeks. 

 

Figure 74: Depth profile for the glass in JH-SIXEP sample after 4 weeks in b) displaying only iron for clarity. 
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Figure 75: BSE image of JH-SIXEP sample after 4 weeks of corrosion, depth profile lines are shown. The presence 
of a corrosion layer on top of the glass is obserable in a), whilst b) shows a slight protrusion of the large crystal 

from the glass matrix, no corrosion layer on top of the crystal was observed, 

Shown in Figure 76is the depth profile for the large pyroxene crystal at 4 weeks, other elements 

were detected (Ca,Al, and Na) however these results are not displayed due to the low X-ray counts 

associated with these elements, along with the accompanying error (±200%). This error arises when 

the number of detected X-ray energies associated with a certain element, approach the background 

X-ray energy making accurate concentration identification difficult, and can lead to erroneous 

results. Whilst these elements will most likely be present, the low concentration (<1 wt% region) will 

allow for identification only, but not quantitative information. 

Depth profiles for the 4, 6, and 10-week corrosion times are displayed in Figure 76-78for the large 

pyroxene, taken from samples similar to the depth profile line shown in Figure 75b. Whilst no 

corrosion layer was observed for all corrosion times for the thick crystal, depth profiling revealed 

that the pyroxene was significantly affected by the conditions. At 4 weeks Mg and Si displayed an 

increase in concentration approaching the surface (10-20% increase relative to bulk), whilst Fe 

appeared to be removed showing a decrease to 70% bulk concentrations (Figure 76) over a 4 µm 

range.  After 6 weeks (Figure 77) the corrosion affected zone had increased to 10 µm, with iron 

displaying an increase to 120% bulk value concentrations from 6-14 µm (peaking at 6-8 µm), Mg and 

Si showing a steady decrease from 14-8 µm and a steep decrease from 8-4 µm. No surface change 

was observed for this corrosion time; no layer had developed and no noticeable change had 

occurred that would explain this change from the 4-week depth profile.  At 10 weeks (Figure 78), the 

profile changed again, showing a shrinkage in the corrosion zone to 5 µm. Mg concentrations 

dropped steeply to 10% bulk values over a 1 µm range, whilst Fe similar showed a steep decline in 

concentration to 40% over 1 µm followed by a steady decline from 40%-20% over a 4 µm range not 

observed in the Mg profile. The Si profile saw a slight decrease in concentration (100-80%) over the 

same 1 µm range that Fe and Mg observed a drop, however the concentration started to increase 

again from 80% back to 100%. Overall the profile at 10 weeks suggests the presence of a thin (2-4 

µm) Si corrosion layer depleted in Mg but with some limited retention for Fe. Whilst this layer was 

not observed from surface images, it is possible it was missed due to the interaction zone that BSE 

images give, typically the image received is not that at the surface but that 0.5-2 µm below the 

surface (see sections 3.3.1-3.3.3).  
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Figure 76: Depth profile for the large pyroxene in JH-SIXEP sample after 4 weeks of corrosion. 

 

Figure 77: Depth profile for the large pyroxene in the JH-SIXEP sample after 6 weeks of corrosion. 
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Figure 78: Depth profile for the large pyroxene in the JH-SIXEP sample after 10 weeks of corrosion. 

Depth profiles for the thin pyroxene crystals were more difficult to collect due to many of the 

crystals that intersected the surface being broken, i.e. less than 5 µm long, or were less than 3-4 µm, 

this length is the minimum spatial resolution of EDX line scans at the parameters used. Due to this 

only results for 10 and 14 weeks of corrosion time were recorded, in Figure 79and Figure 

80respectively. The 10-week depth profile (Figure 79) was similar to that seen for the large pyroxene 

at 10 weeks (Figure 78) in that 3 distinct profiles are observed, a slight drop occurs followed by a 3 

µm plateau (Ca and Fe), a drop to ~50% bulk concentration with a slight recovery over 5 µm (Al and 

Si) and finally a significant drop (down to 20%) with a slight recovery to 40% over 5 µm. Similarly, to 

the thick crystal, this implies the presence of a corrosion layer and/or a leached layer. This profile 

was similarly seen at 14 weeks of corrosion (Figure 80), with a slight increase (~0.5 µm) to the region 

affected. 
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Figure 79: Depth profile for the thin pyroxene in JH-SIXEP after 10 weeks. 

 

Figure 80: Depth profile for the thin pyroxene in JH-SIXEP after 14 weeks. 

 

 

ICP-OES results and pH results (Table 33 and Figure 81) revealed the sample to have the lowest initial 

(0-6 weeks) pH of all the samples investigated, and a similarly low pH for the remainder of the 

experiment where it had the second lowest average (8.95, lowest was 8.91) over weeks 6-14. 

However, ICP-OES results did not reflect this low pH, showing a comparable release to other samples 

studied (Table 28, Table 30, and Table 46), current glass corrosion theory suggests (see section 2.4) 

that the further the pH is above 9, the more destructive the solution is to the glass network. Thus, it 

would be expected to have lower elemental release than samples where the pH rose above 10, 

which was not seen. 
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Table 33: ICP (in ppm) results for JH-SIXEP for 2,4,6, and 14 weeks. 10 week results were omitted due to faults 
with the machine. Error is based on the average of 3 aliquots from the same solution. Error is displayed as 
standard deviation only, as these were larger than the systematic error of ICP-OES. 

(ppm) Al Ca Fe K Mg Na Si 

2 weeks 3.257 3.286 0.666 1.232 0.580 1.239 14.018 

4 weeks 3.934 3.727 0.650 1.794 0.552 0.141 15.540 

6 weeks 4.129 4.369 0.632 2.233 0.620 3.063 18.325 

14 weeks 1.886 3.867 0.301 2.533 0.610 3.676 15.656 

        

Error (Std Dev.) 
       

2 weeks 0.740 0.345 0.089 0.087 0.007 0.612 0.819 

4 weeks 1.644 0.485 0.071 0.087 0.020 0.684 0.781 

6 weeks 1.235 0.239 0.106 0.068 0.009 0.426 0.764 

14 weeks 0.525 0.273 0.107 0.054 0.030 0.146 1.199 

 

 

Figure 81:pH versus corrosion time (weeks) for sample JH-SIXEP up to 14 weeks. Error bars reported are either 
the reported error of the pH machine (0.1 pH value), or the difference between the maximum and minimum 

values found from repeat tests, whichever was the larger. 
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NLr revealed a generally good resistance to corrosion due to the decreasing release rate of the 

structural element Si (Figure 82), and also Mg (Figure 83) which is easy to remove during the 

leaching stage. Fe also demonstrated a steady decrease in release rate (Figure 83), in agreement 

with the corrosion resistance of the material due to the large amount of Fe present in the GCM. 

 

 

Figure 82: Normalised leach rates for silicon 

 

Figure 83: Normalised leaching rates for magnesium (green) and iron (red) for sample JH-SIXEP.  
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4.3 Plasma Furnace Wasteform Characterisation 

4.3.1Plasma Furnace-High Metal Surrogate 

The as-received PF-HMS sample was comprised of two visually different portions, a predominantly 

blue phase with some streaks of green, and a black portion which when polished was lustrous and 

similar in appearance to polished metals. Due to this it was assumed this portion had unreacted 

metal waste and is thus referred to as the metallic portion. The two portions were easily separable 

and isolated as such to allow different tests to be performed independently of each other.  

XRD analysis (Figure 84) confirmed the blue/green phase to be completely amorphous, and it is thus 

referred to as blue glass and green glass. 

 

Figure 84: XRD trace for the blue/green phase for sample PF-HMS showing an amorphous trace and absence of 
crystalline peaks, revealing this to be purely glassy.  

EDX analysis of the glasses, presented in Table 34, was chosen to analyse areas of different colours 

in the glass to observe any differences in composition arising from the colour difference. The 

compositions found for these different coloured areas were similar (Table 34) although these areas 

were found to be from portions of the glass where more (3.48x108/m2 versus 2.7x107/m2), smaller 

pores (3-100 µm versus 50-200 µm diameter) had developed during treatment (Figure 85). Thus, it 

was concluded that the blue and green glass are the same glass but with different pore densities. 
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Table 34: Composition of the glass phases in oxide wt% for sample PF-HMS. Results are from 21 different point 
scans at various areas in the glass, the error represents either the standard deviation, the maximum/minimum 
of all the points, or the inherent error present in EDX (0.1 wt%) whichever of these was the largest.  

Glass 1 MgO Al2O3 SiO2 CaO 

Compound % 1.1 11.6 54.3 33.0 

Error ± 0.1 0.1 1.4 1.5 

     

Glass 2     

Compound % 1.3 11.0 54.2 33.5 
Error ± 0.1 0.1 1.2 1.1 

 

 

Figure 85: SEI of different glass regions. EDX analysis of the differences between the coloured areas for the 
glassy portion of sample PF-HMS was given in Table 34. Easily seen is the difference in pore density, with the 

green area displaying an increase in the number of pores compared to the blue portion. A distinct line between 
the two zones can be seen. 

XRD traces for different regions of the metallic portion are shown in Figure 86and Figure 87.  Figure 

86revealed the possible presence of periclase, haematite, and an aluminium Iron alloy whilst Figure 

87 suggests a magnesium-aluminium-iron alloy as the main phase with elemental nickel. Two XRD 

traces were necessary due to the large apparent inhomogeneity in the metallic portion of the 

sample, visual observation showed the entire metallic mass to be very different in colour and lustre. 
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As such several small portions were broken off and analysed using XRD, the traces shown are 

representative of the entire mass.  

 

 

Figure 86: XRD for one part of the metallic portion of sample PF-HMS showing magnesium-aluminium-iron 
oxide (MAF)[PDF 01-074-1134], nickel (Ni)[PDF 00-001-1266], periclase [PDF 01-071-1176], and an aluminium 

iron intermetallic (AlFe) [PDF 00-050-0955]. 

 

Figure 87: XRD for a second (different) part of the metallic portion for sample PF-HMS showing predominantly 
magnesium-aluminium-iron (MAF) with trace amounts of nickel [PDF shown in figure 74].  
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As would be expected from visual inspection and the XRD results, the metallic portion of the GCM 

was extremely varied in composition. EDX mapping (Figure 88and Figure 89) identified at least 10 

different phases, mostly rich in iron. This is confirmed by the various EDX results shown in Tables 35-

40, which are described below. 

Initially the metallic portion was thought to contain a 3-4 unique phases, as such Figure 88was taken 

from a region thought to contain two phases due to BSE imaging (Figure 88a), however 4-5 phases 

could be observed based on the Mg, Fe, and Al distribution. This is easily visible in the Mg and Fe 

map (Figure 88b and d).  Due to this result, a second map in a more complex area (by BSE imaging) 

was selected (Figure 89) showing that the metallic portion was made up of multiple phases, often 

with similar elemental components but differing ratios of each element (based on contrast), for 

instance an AlFe phase can be observed, however the contrast reveals that more than one type of 

AlFe phase is present.  EDX mapping was favoured over SEI and BSE imaging for selecting EDX point 

scans to give more detailed information on the composition and is described further below. 

 

 

Figure 88: a) BSE image of the metallic sample with 3 EDX maps of the same area displaying the elemental 
distribution of Fe (b), Al (c), and Mg (d) for sample PF-HMS. 
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Figure 89: BSE image of another region of the metallic phase along with the distribution of Fe, Al, Mg, and O for 
sample PF-HMS. 

A glassy phase existed between the bulk glass already discussed and the metallic portion. The 

composition of this glass varied depending on how close to the metallic portion it was. As a result of 

this it is not thought to be a different type of glass, rather it is likely to be the bulk glass enriched in 

waste elements due to its proximity to the metallic portion.  This phase was approximately 10-50 µm 

wide and exhibits a large variation in composition depending on its distance from the metal/metal 

oxides along with the composition of those phases, as shown in Table 35. Due to the complex shape 

of the metallic areas, an accurate plot of how these elements decreased/increased as a function of 

distance from the metallic portion could not be established. However, in general, the glass closest to 

the metals had a larger concentration of magnesium, iron and chromium, with lower concentration 

of calcium and aluminium, as would be expected considering the large amount of Fe in the metal 

portion. 

Table 35: EDX for sample PF-HMS showing the large composition differences in the glass nearby the 
glass/metal/metal oxide phases. The results are displayed in oxide wt%. BSE image from the EDX scan is shown 
in Figure 90. 

 
MgO Al2O3 SiO2 CaO Cr2O3 Fe2O3 

Mean (Oxide wt%) 2.7 10.4 54.3 30.9 0.9 0.9 

Max. 10.4 13.6 59.9 33.4 1.7 3.0 

Min. 1.2 9.2 45.3 23.8 0.0 0.0 
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Figure 90: BSE image of the glass/metal/metal oxide boundaries for sample PF-HMS. The various phases were 
deduced using a combination of EDX results, specifically using oxygen content, and XRD data already shown. 

Bright spots on the BSE are metal phases, confirmed by low/zero concentrations of oxygen, the glass phase had 
a similar composition to that of the bulk glass already discussed, whilst the metal oxide phase was determined 

by a low silicon content such that glass formation was unfeasible. 

Analysis of the metallic portion yielded many different phases and compositions, some showing 

limited oxygen implying they are metals, whilst others had significant amounts of oxygen showing 

either a metal oxide or glassy phase. A large distribution of these phases made complete 

characterisation difficult although the main phases discovered are discussed below by the major 

components present. 

4.3.1.1 Al-Mg  

At the metal-glass boundary an aluminium-magnesium oxide phases formed. Figure 91 shows the 

bulk glassy phase with various metallic phases (bright phase) surrounded by two unknown darker 

phases. EDX results (Table 36) confirm that the darker area is mainly composed of Mg and Al but in 

two different ratios, leading to two distinct variations. 
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Figure 91: a) BSE image of the areas investigated for sample PF-HMS bordering the glass surrounding the 
metallic area. b) BSE image taken further into the mixed metal/metal oxide portion. The label “Al-Mg” 

identifies some of the areas identified by EDX as Al-Mg phases (Table 36). 

Table 36: Composition of the two Al-Mg phases detected in oxide wt% for sample PF-HMS, EDX found the 
presence of oxygen indicating these were oxygen containing phases. Error is either the standard deviation over 
20 similar points, or the inherent error present in EDX analysis (0.1 wt%), whichever was the greater. 

 
MgO Al2O3 SiO2 CaO Cr2O3 Fe2O3 

Al-Mg 1 
      

Compound % 25.9 71.7 0.8 0.6 0.1 0.9 

Error ± 0.2 1.2 0.4 0.2 0.1 0.2  
  

     

Al-Mg 2             

Compound % 42.8 50.4 2.0 1.5 1.0 2.3 

Error ± 0.7 3.4 1.1 1.0 0.8 0.8 

 

As has already been established, many phases were found to exist in the metallic portion with 

different morphologies, and a large variation in the minor elements content. Many of these phases 

were present as small spherical particles ranging from 5-100 µm in diameter, however some were 

present in more complex shapes. Several phases were consistent in composition when analysing 

only the major element(s) which usually appeared as either a two or one component system with 

minor elements. Discussed below are those that were the most common, and thought to make up 

most of the entire metallic waste-form as non-oxides, but should not be considered to be the 

remainder of phases present in the sample.   
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4.3.1.2 Al-Fe 

EDX revealed that Al-Fe phases with small amounts (1-7 wt%) of other elements (Si, Mg, Ca, and Cr) 

were widespread. These were mostly present as many small 5-10 µm diameter spheres but they also 

occurred as a mixture of varying amounts of Al and Fe shown in Figure 92. In addition, they had 

varied composition, both the ratio of Al-Fe and the content and concentration of minor elements 

varied, more easily seen in Table 37, as the Al and Fe distribution appears as either an Al enriched 

phase or an Fe enriched phase.  Multiple EDX scans of the two apparent Al-Fe phases revealed a 

tendency for either a 3:2 or 3:7 ratio of Al:Fe, this ratio was consistent throughout the material. It 

was repeatedly seen (Table 37) that the 3:2 Al-Fe tended to have more magnesium than the 3:7 Al-

Fe, however the 3:7 Al-Fe tended to have almost double the concentration of Cr by wt%. 

 

 

 

Figure 92: BSE image for sample PF-HMS with accompanying EDX maps for aluminium, iron, and silicon. The 
complexity of the composition of these phases is observed, although two Al-Fe phases can be clearly seen, small 
compositional fluctuations occur within each of these phases, most easily observed in the aluminium enriched 

particle. 
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Table 37: Composition of the two Al-Fe phases found for sample PF-HMS. All results are in wt%. Error is 
displayed as the standard deviation of 20 points, or the inherent error in EDX analysis (0.1 wt%), whichever was 
greater. 

 
Mg Al Si Ca Cr Fe 

Al-Fe 1 
      

Wt % 1.8 51.9 1.2 0.3 5.5 39.1 

Error ± 0.6 2.0 0.3 0.1 0.2 1.3  
  

     

Al-Fe 2             

Wt % 0.1 24.0 1.6 0.1 9.6 64.6 

Error ± 0.1 5.3 0.1 0.1 0.3 5.0 

 

4.3.1.3 Ca-Si  

Whilst not as common across the entire material as the previous compositions discussed, portions of 

this phase existed as large particles with no definite shape, with a typical width of 0.5-1.5 mm 

(Figure 93), their composition is provided in Table 38. This phase was almost always embedded in a 

darker phase, identified as the Mg-Al oxide phase previously discussed. 

 

Table 38: Composition of the Ca-Si oxide phase detected for sample PF-HMS, results in wt%. Error is either the 
standard deviation from 15 points for Ca-Si 1, 20 points for Ca-Si 2 or the inherent error present in EDX analysis 
(0.1 wt%) whichever was the greater. 

        

 
Na2O MgO Al2O3 SiO2 CaO Cr2O3 Fe2O3 

Ca-Si 1 
       

Wt% 0.0 6.0 6.8 20.6 65.1 0.6 0.9 

Error ± 0.1 0.5 1.9 0.4 2.7 0.1 0.5  
  

      

Ca-Si 2               

Wt% 0.1 1.8 10.2 39.6 46.3 1.1 1 

Error ± 0.1 0.7 0.9 1.9 1.3 0.8 0.7 
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Figure 93: a) BSE image (extension to Figure 92) for sample PF-HMS, with the distribution of b) silicon, and c) 
calcium, showing the location of the Ca-Si phases, with composition reported in Table 38. 

4.3.1.4 Fe based 

Several metallic iron alloys were found, characterised by having a wt% of Fe greater than 70%, all 

were similar in appearance (Figure 94). However, little consistency was found in the concentration of 

the remaining elements. Over 50 different particles were analysed at various locations throughout 

the sample, with each new particle displaying a noticeable change in the concentrations of Mg, Ca, 

Al, and to some extent Si. Due to this, the results are given as an average, maximum and minimum, a 

4th result has also been added, and represents the number of “groups” of particles with similar 

amounts of that element. This result is from the number. of unique averages, for instance calcium 

displayed 5 recurring averages, 1 wt%, 7 wt%, 12 wt%, 17 wt%, and 24 wt% (±1.5 wt% for each 

average) over the 50 points analysed, no points outside this range were present.  

Table 39: Composition of the various Fe phases detected for sample PF-HMS. Results in wt%. Elements below 1 
wt% are not included due to intensities below instrument error for this set of results. 

 
Mg Al Si Ca Cr Fe Ni 

Average (wt %) 3.7 7.8 2.4 0.6 11.2 70.5 3.8 

Maximum 17.9 10.5 9.1 5.7 16.9 80.0 4.7 

Minimum  0.0 0.5 1.6 0.0 8.1 60.5 3.0         

Groups 5 2 3 3 N/A N/A N/A 

  

Figure 94: SEI showing the typical Fe phase in the metallic portion of sample PF-HMS, the composition of which 
is shown in Table 39. 
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One consistent Fe phase was detected, comprising of mostly iron and chromium, with low levels of 

other elements, shown in Table 40. 

Table 40: EDX analysis of a mainly Iron-Chrome phase for sample PF-HMS. Error is given as standard deviation 
or the inherent error in EDX analysis (0.1 wt%), which ever was the greater. 

 
Al Si Ca Cr Fe 

Wt% 3.0 2.4 0.3 7.9 86.5 

Error ± 1.1 0.7 0.1 0.9 2.6 

      

 

4.3.2 Plasma Furnace-Asbestos 

XRD (Figure 95) from the PF-Asb sample suggests the existence of crystalline diopside (MgCaSi2O6), 

while a small amorphous hump was also observed. The peaks however, did not fully match the 

suggested phase due to slight shifts in peak locations (±1, 2Ɵ) and in intensities (±10%) which suggest 

that this phase is more complex then pure diopside, with some degree of substitution of magnesium 

and calcium with iron and aluminium, as can be seen in the EDX results presented in Table 41. This is 

discussed in more detail in the discussion section on this sample (section 5.5). 

Three phases were identified using BEI (Figure 96), a crystalline phase made apparent by its 

morphology, small spherical particles (typically 2-5 µm diameter) which appeared bright under BEI 

suggesting these are either metallic or atomically denser than the surrounding material. As XRD 

showed a glassy phase was present, it can be reasonably assumed the matrix was amorphous.  

 

Figure 95: XRD for sample PF-Asb showing the peaks observed for a powdered sample. All the Fe-diopside [PDF 
00-025-1217] peaks were present with the missing peaks attributed to the bright phase. The small amounts of 
this phase would be enough to mitigate the any major peaks from the iron phase as there was some degree of 
overlap. Unmarked peaks at 39.1 and 52.8 2Ɵ were not attributable to any phase (with the elements present in 

the sample). 
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Figure 96: BSE image of sample PF-Asb, representative of the entire sample and showing three different 
phases.1) the main crystalline phase diopside. 2) Glassy matrix. 3) the bright phase,suspected to be metallic in 

nature, often forming at the edge of the diopside, evident in this figure. 

EDX measurements of the glass, bright phase, and crystalline phases composition are presented in 

Table 41. EDX found that the bright phase was mainly composed of iron (66 wt%) with large amounts 

of chromium (13 wt%), the rest consisting of small amounts of magnesium and aluminium (1.5 and 

4.3 wt% respectively). Due to the complete lack of oxygen detected, this is most likely unreacted metal 

waste. 
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Table 41: Composition of the diopside and glassy phase, as determined by EDX for sample PF-Asb. results for 
the glass are displayed as Oxide wt%, whilst results for diopside and the bright phase are shown in wt%, no 
oxygen content was provided for diopside as it varies from sample to sample due to contamination from dust 
particles and biological contamination from handling.  

 Na2O MgO Al2O3 SiO2 CaO Fe2O3 

Glass       
Compound % 1.4 0.7 11.2 43.5 35.5 7.6 

Error ± 0.1 0.1 0.1 0.3 0.2 0.2 

       
Diopside Na Mg Al Si Ca Fe 

Wt % 0.1 3.4 9.6 26.9 36.4 23.6 

Error ± 0.1 0.1 0.3 0.3 0.2 0.4 

       

Bright phase Cr Mg Al Si Ca Fe 

Wt % 13.4 1.5 4.3 6.0 8.2 66.6 

Error ± 1.2 0.7 1.0 0.5 1.3 2.8 

 

4.3.3 Plasma Furnace-High Metal Surrogate 2 

Visual inspection of the PF-HMS2 wasteform showed two portions of differing composition, one that 

consisted of various undissolved metals/metal oxides, and one that appeared glassy due to its green 

translucency similar to PF-HMS described in section 4.3.1. The metallic portion made up less than 

circa 5% by volume of the total wasteform received. For this reason, the metallic portion results are 

not included. 

SEI (Figure 97) showed the wasteform to be composed of only one phase, which had a translucent 

green appearance and was thus presumed to be glassy. XRD analysis of the bulk (Figure 98) 

confirmed it to be completely amorphous. Compositional analysis carried out by EDX is presented in  

Table 42 revealing the glass to have a low silica content (35 wt% SiO2), a surprising result as low silica 

glasses tend to devitrify during processing unless a quick quench time is applied [194]. However, 

Higby et al. [195] found that the combination of Al and Ca with similar amounts of Si resulted in a 

stable glass due to compensating nature of the Ca2+ and AlO4
- . 
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Figure 97: SEI of sample PF-HMS2 showing a homogenous sample without any phases present some 
contamination was present collecting in pores on the sample. 

 

Figure 98: XRD trace of the powdered sample PF-HMS2, showing a characteristic amorphous hump and no 
crystal peaks showing the portion received was purely glassy 
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Table 42: Composition of the glass in compound wt% for sample PF-HMS2.Error is either the standard deviation 
over 20 points, or the inherent error of EDX (0.1 wt%) whichever was the largest. 

 
MgO Al2O3 SiO2 CaO La2O3 Ce2O3 

Compound % 1.9 12.3 35.6 29.2 8.3 12.8 

Error ± 0.1 0.2 0.4 0.3 0.3 0.3 

 

4.4 Plasma Furnace Corrosion Study 
 

Corrosion analysis of the ILW wasteforms is vital to assessing their potential for surface storage, or 

sub surface disposal and multiple tests are performed on new matrices for wastes before they can 

be implemented as a wasteform.  To help with this assessment detailed SEM/SEM-EDX analysis of 

both the surface and of cross sections were performed on the corroded samples after 2,4,6,10, and 

14 weeks of corrosion. Results from all these corrosion times are not displayed where no new 

developments in the corrosion progression were found. 

4.4.1 Plasma Furnace-High Metal Surrogate 

 

The purely glassy portion and the second crystalline portion of the PF-HMS sample were treated 

separately during corrosion experiments. Glass surface scans showed little change to the surface 

until a high magnification of around 100,000 at which point the surface displayed the image seen in 

Figure 99. This image was seen for all times in corrosion past 6 weeks (up until the maximum of 14 

weeks), whilst these were not seen before 6 weeks this is thought to be due to lack of high 

magnification images performed at these corrosion times. As no surface effect was observed pre-

corrosion, and due to the high magnification necessary to view this surface effect, the corrosion 

layer that formed must be extremely thin (much less than 1 µm) as other corrosion layers on other 

glassy samples (see section 4.2.3) at much lower magnification (500-1000x) were clearly visible. 

Further, the corrosion layer that formed is different than those observed on other glassy portions of 

other GCMs where the corrosion layer and glass were separate entities, easily distinguished using 

BSE imaging (e.g. Figure 72 ). The PF-HMS glass appears to have been selectively etched, whereby 

portions of the glass dissolved into solution, rather than having a compositional unique surface layer 

form. 
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Figure 99:High magnification SEI of the surface of the glassy portion of PF-HMS after 6 weeks of corrosion 
showing the surface has a (non-spherical) porous appearance with sharp edges. 

EDX of the surface (Table 43) showed little change to the uncorroded composition, with only a slight 

decrease in the minor elements; Mg, Cr, and Fe, this decrease is not unexpected although a 

noticeable decrease in calcium should have been observed due to the relative ease at which Ca (all 

alkali metals, and alkali earths) is likely to be removed during the leaching phase of glass corrosion 

(see section 2.4). This result is most likely due to the AlO4
-/Ca2+ pairing that occurs in Al containing 

glasses which provides charge compensation up to charge neutrality (CaO/Al2O3=1) at which point 

the calcium begins to act as a modifier, causing NBO [195].  

Table 43: Composition of the glass surface after 6 weeks of corrosion for sample PF-HMS. Error is either the 
standard deviation over 20 points, or the inherent error of EDX (0.1 wt%) whichever was the largest. 

 MgO Al2O3 SiO2 CaO Cr2O3 Fe2O3 

Glass surface       

Compound % 
0.8 10.3 56.8 31.0 0.8 0.7 

Error ± 
0.3 1.0 1.0 1.4 0.3 0.3 

 

Depth profiling (Figure 100) confirmed that little change occurred to the main elements present in 

the glass i.e. calcia, silica, and alumina over all times investigated: 
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Figure 100: Average depth profile over all times investigated for sample the glassy portion of sample PF-HMS. Y 
axis represents the percentage of the value detected in the bulk of the specimen i.e. unaffected by corrosion. 

All of the metallic portion of the sample suffered from severe corrosion, and after 2 weeks was 

reduced to a brown powder, making depth profiling impossible. This behaviour was seen for all 

corrosion times, and for all the metallic samples used regardless of differences in composition (due 

to the large inhomogeneity in the sample compositional differences were common). SEM analysis of 

the resulting powder is shown in Figure  101and was taken at high magnification to identify the 

morphology. EDX analysis (Table 44) found the composition varied greatly, however this was not 

reflected in the images found, only those such as shown in Figure  101were observed. 

 

Figure 101: High magnification SEI of sample the metallic portion of PF-HMS after two weeks of corrosion 
showing how platelets had agglomerated into spheres whilst retaining a distinct platelet morphology giving an 

unual “coral” like structure.  
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Table 44: EDX of the remains of the crystalline portion of sample PF-HMS. Clearly seen is the variety in 
compositions from the maximum and minimum vales obtained over 30 different points. All results in wt%, 
Oxygen was present for all the samples but excluded as the exact amount was dismissible (see chapter 2.2.1). 

 
Fe K Na Mg Al Si Ca Ti Cr Mn Ni 

Average (Wt%) 22.0 0.1 0.1 5.7 14.4 30.0 24.7 0.1 3.0 1.2 0.9  
                      

Maximum 84.2 0.2 0.2 10.7 26.0 50.0 49.0 0.7 9.5 4.8 2.8 

Minimum  0.0 0.0 0.0 0.1 0.2 3.6 0.1 0.0 0.0 0.0 0.0 

 

SEM-EDX of the small spheres (5-15 µm diameter, Figure 101) was not reliable due to the size, 

however a large amount (>60 wt%) of calcium and (30 wt%) oxygen was detected (remainder was 

made up of Al, Mg, Si, and Fe), and whilst the values cannot be used due to the error, it is clear that 

calcium makes up the bulk of these particles. This flower like morphology as small spheres has been 

observed in magnesium oxide [196] and calcium carbonate crystals [197], whilst no literature on a 

similar morphology for calcium oxide could be found. EDX cannot reliably determine the presence of 

carbon (see sections 3.3.1-3.3.3) thus it is possible that the calcium reacted with an as yet unseen 

carbon containing phase during corrosion producing a calcium carbonate microsphere. 

Initial ICP-OES analysis of these samples found that all elements reached the upper limit for the 

standards used of 50ppm, a second round of tests using a larger concentration of standards were 

also found to reach the maximum of 100ppm. ICP-OES results are not displayed for this reason, 

whilst this result reveals that the concentrations of Al, Ca, Fe , Mg, Na, and Si all exceeded 100ppm 

(the highest standard concentration) after 2 weeks corrosion, calibration does not allow for 

meaningful values past the highest standard used (100ppm). This result was found for all corrosion 

times, and reveals that this portion of the waste is unsuitable for disposal.  

 

4.4.2 Plasma Furnace-Asbestos 

To assess the durability of the monolithic samples, MCC-2 tests as described in section 3.4, were 

performed every two weeks up to 10weeks.  Surface scans (Figure 102) showed that precipitation 

had occurred, resulting in microcrystals distributed over the entire sample, as can be seen in  Figure 

102b). These crystals were usually associated with the diopside, providing a better template on 

which to crystallise than that of the amorphous structure present in the glass. EDX analysis of the 

microcrystal, diopside surface, and glass surface are shown in Table 45. The glass surface showed an 

increase in the concentration of Fe, but otherwise no noticeable change from pre-corrosion 

concentrations was observed, however diopside showed a decrease in the Fe content. 
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Figure 102: SEI of the corroded surface following 4 weeks of corrosion for sample PF-Asb. (a) High 
magnification image of corroded diopside crystal with microcrystals forming on top. (b) Distribution of 

microcrystals over diopside and glass. 

 

Table 45: EDX of the corroded surface of the glass and diopside, along with the EDX of the small crystals shown 
on the surface. The size of these crystals approached the spatial resolution of EDX for this reason results have a 
large error; this could not be calculated instead the standard deviation of 30 point scans is given. Note, results 
for diopside surface are given in elemental wt% rather than oxide wt%. 

Micro crystal MgO Al2O3 SiO2 CaO Fe2O3 Na2O 

Compound % 3.1 11.2 36.0 32.9 16.8 - 

Error ± 1.2 3.2 6.7 2.4 1.7 - 

       

Diopside surface Mg Al Si Ca Fe Na 

Compound % 3.3 10.2 36.7 32.1 17.8 - 

Error ± 0.6 1.3 2.9 2.3 2.1 - 

       

Glass Surface MgO Al2O3 SiO2 CaO Fe2O3 Na2O 

Compound % 0.9 10.6 43.1 35.4 9.1 1.8 

Error ± 0.1 0.3 0.7 0.7 0.4 0.8 

 

SEM images from the surface (Figure 102 a), and cross sections (Figure 103), revealed the glass and 

diopside were at different heights, the diopside protruding from the glassy matrix. This indicates that 

the glass has been corroded more than the diopside leading to the difference in “height” between 

the two. 
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Figure 103: BSE image of sample PF-Asb after 4 weeks of corrosion. Diopside is observed to protrude from the 
glass this confirms that the diopside had higher corrosion resistance due to the difference in height.Also 

obserable is a thin corrosion layer.  

 

 

Figure 104: BEI of PF-Asb sample (a) along with the EDX map of iron (b). Cracks occur in the glass, extending 
from the diopside which contains an iron phase. 

Figure 104shows that the glass has cracked during leaching and EDX mapping shows the presence of 

iron in these cracks, no other elements were found. This cracking was seen to originate from the 

diopside extending outwards until it intersected another crack or diopside crystal. This was 

repeatedly seen throughout the sample i.e. it was not isolated to one particular area in the sample, 

and repeated tests showed the same result. The crack tips were generally blunt; however, some 

sharp cracks were observed, both of these can be seen in Figure 104. 
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EDX depth profiles (Figure 105 and Figure 106) of the glass revealed an iron enriched surface layer 

becoming increasingly enriched with the length of time of the experiment. At week 4 (Figure 105a) 

iron concentrations had reached 160% bulk values (±20%) over 1.5 µm with all other elements 

showing a decrease in concentration to approximately 40% (±10%) over 1.5 µm. No indicators of a 

gel layer were present, such as a “shelf” of silicon, or rise in other elements (Al, Ca, O). By week 6 

(Figure 105b) the concentration of iron at the surface was 120% bulk concentrations over 2 µm, 

however in areas this value was ~800%, this result is where the depth profile intersected an iron 

filled crack. The concentration of other elements at week 6 had not changed from week 4. Week 10 

(Figure 106) revealed that iron surface concentrations were 160% bulk concentrations, similar to 

week 4, however the effected depth had increased from 1.5 µm to 3 µm. The other elements 

effected depth had extended to 3 µm, however it could be separated into two zones, from 0.5-3 µm 

a constant decrease from 100-80% bulk values was observed, whilst from 0.5-0 µm the 

concentration decreased to 40%. The profile at 10 weeks is indication that a corrosion layer had 

developed (0-0.5 µm) followed by a leached layer (0.5-3 µm). 

 ICP results (Table 46) showed that after 2 weeks, elements no longer increased in concentration, 

whether this is due to the iron enriched layer acting in a protective manner, or because 

crystallisation is occurring at a similar rate to leaching is unclear.  

Diopside displayed an almost constant leached depth with no layers forming (Figure 107). 
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Figure 105: Depth profiles of PF-Asb after a) 4 weeks and b) 6 weeks of corrosion. 
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Figure 106:EDX line scan of glass in PF-Asb after 10 weeks of corrosion. 
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Figure 107: Diopside EDX line scan in PF-Asb at 4 weeks, this same profile was observed for all subsequent 
corrosion times. 

Whilst images showed some sort of layer, EDX depth profiles gave no indication of such a layer, as 

can be seen from Figure 107.  
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The pH results (Figure 108) showed a typical profile for a glass with an immediate rise in pH as a 

result of leaching, followed by a drop due to the formation of protective layers reducing the number 

of leached ions in solution. ICP-OES results (Table 46) reflected this to some extent with a rise in ion 

concentration in solution for the first 6 weeks, as a result from stage 1 corrosion in glasses whereby 

leaching of elements is predominant (see section 2.4), followed by a drop. Calcium experienced the 

largest leaching, this result was not expected as sodium is typically released into solution in much 

greater quantities than calcium, however, the relatively low amounts of sodium in the wasteform 

accounts for this. 

 

Figure 108: pH versus corrosion time (weeks) for sample PF-Asb up to 14 weeks. Error bars reported are either 

the reported error of the pH machine (0.1 pH value), or the difference between the maximum and minimum 

values found from repeat tests, whichever was the larger. 

 

 

 

 

 

 

 

 

7

7.5

8

8.5

9

9.5

10

10.5

11

0 2 4 6 8 10 12 14

p
H

Time (weeks)



162 
 

Table 46: ICP-OES (in ppm) results for various elements in solution over the corrosion time periods shown. Error 
is displayed as standard deviation of 9 aliquots over 3 samples only as these were larger than the systematic 
error of ICP-OES. 

 

(ppm) Al Ca Fe K Mg Na Si 

2 Weeks 2.591 18.343 0.006 2.687 0.023 6.834 8.249 
4 Weeks 5.132 17.343 0.045 2.358 0.060 3.884 12.996 
6 Weeks 6.387 14.356 ND ND 0.132 0.431 14.923 
10 Weeks 5.514 19.907 ND ND 0.070 7.286 10.625 

14 Weeks 2.336 19.140 ND ND 1.143 14.893 18.550 

        

Error (Std Dev.)        
2 Weeks 0.061 0.105 0.129 1.572 0.002 0.168 0.052 
4 Weeks 0.120 0.099 0.924 1.380 0.006 0.095 0.082 
6 Weeks 0.149 0.082 0.004  - 0.014 0.011 0.095 
10 Weeks 0.129 0.113  -  - 0.007 0.179 0.067 
14 Weeks 0.055 0.109  -  - 0.119 0.365 0.118 

 

NLr rates for silicon and aluminium (Figure 109) revealed a steady decrease in the release rate for Al 

over 14 weeks and a decrease for Si up to 10 weeks, after which it rose slightly, most likely due to 

the increase in pH that occurred in the 14-week sample (Figure 108). This result generally indicates a 

good corrosion resistance, however, NLr for Mg (Figure 110) indicated the opposite, a large increase 

was observed at 14 weeks. Mg was mainly found in the diopside phase, thus indicating a possible 

decrease in the corrosion resistance of this phase after 14 weeks. This coincides with the slight 

increase in Si release rates, now most likely attributable to the diopside phase rather than the glass. 

No increased corrosion of the diopside phase was observed in other analysis techniques.  
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Figure 109: Normalised leach rate results for silicon (blue) and aluminium (orange). Both elements saw a 
decrease to the rate over time.Error is calculated based on the maximum/minimum value calulcated for that 

point. 

 

 

 

Figure 110: Normalised leach rate results for magnesium. Error is calculated based on the maximum/minimum 
value calulcated for that point. 
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Figure 111: Normalised leach rate results for sodium. Error is calculated based on the maximum/minimum 
value calulcated for that point. 

 

4.4.3 Plasma Furnace-High Metal Surrogate 2 

No change to the PF-HMS2 sample was observed after 2 weeks’ corrosion, however after four weeks 

some change had occurred to the attacked surface of the sample, displaying a “rough” layer (Figure 

112) that easily came off. EDX analysis (Table 47) showed this layer to be depleted in calcium. 

Table 47: EDX surface scans of the corroded surface of sample PF-HMS2 after 4 weeks, the pre-corrosion results 
are displayed for comparison. Results are shown as oxide wt%. Error is either the standard deviation over 20 
points, or the inherent error of EDX (0.1 wt%) whichever was the largest. 

  
MgO Al2O3 SiO2 CaO La2O3 CeO2 

Compound % 
 

2.20 9.05 25.47 11.90 20.43 30.63 

Error ± 0.33 0.67 2.34 1.06 2.15 1.66         

Pre-Corrosion 1.92 12.25 35.62 29.18 8.26 12.77 

 

After 6 weeks, the surface layer was fully developed and showed cracking, most likely from the 

procedures for SEM preparation. A low magnification image of the cracked surface layer and a 

similar image of an area where the surface layer had completely spalled off are shown in Figure  

112a and b respectively. They reveal that underneath the gel layer, grinding marks remain from the 

original glass’ surface. It is unclear whether the layer is not a typical gel layer and is a precipitated 

layer instead, or whether corrosion progressed such that the underlying glass retained the grinding 

relics; if all the glasses surface was attacked evenly the surface topography before corrosion 

(compare with Figure 97) would remain after. 
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Figure 112: a) BSE image of the 6 weeks corroded surface layer in sample PF-HMS2 and b) areas where the 
surface layer had developed but later spalled off .  

Further variation in the surface composition arose, depletion in calcium still occurred but not to the 

same extent as at 4 weeks. Other elemental changes were not as drastic as those at 4 weeks. The 

composition of the exposed glass was similar to that of the original composition, showing that the 

gel layer was in fact fully covering and so protecting the glass. 

 

Table 48: EDX results for the surface layer and the glass seen in exposed areas, where the layer had spalled off, 
at 10 weeks of corrosion time for sample PF-HMS2. Error is either the standard deviation over 20 points, or the 
inherent error of EDX  (0.1 wt%) whichever was the largest. 

 
MgO Al2O3 SiO2 CaO La2O3 CeO2 

Surface layer 
      

Compound % 1.2 9.9 29.7 16.4 16.8 26.0 

Error ± 0.2 0.4 1.1 2.1 1.4 1.9        

Pristine glass             

Compound % 2.3 13.3 37.0 25.3 8.6 13.6 

Error ± 0.1 0.2 0.7 0.4 0.5 0.6 

 

From 10 weeks of corrosion onwards, no change was observed in composition or surface features. 

Depth profiling revealed that the glass underwent several drastic changes over 14 weeks of 

corrosion. After 4 weeks both cerium and lanthanum (Figure  113 and Figure 114) showed a drop 

from 100% to 40-60% bulk concentrations where they remained for approximately 2 µm after which 

profiles sharply raised to 100% over 0.5 µm. The profile then dropped from 100% to 20% over 2 µm. 

This behaviour suggests the presence of a 2 µm thick cerium and lanthanum enriched layer at the 

surface followed by a cerium and lanthanum depleted zone 2-3 µm thick below. Both magnesium 

and calcium (Figure 115 and Figure 116) showed a continuous decrease over both the leached layer 
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and corrosion layer to 20-40% bulk values. The profile of aluminium (Figure 117) supports a gel layer 

hypothesis with a 2 µm shelf where the cerium and lanthanum profiles peaked, Al would act 

similarly to Si; a continuous decrease in Al content would point towards two leached zones, a shelf 

supports a surface layer.  

Cerium and lanthanum profiles changed at 6 and 10 weeks of corrosion, exhibiting profiles typical of 

no surface layer, and a 2 µm leached layer. Aluminium also adopted a similar profile with no change 

until a depth of 2 µm where it decreased steadily to 20-40%bulk values. Calcium and magnesium 

both had similar profiles at these times, a decrease from a depth of 4-2 µm to 50% (±5%), followed 

by a second decrease at a different rate, from 50% to 20% over the course of 1 µm. By 14 weeks the 

profiles changed again, cerium and lanthanum displayed an increase in concentration of 100-170% 

(±10%) from a depth of 6-2 µm, followed by a decrease of 160-20% (±10%) from 2 µm to the surface. 

This profile indicates a gel layer with a high retention for cerium and lanthanum, and no leached 

layer at all. The other elements displayed a constant decrease over the same depth (6 µm to the 

surface) of 100-20% (±10%). These profiles suggest that the nature of the surface layer changed 

during the experiment, at first a layer formed with some capability to retain cerium and lanthanum 

but not protecting the glass from further leaching, then changing to a protective layer with little 

capability to retain these elements. Finally, the layer that formed had a very high retention capability 

for cerium and lanthanum, and stopped further leaching of these elements from the glass leading to 

the gradual increase in concentration of these elements up to the surface (with no decrease).  

 

Figure 113: Depth profile of lanthanum from 4-14 weeks of corrosion for sample PF-HMS2. 
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Figure 114: Depth profile of Cerium from 4-14 weeks of corrosion for sample PF-HMS2. 

 

 

 

Figure 115: Depth profile of magnesium from 4-14 weeks of corrosion for sample PF-HMS2. 
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Figure 116: Depth profile of calcium from 4-14 weeks of corrosion for sample PF-HMS2. 

 

 

Figure 117: Depth profile of aluminium from 4-14 weeks of corrosion for sample PF-HMS2. 
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Figure 118: pH versus corrosion time (weeks) for sample PF-HMS2. Error bars reported are either the reported 
error of the pH machine (0.1 pH value), or the difference between the maximum and minimum values found 

from repeat tests, whichever was the larger. 

Examination of pH versus time (Figure 118) revealed that pH increased drastically in the first week, 

but soon tapered off from 10.5 to almost 9, explained by the formation of a protective gel layer 

which inhibits leaching and hinders ion release from the solid into the solution. One anomalous 

result was found at 5 weeks of corrosion; however no explanation for this result could be offered 

other than contamination of the 5 week sample. 

ICP-OES results (Table 49) reveal a steady increase in the leached elements in solution up to 10 

weeks, at which point elemental release is drastically reduced, with the exception of calcium which 
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is reduced. However, the amount released in comparison to previous weeks (2 ppm) was not large 

and this is regarded as an anomalous result. Lanthanum and cerium standards could not be used due 

to machine and standard limitations. 

 

Table 49: ICP-OES results (in ppm) from 4-14 weeks of corrosion time for sample PF-HMS2. Error is displayed as 
standard deviation from 9 samples over 3 aliquots of solution only as these were larger than the systematic 
error of ICP-OES. 

 

(ppm) Al Ca Fe K Mg Na Si 

4 weeks 4.281 12.475 0.00 0.00 0.099 0.00 8.918 

6 weeks 5.062 14.282 0.00 0.684 0.104 0.00 10.609 

10 weeks 5.112 17.458 0.00 0.703 0.108 0.962 10.474 

14 weeks 1.467 15.283 0.00 0.826 1.038 1.246 1.445         

Error (Std Dev.) 
       

4 weeks 0.701 0.782 0.11 0.013 0.011 0.962 0.224 

6 weeks 1.862 1.558 0.10 0.112 0.00 0.684 0.312 

10 weeks 1.408 0.783 0.071 0.048 0.00 0.623 0.291 

14 weeks 0.442 0.756 0.071 0.044 0.045 0.228 2.538 

  

NLr for Si and Al (Figure 119), structural components for the glass, showed a decrease over the 

duration of the experiment (14 weeks), further, the release rates were lower than previously 

analysed samples. As this looked at only the glass phase, this reveals the glass to be highly resistant 

to corrosion in the conditions (see section 3.4). Paradoxically, the Mg NLr (Figure 120) show the 

opposite at after 14 weeks, but were in good agreement before. Whilst a large increase in the NLr 

occurred, the Si and Al NLr did not mirror this; this release was not due to depolymerisation of the 

silica network, but an increase in leaching. 
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Figure 119: Normalised leaching rate (g/cm2day) versus time (days) for aluminium and silicon, for sample PF-
HMS2.  

 

Figure 120: Normalised leach rate (g/cm2 day) versus time (days) for magnesium. 
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5.0 Discussion 

5.1 Joule Heated-Plutonium Contaminated Material  
 

This sample contained 3 separate major phases; two glassy phases and the pyroxene phase along 

with 2 minor phases; iron-chromium metal alloy particles and an as yet unidentified phase 

surrounding the pyroxene. The minor phases are not expected to have a significant impact on the 

corrosion resistance of the material due to the small amounts present (~1-5%) and their isolated 

nature.  

XRD results matched diopside (MgCaSi2O6) , augite (Ca, Na)(Mg, Fe, Al, Ti)(Si, Al)2O6, pigeonite (Ca, 

Mg, Fe)(Mg, Fe)Si2O6, enstatite (MgSiO3)and ferrosilite all phases from pyroxene family, the 

composition boundaries for which are outlined in the ternary phase diagram shown in Figure 121. 

EDX results revealed a complete lack of iron in the sample removing (clino) ferrosilite and the 

hedenbergite (CaFeSi2O6) series as matches. The small amount of calcium and large amount of 

magnesium in the main crystal would place the phase in the pigeonite region of the phase diagram 

making it the foremost candidate. The formation of pigeonite is most likely due to the liquid-liquid 

phase separation, producing a glass which is more prone to crystallisation, as has been documented 

previously [198]. Little literature exists on the corrosion properties of pigeonite, with most research 

into pigeonite originating from mineralogy where it forms naturally in volcanic magmas 

[199,200,201] and in extra-terrestrial magmas [202,203]. However, the results from this study show 

it to have an equal if not better resistance to aqueous corrosion than that of the bulk glass (Figure 49 

versus Figure 54 and 55) where leach depths were greater for the glassy phases.  

 

Figure 121: Rough ternary phase diagram for the pyroxene family of phases [204]. 
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The second phase likely formed from the rejection of elements from the main crystalline phase 

(phase 1) giving a crystal enriched in aluminium, calcium, and magnesium thus ruling out all 

pyroxenes as candidates; the calcium alone places it in the non-pyroxene region of the phase 

diagram. Barbieri et al. showed that in CMAS glass, diopside and anorthite formed at 900-1100 oC 

and are the most likely crystals to form [205]. However, Barbieri et al. also found the phase 

distribution using quantitative Rietveld analysis as being 60% diopside, 20% anorthite with the 

remainder being glassy. Whilst the ratio of glass to crystal does not match these results, diopside 

always formed the major phase, with a maximum of 95/5 diopside to anorthite at 1000 oC with a 4h 

hold at this temperature, not dissimilar from the ratio of the crystalline phases seen in this 

wasteform. It is interesting that the phases in this GCM were a pyroxene and a calcium-aluminium-

silicate (with some elemental substitution), a phase that has a similar composition to that of 

anorthite. Comparison of XRD data on anorthite shows a correlation on the major peaks, although 

some of the smaller ones are either absent or overshadowed by the more prominent pyroxene.  The 

SiO2-CaO-Al2O3 phase diagram (Figure 122) does show that by composition, the ratio of these 3 

elements puts this phase on the boundary between anorthite and tridymite, however the 

comparison between tridymite XRD peaks and the XRD results shows that tridymite formation is 

unlikely. Additionally, the composition of the slag maker was chosen to specifically form anorthite, 

although it was uncertain whether this would actually occur due to the additional waste input. For 

these reasons, it can be reasonably concluded that anorthite is the second crystalline phase present. 

 

Figure 122: Al2O3-CaO-SiO2 phase diagram [206]. 

 

Corrosion of the crystalline phase resulted in a continuous, thin, and homogeneous layer on the 

surface, as evident from the lines scans, calcium build-up occurred however this is assumed to be a 
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result of the anorthite interfering with the EDX scans and not due to any corrosion process. This 

result coupled with the surface images, cross sections, and depth scans suggests that the crystal is 

relatively unaffected (in comparison to the glassy phases) by the environment. This is also in 

agreement with literature involving the aqueous corrosion resistance of anorthite which was found 

to perform well in both acidic and alkaline regime [138,207]. Toya et al. [207] found weight losses in 

a glass ceramic containing both anorthite and diopside varying from 1.4-2.3mg/cm3 over 24h (90 oC) 

in alkaline media dependant on the proportion of the material which was ceramic; the more 

crystalline the GCM was the higher the weight loss. Due to the lack of discrimination on the 

corrosion of each crystal, it cannot be shown which one performed better. Corrosion of diopside is 

discussed elsewhere in this report (section 5.5), but was found to be highly resistant to aqueous 

corrosion in several fields in comparison to glasses of similar composition. Fröberg et al. [135] 

showed that little to no changes occurred when anorthite glass ceramics were exposed to 

hydrochloric acid containing solution after 4 days, with negligible release of Ca, Si, and Mg ions. 

Although Toya et al. did show that the rate loss was large for this material, the losses described did 

not match what was seen here; it is possible that the gel layer that formed was a result of the nearby 

glass and that it extended over the crystal offering similar protection. Observation of the surface of 

the glass did show the layer that formed was likely to have formed via precipitation rather than by 

depolymerisation giving credence to the layer extension theory. If the topmost layer of the glass gel 

layer was precipitated, then it is easy to see how this layer would extend over the entire surface, 

covering not just the glass but the crystal as well. The results found by Toyal et al. [207] would 

suggest after 14 weeks in alkaline solution that at least 14 µm of material would be removed from 

the pigeonite/anorthite mix. As no such loss was observed the layer that formed is protective. 

The glass-crystal interface is a very common weak point in the corrosion resistance of glass-ceramics 

and glass composites [68] due to thermal mismatches allowing a gap and/or cracking to separate the 

two leading to ingress of water and a higher surface area of attack. No evidence of attack on the 

wasteform by this method could be found by the analysis techniques used, attributed to the barrier 

phase between the main crystal and the glass, longer trials would be necessary to establish that this 

does not occur. 

Liquid-liquid phase separation of glasses in the quaternary system CaO-MgO-Al2O3-SiO2 has been 

documented before by several authors [204,208,209] and has been noted to occur due to 

segregation of the calcium and magnesium ions at high temperatures (in excess of 800 oC). EDX 

results confirm the difference in the two glasses is between the composition of calcium and 

magnesium in each respective glass. Interestingly, sodium was also affected to a large extent, with 

one glass demonstrating only trace amounts whilst the other had close to 4 wt%, for this reason the 

sodium enriched glass will be referred to as such; Na-Glass (glass 2), whilst the second one is 

referred to as “Na depleted glass” (glass 1).  

The morphology of the Na glass would suggest that it formed first due to the spheroidal shape, and 

possibly formed around the Fe-Cr particles as BSE images revealed none of these particles existed in 

the Na depleted glass. Interestingly, it appears that the Na glass rejected excess Mg into the 

surrounding melt, allowing the formation of the Na-depleted glass which was enriched in Mg.  This 

behaviour is often associated with crystalline materials (e.g. eutectic melts), and not (to the authors 

knowledge) with glasses. It is possible that the Na glass formed from the depolymerisation of 

crystalline phases which formed around the Fe-Cr particles, which explains the presence of the two 
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glasses, the morphology they took, and the relation to the Fe-Cr particles as they would act as 

nucleation sites.  It is not entirely clear if there is some association between the glass-glass 

separation and these particles as no literature involving the effects of such an iron particle’s effect 

on liquid-liquid phase separation could be found. However, the consistent location of these particles 

across the entire sample would suggest that they are linked in some way.  

The difference in composition between these two glasses, whilst small, was enough to produce 

glasses with two very different properties in regards to corrosion resistance to aqueous media as 

described in section 4.2.1. BSE is no longer needed to discern the two glasses after 4 weeks of 

corrosion due to the faster corrosion rate resulting in a height difference between the two. Further, 

it is clear that a gel layer developed on both glasses following corrosion; however, the gel layer that 

formed on the Na depleted glass was non-uniform and did not fully cover the glass resulting in a 

non-protective layer, evident from the higher corrosion rate on that glass. In contrast the Na-glass 

showed a homogeneous, fully covering gel layer. However, the thickness of this layer varied for 

similar corrosion times, displaying a typical minimum of 2 µm and a maximum of 5 µm. No large 

difference in composition was present, nor was the presence of additional phases in these regions 

detected as a reason to explain the large difference in gel layer thickness. Interestingly, the 

morphology of the gel layer on the Na depleted glass suggests that it is not a gel layer in a 

conventional sense; rather, it appears to be a precipitation type layer; the layer is an agglomeration 

of spheres not indicative of a gel layer. The current model for glass corrosion [210] states that a gel 

layer forms from hydrolysis of loose silicon bonds at the surface. An alternate model describes a 

corrosion layer that results from precipitation, rather than hydrolysis, from a locally ion enriched 

solution at the water-glass interface [192], or that conversion of the gel layer to a crystalline phase 

occurs [211]. However, the latter model is often used in conjunction with the former, that instead of 

one occurring preferentially, both mechanisms occur at the same time [212,213,214]. Whilst it is not 

within the scope of this work to debate which model more accurately describes corrosion in glasses, 

all models must be considered to determine the long-term corrosion properties of the GCMs 

studied. 

The precipitation theory is more suitably used here, evident by the lack of a protective gel layer on 

the sides of the Na-glass, more easily seen in Figure 56, and by the particle nature of the corrosion 

layer observed (Figure 51), on the Na glass (Figure 50). If corrosion of this glass was by the standard 

model, a gel layer should have developed on any exposed surface regardless of orientation; this is 

not the case. Figure 56 shows not only a lack of gel layer on the Na depleted glass, but corrosion of 

the Na-glass from the side, this phenomenon was not widespread, but neither was it isolated, where 

the layer that formed on the Na depleted glass was present beside the Na glass, no corrosion into 

the side of the Na-glass was observed. This demonstrates that the non-continuous layer on the Na 

depleted glass was protective to some degree.  

Figure 56 also shows a gap in the glass near the centre, this gap is thought to be where the iron-

chromium particle was located, pre-corrosion. The lack of this particle suggests that it was either 

completely corroded and/or removed from the material; no gel layer is seen to form in this pit. It is 

not unreasonable to assume that this will have an effect similar to that of pitting corrosion in alloys, 

where by the enclosed nature of the pit will result in a local increase in the concentration of ions in 

solution, accelerating corrosion, resulting from the increase in surface area. Indeed, it was seen that 
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corroded cracks propagated from these nodules into the glass, some extending 20 µm into the 

material.  

Depth scans of the Na-glass (Figure 54) revealed that it did have a reasonable corrosion resistance as 

although the leach depth penetrated into the sample by 10 µm, this leached depth was constant at 

all corrosion times. The presence of grinding marks on the corroded surface (Figure 50b) shows that 

type 3,4, and 5 dissolutions, whereby the original surface is removed completely, did not occur 

indicating a protective coating with selective leaching i.e. type 1 or type 2 (see section 2.4). 

However, corrosion of the glass via the sides and the pit left by the iron-chrome particle renders the 

resistance of this glass somewhat ineffective as the protective coating is circumvented (Figure 56).  

The weakest point in this material was the Na-depleted glass, which was more easily corroded. After 

14 weeks, between 4-5 µm had been removed from this glass leaving the Na-glass relatively 

untouched. Regardless of the waste content of the glass this poses a major problem due to the 

shape this glass retained; it acted as filler or matrix for the Na-glass which had a tendency to form in 

isolated discrete spheres, thus bonding the Na-glass and the crystals. The result over extended 

periods of time would be the complete removal of the Na-depleted glass, which after time would 

cause the isolated particles of Na-glass to become detached from the wasteform, for similar reasons 

the crystals would also detach. Based on the amount etched away after 14 weeks of corrosion, the 

Na-depleted glass would have an expected rate loss of 18 µm/year. A 1 m3  block of this GCM would 

thus be expected to last around 30,000 years before total dissolution of the binding glass, resulting 

in the block degrading into particles of the more resistant glass and crystal. As this is measured from 

the weakest phase, and assumed constant removal rate, it can be seen as a worst-case scenario. 

Whilst this is not ideal, the time it would take for this to occur far exceeds its requirements as an ILW 

thus this waste appears, in the context of this present study, suitable for disposal as an ILW matrix.  

 

5.2 Joule Heated-High Metal Surrogate 
 

The main objective of the trial was to assess to ability of the JH-ICV process to cope with not only a 

large amount of metal waste, but also diverse waste in both composition and shape. The resulting 

GCM was an inhomogeneous glass encapsulated crystal containing wasteform, with little consistency 

in the shape and size of the crystalline portion of the sample. Whilst a calculated total crystal volume 

of 20% was determined using BSE images (see section 4.1.2), the large variation in different areas 

(~10-30%) revealed the wasteform will be difficult to assess for its durability.  

EDX analysis of the glass (Table 23) showed its composition to be consistent. Based on the total 

amount of misch metal used (27 wt% of total material), the amount of ceria in the total wasteform is 

approximately 18 wt% and similarly 9 wt% lanthanum oxide.  Whilst the composition of the misch 

metal was not documented, it is assumed to be of the same composition used in previous trials by 

Impact Services Inc. involving mischmetal with the composition shown in Table 50. EDX analysis 

showed the amount of these waste elements in the glass to be 5.7 wt% (La) and 15 wt% (Ce). Clearly, 

nearly 1/3 of these elements segregated into the crystalline portion of the waste with a much lower 

lanthanum concentration than the wasteform average (1:1 ratio rather than 1:3).  
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Table 50: Composition of commercially available mischmetal used in previous trials by Impact Services Inc 
[173]. 

Mischmetal wt% 

Lanthanum 33.68 

Cerium 66.11 

Praseodymium 0.11 

Neodymium 0.11 

 

The analysis of the crystalline portion using SEM revealed a myriad of phases, revealing the 

crystalline portion complexity; multiple phases in close proximity makes identification and 

subsequent prediction of corrosion properties difficult.  

The crystalline phases were identified using EDX (Table 24) and XRD (Figure 37), the former 

confirming the existence of 4 discrete phases by composition, being CeLa phase, phase 1, phase 2, 

and phase 3 (section 4.1.2). For the most part, the lanthanum and cerium were in the brightest CeLa 

phase, both XRD and EDX showed this phase is most likely a cerium-lanthanum silicate with small 

amounts of aluminium and calcium totalling 15 wt%. No literature could be found that described 

such a phase with the elemental composition found here, and little literature exists on a La/Ce-

silicate phase. Lopez et al. [215] found similar phase formation in their borosilicate glasses when 

working with cerium only, which separated from the glass to form cerium oxide silicate. The 

microstructure of these phases found by Miae et al. were similar to those found in this wasteform 

(Figure 39, Figure 41), as can be seen from Figure 123 (Miae et al.) which was found to have 

crystallised off of the zirconia crucible. Miae et al. [216] also found the formation of a non-

stoichiometric calcium cerium oxide silicate (Ca2Ce8(SiO4)6O2) with similar morphology to the crystals 

found here. The phase found by Miae et al. in their experiment is thought to be the “Ce-La phase” 

found here, with substitution of lanthanum onto the cerium site. The durability of this phase was 

found to be better than an equivalent borosilicate glass used to immobilise cerium. Indeed, the 

corrosion results found that this phase fared better than the surrounding crystalline phase, and the 

adjacent glass, evident by the way this phase “protruded” from the bulk. However, whilst this may 

inhibit leaching of cerium and lanthanum, the detached nature of the small crystals means that they 

can be easily removed entirely from the bulk when the surrounding crystal has corroded. With 1/3 of 

the Ce/La sequestered into this phase, after the surrounding phase has been corroded the crystals 

will simply fall out of the matrix, ultimately leading to a much higher elemental loss than the glass. 
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Figure 123: BSE image of dendrites of cerium silicate growing in a borosilicate glass [215] 

The largest phase, identified by XRD (Figure 37) as being a calcium-magnesium-iron silicate, could 

not be accurately identified any further with XRD and EDX. The composition shows it to be a silicate, 

but not much more than this could be found due to the phase having 4 elements of roughly equal 

proportions in addition to the silicon. This issue was most likely due to the morphology of the phase, 

and the phase surrounding it; it is thought that it is composed of dendrites with a glassy phase 

surrounding it leading to EDX results contaminated with elements from the glass. Based on this, and 

results from the EDX maps, a theoretical composition was calculated assuming an overlap from the 

composition of the glass to give an adjusted, approximate composition of the crystal (Table 51) using 

Equation 14. A multiplication factor was added to the base values to allow for how much of the glass 

composition overlapped with the crystal.  

𝐶𝑋 =  
𝐶𝑎−𝑎∗𝐶𝑔

𝑏
      (14) 

where Cx is the composition of the crystal, Ca the composition of the crystal given by EDX, Cg the 

composition of the glass. “a” and “b” are factors deciding how much overlap is present, in this case 

a=0.775 and b=0.225, representing an glass overlap of 77.5%. “a” and “b” values were estimated 

from SEI and BSE images of the dendritic portion (phase 1). 

 

Table 51: Composition of the glass, and calculated composition of the large crystalline phase in oxide wt% 
based on the theory of the initial EDX results having included the surrounding glass. 

 MgO Al2O3 SiO2 CaO Fe2O3 La2O3 Ce2O3 

Glass from EDX 2.5 7.0 49.7 7.5 12.7 5.7 15.0 

Crystal from EDX 3.3 7.2 48.9 9.6 11.6 7.9 11.6 

        

Calculated Crystal  6.2 7.9 46.3 16.7 7.8 15.3 0.1 

 

Lanthanum can be considered as a group 3 element for this calculation, as has been previously 

established [217], and thus plays a similar role to aluminium. This leads to a phase which has a 

similar composition to that of augite, a complex inosilicate with the chemical formula of 

(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6. This matches one of the documented colours for augite (brown) along 

with the crystal structure (monoclinic) and composition determined by XRD. The exact chemical 

formula given by XRD (PDF 01-083-2015) was Ca0.9Mg0.71Fe0.25Si2O6. A multitude of other phases 
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were analysed for compatibility with the results, and ruled out based on the crystal structure, known 

morphologies, colour, and composition. These include; forsterite, fayalite, Al2SiO5 group, humite 

group, mullite, all sorosilicates, all cyclosilicates, sodium pyroxenes, pyroxenoid group, double chain 

inosilicates, phyllosilicates, tectosilicates excepting anorthite. Alternative possibilities include; 

enstatite series (and polymorphs), pigeonite, hedenbergite series, anorthite, and the garnet group. 

 It is suggested that this phase is augite, but due to the feasibility of some alternatives such as the 

garnet group and anorthite in particular, more accurate techniques are required to confirm this. 

The corrosion of the glass as described in section 4.2.2 was unusual in that the top layer that formed 

appeared to be precipitated rather than forming from the depolymerisation of the silica network; 

the spheroids that formed on top are associated with precipitation and not depolymerisation.  

Beneath this layer was a conventional gel layer, beneath which was a 1-3 µm leached zone. This 

structure did not change for all corrosion times, which reveals that the gel layer imparted significant 

corrosion protection to the glass. Furthermore, the lack of change to the Ce and La profiles suggests 

that these elements are difficult to remove from the glass. This behaviour is made better by the 

relatively low amount of crystalline material in the wasteform. A large amount of corrosion resistant 

glass will act to protect the crystalline components from aqueous corrosion acting as glass 

encapsulated crystalline GCM. This is an ideal arrangement, in particular due to the multicomponent 

crystal aspect to the GCM, rather than calculate the individual corrosion properties of the crystalline 

components, only the glass need be calculated as it will limit the corrosion of the wasteform due to 

its large volume.  

The crystal formations had mixed response to the water, the phase closest to the Ce-La silicate 

appeared to suffer the worst having been etched away, whilst the augite dendrites encompassing 

the Ce-La silicate, had been corroded less than the bulk glass (more corrosion resistant). As was 

mentioned (see section 4.2.2), the depth profiles of the unidentified crystals closest to the Ce/La 

oxide silicate proved difficult to obtain as they often intersected each other making the depth profile 

include the elevated/depressed values from the intersecting crystal. This was especially true for the 

phase immediately surrounding the Ce-La silicate, and due to the intermittent nature of the Ce-La 

silicate, made depth profiling of either phase impossible.  

One recurring theme with the augite was the possible formation of two corrosion layers. The 

subsurface layer occurs with a silicon shelf (where the profile remains constant) and where all 

elements, excepting Ce/La/Fe, saw a steady decrease. The surface layer saw a sudden spike in Na, 

Mg, and Fe profiles (small spike in Al) whilst all other elements experienced a steep drop in 

concentration. 

The distribution of the waste elements into each phase coupled with the inhomogeneous 

distribution of each phase makes calculating normalised leaching rates impractical; calculating the 

mass fraction of an element in the wasteform produces an unacceptably large error for certain 

elements.  Normalised leach rates (Figure  69  and Figure 70) for the sample revealed a steady 

decrease for all elements over the time of the experiment, this result will most likely reflect the glass 

as it made up the majority of the wasteform, and thus the corrosion layer(s) that formed were 

protective. The leaching rate for Si and Al reflect the structural damage of the glass, an increase 

would be representative of a non-protective corrosion layer, and clearly this was not the case. As no 

cracking or spalling was observed there is no reason to believe that this state will change with 
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increased corrosion time, as was seen in other GCM’s in this experiment (sample PF-HMS2, section 

4.4.3).  

Whilst the corrosion resistance of the glass and Ce/La oxide silicate of the GCM was excellent, the 

corrosion properties of the augite and adjacent phases proved to be less than adequate. The 

corrosion resistance of the latter mitigated the corrosion resistant Ce phase, which after time would 

detach from the bulk wasteform. The results found here would at first glance show the GCM to be 

suitable for ILW disposal, further analysis of these results could suggest the opposite; having the Pu 

surrogate phase simply “fall out” is not ideal. That said, it is possible that this mechanism may occur 

at a rate that is acceptable for ILW due to the much lower timescales needed for safe isolation. 

Further work on longer corrosion times is required to assess if this is the case. 

5.3 Joule Heated-SIXEP 
 

The waste used in this specimen was that of clinoptilolite from SIXEP, pile fuel cladding, and silo 

waste. Clinoptilolite is a naturally occurring zeolite and used in nuclear processing for the 

decontamination of nuclear waste containing solutions, such as 134,137caesium and 90strontium, 

produced in nuclear reprocessing and decommissioning. The ability of this material to accept these 

ions into its structure comes from the arrangement of the aluminium and silicon tetrahedra, their 

positions leave large channels that allow for the absorption of these ions [162]. As noted by Juoi et 

al. [162], current methods for safe disposal of spent ion exchangers such as clinoptilolite is that of 

immobilisation in bitumen, cement, and more recently, glass. 

The simulated PFC consisted primarily of aluminium [218,219] and as the temperatures involved in 

the wasteform processing were well above the melting temperature of pure aluminium, the PFC will 

have been destroyed during the treatment. Actual PFC, is of course, much different from that 

originally used, due to over 50 years of unimpeded corrosion, and possible chemical reactions with 

undocumented materials in the silo, such as organic wastes. This makes prediction of how these 

corroded fuel pile claddings will react during processing difficult, however prediction based on an 

idealistic sample of PFC will allow for a basis on which to build further work on corroded specimens 

of PFC. For the case of this experiment it is assumed to fully melt. In regards to the other waste 

added, the temperatures involved were sufficient to fully melt them, namely different types of steel, 

iron oxide, and magnesium rods introducing large amounts of these elements into the melt. 

It proved difficult to identify the exact phases present in the JH-SIXEP sample described in section 

4.1.3 (thick crystals 1 and 2, and thin crystal in Figure 44) due to the large amount of substitution 

present causing shifts in peak location from stoichiometric ones, along with changes in peak 

intensity. To summarise, the phases detected were clinoenstatite, enstatite, periclase, 

magnesioferrite, clinoferrosilite, and various other iron oxide phases (magnetite, wustite, hematite) 

although it is unlikely that all these phases are present. Clinoptilolite was the main waste used for 

this GCM, the general formula for clinoptilolite is Mx [AlxSiyO2(x+y)]·pH2O where M is (Na, K, Li) and/or 

(Ca, Mg, Ba, Sr), n is cation charge; y/x = 1–6, p/x = 1–4 [220]. It has been reported by Bosch et al. 

[142] that the thermal treatment of natural clinoptilolite (without Cs) resulted in the destruction of 

the zeolitic structure into a crystalline/amorphous material, heating at 1000 oC resulted in the 

formation of an alkali feldspar, plagioclase and large proportion of glass. Whilst it is has been 
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reported that substitution of magnesium and iron into the plagioclase structure is possible at the 

expense of calcium [221], the complete lack of calcium and sodium in what is a mixture of anorthite 

and albite (NaAlSi3O8) makes this phase formation unlikely, for similar reasons the alkali feldspars 

can be ruled out. In addition, EDX results showed no phase that contained only iron and magnesium 

ruling out the presence of magnesioferrite, Mg(Fe3+)2O4. A more likely scenario is the formation of a 

pyroxene, due to the wide variety of pyroxene phases that could be matched to the XRD (Figure 42 

and Figure  43) along with the composition of the phase as detected by EDX (Table 25). The 

pyroxenes identified were enstatite (MgSiO3) and ferrosilite (Fe(2+)SiO3) with their clino polymorphs. 

The MgSiO3- FeSiO3 system has been studied extensively by geologists [222] and has been 

documented to form from thermal decomposition of iron containing wastes [223]. Karamanov et al. 

studied the thermal properties of a clinoptilolite and iron containing waste (primarily blast furnace 

slag and zeolitic waste) for safe disposal.  During processing of materials designed to form a glassy 

phase, high iron content has been known to cause liquid-liquid immiscibility [224], this has resulted 

in high-iron containing liquids during melting which promoted the formation of magnetite spinel’s 

[224]. Further, extended times at temperatures above 1000 oC was shown to result in formation of a 

pyroxene phase from the initial magnetite spinel [224]. This hypothesis for the formation of a 

pyroxene in this sample is in good agreement with the results found here which showed the 

presence of an iron phase of which magnetite was a candidate, in addition to showing the presence 

of a pyroxene phase. 

Based on the EDX results (Table 25, thick crystal 1 and 2), the candidates from XRD analysis (Figure 

42 and 43), and the above information, it can be concluded that the main phase, is an enstatite-

ferrosilite composition in the range of En60 – FS40; this mixture of enstatite and ferrosilite has been 

referred to in the literature as hypersthene but is more commonly referred to by the ratio of the 

two. In this report, it is referred to the former for simplicity. Three polymorphs of enstatite and 

ferrosilite exist, proto-enstatite, ortho-enstatite, and clino-enstatite (similarly for ferrosilite). Work 

has been performed on the conditions necessary to form these polymorphs by Lee and Heuer [225] 

on the enstatite endmember. Work performed by Lee and Heuer [225] on the various stability fields 

on the polymorphs of enstatite can shed light on the identity of the thinner crystalline phase. The 

stability temperatures for the pyroxene groups are shown in Figure 124, however these are not truly 

representative of the forms that may appear, due to other factors not included in the graph. For 

example, clinopyroxene is the preferred phase at low temperatures, however Lee and Heuer showed 

that cooling rates of 5 oC per minfrom the proto stability temperature was enough to retain most of 

this structure at room temperature. Indeed, a rapid quench rate was required to fully retain the 

clinopyroxene structure. Based on the temperatures and times used in the formation of this material 

(>1000 oC for 24 h without a quench) proto would be the expected phase to form. However, it was 

shown by Lee and Heuer that even with careful temperature controls and no external force on the 

sample, clinoenstatite formed around protoenstatite crystals that were less than 7 µm in size due to 

internal stress resulting in a martensitic transition. Magnetite, clino/enstatite, and clino/ferrosilite 

account for all XRD peaks in Figure 42 and 43, however as enstatite and ferrosilite form a solid 

solution series only two phases should be expected from the XRD; hypersthene and magnetite. SEM 

images and EDX analysis proved that two crystalline phases existed in addition to a magnetite phase 

by morphology and composition. If the large pyroxene crystalline phase is indeed hypersthene by 

composition, then it stands to reason that a secondary large trace would be present for the large 

amount of the thin pyroxene. No such trace was observed. It is likely that the large pyroxene crystal 
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(thick crystal 1 in Figure 44) is the orthorhombic form of the crystal (proto-enstatite/ferrosilite) 

whilst the smaller crystalline phase (thin crystal in Figure 44b) is the monoclinic form (clino-

enstatite/ferrosilite), which formed in the way described by Lee and Heuer. Whilst the Al and Ca 

content would make this unlikely due to the limited solubility of these elements [226], the spatial 

resolution of EDX may result in the inclusion of elements from the surrounding glass that may not be 

present in the thin crystal at all. Thus, it can be said with reasonably high accuracy that due to the 

small amount of these elements found (related to the small intensity of X-ray peaks detected 

associated with these elements) that they are from the surrounding glass and not the crystal itself. 

This results in a crystal with a similar composition to that of its larger cousin, but smaller in size. Lee 

and Heuer also observed the samples they investigated were also porous, but it was not said for 

what reason this occurred. 

 

 

Figure 124: Stability field of the pyroxene family as a function of temperature and pressure [225]. 

The progression of the corrosion of the JH-SIXEP sample had 3 stages as described in section 4.2.3; 

1. A partial gel layer developed, covering the glass and to some extent the thin proxene 

crystal. No gel layer was seen to develop on the hypersthene. This was seen on the 4 

weeks corroded sample. 

2. The layer had extended to cover the entire surface of the sample, but was not thick. 

Spalling of this layer was seen but not widespread over the sample and assumed to be a 

result of post corrosion sample handling. This occurred after 6 weeks. 

3. The gel layer was not seen to increase in thickness for the remainder of the corrosion 

times (up to 14 weeks), leading to an apparent reduction in the corrosion rate, as found 

by ICP and pH tests, indicating little leaching had occurred from 6 weeks onwards. 

The overall corrosion of the sample based on these stages is promising however a thin gel layer 

covering the entire sample is sometimes indicative of type 5 corrosion (see section 2.4), where a 



183 
 

layer develops, spalls off, and is replaced by a new one; a highly undesirable non-passivating 

corrosion mechanism. Normalised leaching rates were calculated from the ICP results and revealed 

that the release rate decreased as a function of time for all elements, at 14 weeks the release rate 

had been reduced by almost an order of magnitude for silicon (Figure 82). Similar release rate 

profiles were observed for Mg and Fe (Figure 83). This would suggest that the corrosion mechanism 

is type 1 and not type 5; a thin and protective layer had developed halting further leaching and 

inhibiting corrosion.  

The EDX analysis of the entire surface (Figure 72) yielded surprising results; all elements decreased in 

concentration with the exception of iron which showed a large increase. In fact, the increase 

resulted in the surface of the hypersthene having a composition closer to that of almost pure 

ferrosilite. This result can be explained by the solubility of the elements in solution, mainly that of 

iron. The solubility of iron in solution approaches zero for iron oxides, typically it is in the ppb range, 

this would prohibit the migration of iron ions into deionised water, and those that did would quickly 

precipitate into iron oxide. The thin layer (0.6-1.3 µm) that was seen to develop in the cross-

sectional analysis was found to in some cases, have a higher amount of iron relative to the other 

elements in the layer. This would account for any ions that were leached, having precipitated 

amongst the gel layer. It should be noted that the results are shown as ratios to each other; the EDX 

program automatically corrects concentrations to add up to 100%, thus whilst it appears that silicon 

had a large decrease in concentration, it is more likely that this occurred due to a large increase in 

the iron concentration.  

Depth profiles for each phase (Figure 73, Figure 74 , and Figure 76-80) displayed a promising trend, 

the minimum elemental depth before the concentration of elements returns to those in bulk was 

quite low (5 µm ±1 µm) further signifying that the material is resistant to corrosion and leaching. The 

glass depth profile is consistent with current glass corrosion models, whereby a leached layer 

develops followed by a gel layer, in some cases a protective gel layer. Due to the images displaying a 

gel layer at all corrosion times, very little change in surface topography as a function of time of 

corrosion, consistent depth profile, and consistent leached depth it can be said that this layer is 

protective, and will inhibit corrosion. This is not an unexpected result considering the initial 

composition of the glass, it contained very little alkaline, and alkaline earth elements which are most 

susceptible to leaching. These elements are typically leached out first due to their small ionic radius 

and weak bonding within the glass structure. Additionally, the main waste element in the glass, iron; 

can act as a glass former integrating itself into the glassy structure making it difficult to remove.   

The proto-pyroxene displayed a change in the depth profile over the course of the corrosion time 

(Figure 79 and Figure  80). After 4 weeks, an increase in magnesium and silicon concentrations 

approaching the surface occurred at a depth of 1-3 µm of approximately 20% greater than in bulk, 

whilst iron remained relatively constant in this region. Following this the concentration for all these 

elements dropped signifying the end of the crystal. After 6 weeks, this profile changed to show an 

increase in the iron content in the region of 30% ±5 between 1-7 µm range, whilst the magnesium 

and silicon showed a steady decrease in this region ending at 4 µm showing the end of the crystal. It 

is clear from that after 10 weeks of corrosion a layer had developed on top of the crystal which was 

depleted in magnesium, but enriched in iron. The magnesium concentrations were found to 

approach 0% in certain crystals distributed around the material; however, these were exceptions to 

the general trend of low levels rather than complete removal of magnesium. It is possible that with 
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further corrosion, that the proto-pyroxene phase would observe complete removal of magnesium to 

a depth of 5 µm ±1. This magnesium depletion was only seen in the layer that had formed, which 

remained constant in thickness, and no further depletion in any elements was observed beneath this 

layer. For this reason, even if complete removal of magnesium had occurred past 14 weeks of 

corrosion time, it is thought that unless the layer was removed, magnesium removal would be 

isolated to the corroded layer. Long term tests are needed on this waste material to fully assess the 

durability of this phase. 

Depth profile observed for the clino-pyroxene (Figure 76-78) was identical to that seen in the proto-

pyroxene after 10 weeks (Figure 79). Whilst SEM images (Figure  71b and Figure 75b) did not show a 

corroded layer, depth profiling showed that between 2-7 µm a change in composition occurred 

indicative of a corroded layer was present. As was seen in the proto-pyroxene (Table 32), the 

compositional changes were a decrease in magnesium, and an increase in iron, in addition calcium 

followed the same profile of iron, whilst aluminium showed the same profile of silicon. This is 

thought to be due to the role aluminium plays in the crystal, mainly substituting for silicon, similar to 

the role it plays in glass, thus removal would be at a similar rate. It is encouraging that this profile did 

not change from its formation to the end of the experiment. Interestingly, the profile of the proto-

pyroxene at 10 weeks onwards was nearly identical (minus the extra elements) for the clino-

pyroxene at 4 weeks onwards, both these profiles remained unchanged after they formed. Longer 

corrosion times are suggested for analysing the proto-pyroxene however due to the similarities 

between both phases it is thought that the proto-pyroxene will adopt a similar profile, importantly 

that no change will occur after formation of the layer. 

Overall the wasteform was found to be more than adequate from a corrosion standpoint, the waste 

was fully incorporated into the material in either the glass or pyroxene phase(s) all of which showed 

a good resistance to aqueous corrosion. Due to the lack of weight loss, or changes in surface 

indicating consistent removal of corroded layers, and small ion release no time could be calculated 

for the wasteforms life time, but would be expected to surpass the requirements for an ILW. The 

only issue with this wasteform is the final volume, which could be considerably reduced if the pores 

were removed. 

The clinoptilolite waste used in this study (Table 7) was found to contain concentrations of both Cs 

and Sr below EDX detection limits (0.1 wt%) which matches with the amount added (~0.1 wt%), the 

thermal decomposition of zeolites (specifically clinoptilolite) containing these elements has been 

well document [227, 228]. The phases found to form in other studies are considerably different from 

the ones that formed for the clinoptilolite used in this study. For instance Bogdanova et al. [228] 

found the main phases that formed above 1000 oC to be pollucite ((Cs,Na)2Al2Si4O. 12· 2H2O), whilst 

Bosch et al. [142] discovered plagioclase and feldspar formed, most likely a result of the Si/Al ratio. 

Due to this, future work should concentrate on the phases that form when large amounts of Cs are 

incorporated into the waste, as it may result in the formation of phases not found in this study, and 

thus change the corrosion properties. 
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5.4 Plasma Furnace-High Metal Surrogate  
 

It is clear from visual inspection that with the amount of excess metal used the plasma furnace could 

not successfully convert all the waste elements and glass frit into a purely glassy sample, resulting in 

a glass encapsulated crystal type GCM, specifically, the crystalline portion was a metal/metal oxide 

(M/MO).  As such the characterisation and corrosion aspects of each section are discussed 

separately before concluding on the resulting combined properties. This is an especially important 

method for determining the lifetime of such a wasteform due to the corrosion properties of each 

portion possibly being vastly different. The lifetime will ultimately be decided by the more 

vulnerable portion, if no interaction occurs between the two. 

As described in section 4.3.1 the green and blue glassy portion was mainly silica, calcia and alumina, 

with little solubility for any other elements (3 wt% oxide total of minor elements). As the 

composition of the glass is similar to the ratio of elements contained in the glass frit it appears that 

few waste elements are contained in the bulk glass.  

As was mentioned in the results, coloured sections of the glass were immediately evident from 

pictures; a light blue appearance and a light green (Figure 21), with other areas displaying a deep 

blue/black. It appears that with these colours the pore size and density changed considerably from 

relatively few large pores for the blue coloured glass (50-100 µm diameter, 2.7x107m-2) to small high 

density pores for the green (5-100 µm diameter, 3.48x108m-2). However, EDX analysis revealed little 

compositional differences for these regions.  

Although not detected, iron in small amounts is well known to change the colour of glasses to a light 

green, indeed it is the reason that soda-lime glass used for bottles are of often green; iron impurities 

in silica sand causes the colour change and must be removed for clear window glass. Ferric and 

ferrous iron have different absorption spectra in silica glass, with ferric having maxima at 223, 378, 

414, 442, and 470 nm, whilst ferrous having maxima at 190, 420, 1075 nm (results above visible 

spectrum omitted) [229]. The correlation of these wavelengths with that of the visible spectrum 

(350-780) would result in ferric iron absorbing violet, blue and green, with ferrous iron removing 

only blue.  Further, the 1075 nm absorption band of ferrous iron is broad, and extends into the 

red/orange/yellow part of the visible spectrum removing or reducing these colours [229]. For a 

purely ferrous iron coloured glass, the result would be a blue-green glass, conversely, ferric iron 

would result in a green-yellow glass. In fact, both these colours existed in the glass shown in Figure 

21 in the form of bands. The amount of ferric iron in the glass needed to produce a yellow colouring 

has been shown to be relatively high. Whilst no iron was detected by EDX, due to the small size of 

the yellow area and the lack of colour in SEM analysis, it is conceivable that that region was not 

analysed.  

This hypothesis also explains the changes in pore size and density, during the thermal treatment, 

reduction of ferric iron to ferrous iron would cause the evolution of oxygen, illustrated in Equation 

15. The viscosity of the melt would prohibit the evolved oxygen from fully escaping, thus when the 

glass solidified it would contain oxygen filled bubbles.  

4Fe3+ + 2O2- <>  4Fe2+ + O    (15) 
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It has been previously shown [230], that changes in the melting point of sodium silicate glasses 

changes the Fe3+:Fe2+ ratio, with the amount of ferrous iron increasing as the temperature increases, 

thus increasing the 1075 nm absorption band whilst simultaneous decreasing those associated with 

the ferric iron. It is unfortunate that the temperatures were not measured during the thermal 

processing of this glass, as it would allow comparison with Mirhadi and Mehdikhani who analysed 

the ratio as a function of temperature.  

Further work to determine whether the above is true, would need to be performed, such as optical 

absorption spectroscopy ore extended X-ray absorption spectroscopy.   

The crystalline portion was more complicated in comparison, displaying, multiple different phases 

(Figure 88-93 ). The various EDX maps collected demonstrate the complexity of the metal portion of 

the GCM in both composition and shape. Overall the number of different unique phases by 

composition was greater than 10, however some were in small enough amounts to go undetected by 

XRD. Within these phases several variations on them were found, displaying the same major 

elements but with slightly different amount of the minor elements, greater than the error of the 

machine.  Given that small composition changes can lead to large differences in the properties of the 

resulting material, aluminium and steel for instance, the effect this has on the corrosion of individual 

phases and by extension the whole wasteform, is difficult to assess. The materials detected by XRD 

were periclase, haematite, nickel, aluminium-iron alloy, and magnesium-aluminium-iron alloy. In 

addition, the binary phases missed by XRD due to the amount present (<5 wt% ± 5%) but observable 

by SEM and EDX (Figure 88, 89, Figures 91-93 and Tables 36-40) were mainly based on iron-

aluminium (metal), calcium-silicon (oxide), and magnesium-aluminium (oxide) with various trace 

elements such as silicon, magnesium, manganese, chromium, and nickel.  

Identification of the exact Al-Fe phase present was performed using the ratio of the Al-Fe from EDX 

results (Table 37), and the Al-Fe binary phase diagram (Figure 125). As the operating temperatures 

of the furnace at least exceeded 1200 oC, with a maximum operating temperature of 1800 oC, it is 

possible that the initial waste metals could form all the phases present in this phase diagram. At the 

very least the phases from 60 at% aluminium up to 100% could theoretically form. 
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Figure 125: The Fe-Al binary phase diagram between 400 and 1600 oC [231]. 

 

Table 52: EDX results modified to show only the aluminium and iron content, giving a ratio of the two elements 
to allow identification. This calculation was performed on samples containing less than 7 wt% of other 

elements. Results are given in the original wt% and the at% for comparison with Figure 125. 

Wt% Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 

Al 63.4 41.7 36.3 54.2 38.8 61.9 

Fe 36.6 58.4 63.7 45.8 61.2 38.1 
 

At%       

Al 78.2 59.6 54.1 71.0 56.8 77.0 

Fe 21.8 40.4 45.9 29.0 43.2 22.9 
 

Whilst Fe-Al alloys have been studied for their low density, high strength, and oxidation resistance, 

little work has been performed on the Al rich end of the phase diagram (<50 at%) [232]. However, a 

thorough review was written by Xiaolin et al. specifically on the Al rich end. 5 different intermetallics 

have been identified, FeAl, Fe5Al8, FeAl2, Fe2Al5, and Fe4Al13. Based on their review and the 

compositional analysis, the most likely phases present are FeAl2, Fe2Al5, and FeAl.  

Corrosion studies on such phases have been conducted in the context of how they affect the 

aluminium alloys when they are precipitated as intermetallic alloys during processing. As to the 

authors knowledge, no such study on a similar system to the one found exists due to its complexity, 

therefore only comparisons with simple systems can be used. Several authors [233,234] have found 

that the presence of iron intermetallic particles is detrimental to the corrosion resistance of the 

parent aluminium alloy. In the absence of iron intermetallics, corrosion of aluminium is simple in 
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that a protective layer develops halting further corrosion, however these inclusions will be sites for 

cathodic reactions and [234] found they can also act as pitting sites further enhancing corrosion at 

these particles. In addition, the corrosion of these particles has been found to cause localised 

increased in the pH acting as the cathode for the evolution of oxygen, in some cases Ph as high as 11 

were documented [235]. Aluminium is unstable in this environment quickly degrading to aluminium 

hydroxide: 

𝐴𝑙 + 4𝑂𝐻− = 𝐴𝑙(𝑂𝐻)4
− + 4𝑒−    (16) 

The corrosive effect of the iron aluminide intermetallic’s should be somewhat mitigated by the 

inclusion of silicon and nickel as minor elements (2.5 wt% and 3 wt% respectively) as has been found 

by Nis [236] however it is not completely removed. Overall the presence of these phases will most 

likely cause accelerated corrosion to occur to the aluminium phases often surrounding the particles.  

Certain phases were present in large amounts but as thin films surrounding another phase, thus not 

readily detected by EDX. One such phase is the magnesium-iron alloy, a material used in the 

aerospace industry for lightweight applications. Compositions of these materials usually involve 

trace compositions of one element or the other, thus the phase observed which was 50 Mg, 50 Fe by 

weight with the addition of silicon, nickel and aluminium totalling less than 7 wt% could not be 

found in the literature.  

The majority of the rest of the metal phases were all iron based (< 70 wt% Fe) containing various 

amounts of manganese, silicon, magnesium, aluminium, calcium, and chromium representative of 

the amount of iron used in the processing. From the compositions, it seems that a substantial 

amount of steel did not fully melt, as would be expected from the operating temperatures, however 

this did have an effect on the homogeneity of the metal as EDX revealed (Table 40) that chromium 

had been reduced to 6.5-14 wt% and pockets of chromium enriched areas had developed. This will 

have a detrimental effect on the metal as this amount of chromium present is insufficient for a 

protective layer to develop, although does offer some protection. 

One of the main concerns with the wasteform was the rapid physical degradation of the metallic 

portion, following 2 weeks of corrosion the sample had disintegrated into a powder with some large 

remains. ICP results were not displayed as they had reached the maximum range for the standards 

used (50 ppm-100 ppm) for all the elements. The mechanism for this is thought to be due to the 

difference in densities between the hydroxides and oxides, and also the oxides and metals which 

would develop when in contact with water. This difference would lead to volume expansion putting 

strain on the entire material resulting in cracking; this would be made worse as the surrounding 

material was glassy. This phenomenon has been well documented in the process of cementation 

where alumina, magnesia, and lime all undergo this process. Pecqueur et al. [237] found when the 

pH is in excess of 10 aluminium corrodes via the following reaction: 

𝐴𝑙 + 4𝑂𝐻− +  4𝐻2𝑂 →  4𝐴𝑙𝑂2
− + 6𝐻2    (17) 

 

When the pH drops below 10, and remains in the 9-10 region (conditions this material was subject 

to) this then degrades further to aluminium oxide: 
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𝐴𝑙𝑂2
− + 2𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3 + 𝑂𝐻−    (18) 

These reactions result in a calculated expansion of around 2%. Indeed, Pecqueur et al. were 

documenting swelling caused by municipal solid waste incinerator bottom ash when encapsulated in 

bitumen for road/pavement usage. This corrosion progression of aluminium was documented as 

being one of the causes for the final wasteform cracking. 

 The reaction process for magnesia and calcia follows a similar progression: 

𝐶𝑎𝑂 +  𝐻2𝑂 → 𝐶𝑎(𝑂𝐻)2     (19) 

𝑀𝑔𝑂 + 𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2     (20) 

As is found from studies on this reaction during the hardening of cement, the expansion of CaO to 

Ca(OH)2 resulted in a molar solid volume expansion of around 90% [238], whilst MgO to Mg(OH)2 

resulted in a molar solid volume expansion of 117% [238]. 

Overall, the expansion of these phases explains why the short corrosion time resulted in a 

catastrophic failure in the structure of the specimen. ICP results exceeded the maximum standard 

used (100 ppm) after 2 weeks, and in all subsequent weeks. This makes this part (containing no 

glass) of the wasteform unsuitable for disposal for any lengths of time. It is safe to assume from the 

results collected, that rapid deterioration of the wasteform and subsequent collapse of the 

monolithic nature would result in large amounts of waste being released into the biosphere due to 

the large increase in surface area from monolith to powder.  

Whilst this is indeed a poor result for a wasteform designed to last for 100s of years, this experiment 

only looked at the corrosion result of the portion where the waste elements segregated. As 

mentioned a blue glass developed with an approximate composition of the glass frit. The corrosion 

resistance of this phase was outstanding (Figure 100) showing no gel layer, or if a gel layer was 

present it would be smaller than 0.1 µm (using the highest magnification SEM, Figure 99), and an 

exceedingly small leached layer consistent at less than 2 µm for all times investigated (Table 43). If 

the susceptible portion of the waste was encapsulated in the more corrosion resistant glass the 

wasteform would be expected to contain waste elements from the biosphere for much longer than 

designed. This may prove difficult to accomplish due to the processing route, the design envisaged 

was a one-step treatment only, whereas this would require at least 2 treatments and modification to 

the furnace to ensure the waste was successfully encapsulated. At the very least, less metallic waste 

should be used in the heating process to ensure a homogeneous mix into a pure glass. 

5.5 Plasma Furnace-Asbestos  
 

The main objective of this trial as described in section 4.3.2 was to successfully render two species of 

asbestos based nuclear waste inert and therefore safe for disposal in a landfill site as LLW under 

normal conditions for asbestos waste, specifically this looked at destroying the fibrous nature of the 

asbestos used; where the harmful aspect of asbestos originates from. 

Asbestos is the general name for several amphibole and serpentine minerals occurring naturally as 

fibres; the specific amphibole’s classified as asbestos are anthophyllite (Mg7Si8O22(OH)2); riebeckite 
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(Na2[Mg,Fe]5Si8O22(OH)2); cummingtonite/grunerite series ( [Mg,Fe]7Si8O22(OH)2)the asbestos in this 

series are known by the trade name amosite ; tremolite (Ca2[Mg4.5-5.0,Fe0.5-0.0]Si8O22(OH)2); and 

actinolite (Ca2[Mg2.5-4.5,Fe1.5-0.5]Si8O22(OH)2). Only one asbestos is found in the serpentine group, 

namely chrysotile with the general formula of Mg3(OH)4Si2O5. Originally these minerals were used 

due to their thermal properties as they provided a cheap method for insulation thus nuclear sites 

constructed/renovated before 1997 often contain such insulation. In addition to the problems 

associated with safe disposal of asbestos under normal conditions, any asbestos insulation that was 

present on a nuclear site will have the added hazard of possible contamination and thus will have to 

meet both criteria for safe disposal. 

The dangers of these minerals are well known, and found to cause diseases such as mesothelioma, 

lung cancer, asbestosis, and pleural thickening; diseases which are long term and often fatal [239] 

thus any Asbestos Contaminated Materials (ACM) must be removed from the environment, through 

either destruction or immobilisation. To this end, characterisation of the final wasteform was used 

not only to help determine the phases present for corrosion assessment, but also to exclude the 

presence of any asbestos minerals.  

XRD determined that the main phase was in fact an iron bearing form of diopside; no main peaks 

from chrysotile or amosite were found in this trace showing that the thermal destruction of the 

asbestos was successful, the traces for both these minerals are shown in Figure  126and Figure 127, 

the important peak is that at 11 2Ɵ, which was absent in the trace preformed on the final 

wasteform. 

 

Figure 126: XRD data for amosite [PDF 44-1401]. 
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Figure 127: XRD data for chrysotile [RRUFF ID:R070088.1]. 

The operating temperature of the plasma furnace was sufficient to thermally destroy both the 

amosite and chrysotile with the decomposed phases posing no asbestos related health hazard. SEM-

BSE confirmed the absence of fibrous material characteristic of asbestos, these fibres are usually 5 

µm in width, 3 µm in breadth and have an aspect ratio of 3:1 for length, as a minimum [240] 

comparative SEM-SEI pictures are shown in Figure 128. Looking at the final waste-form using SEM 

(Figure 96), no such fibres could be seen, only the parallelepiped crystals already identified as 

diopside which were several times bigger in each dimension (20-80 µm). 

 

 

Figure 128: SEM-SEI of fibrous asbestos typical of both chrysotile and amosite [241]. 

Diopside containing GCM’s are commonly used as glazes in ceramics for table ware and china, and 

more recently as a possible replacement in dental ceramics due to their promising properties such as 

hardness and corrosion resistance [135,138, and 242]. However, most literature on diopside 

containing GCM’s reported that during processing it was often accompanied by a secondary 

crystalline phase such as enstatite and/or anorthite [243], and (pseudo) wollastonite [244], due to its 

tendency to form a solid solution with them. No evidence for either of these phases was found in 

XRD and EDX analysis (Figure 95and Table 41).  
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For non-nuclear based ACM only destruction of the asbestos is of concern after which safe disposal 

in a landfill site or similar is preformed, however when such waste is used in a nuclear environment 

further precaution is needed. For this reason, corrosion resistance of the GCM is still a concern due 

to the possibility that radioactive elements or toxic heavy metals (cobalt, nickel, copper, manganese, 

titanium, and chromium) present in the waste leaching into the biosphere through complete 

dissolution of the GCM or extensive leaching. 

Most of studies on diopside corrosion and formation are concerned with stoichiometric diopside 

(MgCaSi2O6) whilst the diopside was found by EDX (Table 41) to contain both iron and aluminium 

replacement on the calcium and magnesium sites in relatively large amounts. This complicates 

comparison between results from this study with previously performed studies, to the authors 

knowledge no literature on the corrosion resistance of the substituted diopside exists.  

Results from the corrosion of the GCM described in section 4.4.2 showed the diopside to have a 

higher resistance to chemical attack in alkaline solutions than its glassy counterpart, evident from 

both the depth profiles and surface analysis (Figure 102,and Figures 105-107 ).  The originally 

polished surface resulted in a flat surface whereby the diopside crystals could only be identified 

using BSE (Figure 96), however following corrosion the crystals can be easily identified using SEI 

(Figure 102b). This result can be explained by a difference in relative height between the two phases 

allowing SEI, which shows contrast due to topographical differences, to identify the two phases as 

separate; further images of the cross section (Figure 103) confirmed the glass to be the more 

corroded phase. Depth profiles of the diopside also showed only a small leached layer of 

approximately 2 µm (Figure 107), which did not change over the entirety of the experiment duration 

(14 weeks). The corrosion resistance of diopside has been studied mainly in the fields of matt glazes 

and for disposal of incinerator waste, municipal waste, and industrial waste, where immobilisation 

of heavy metals is of primary concern [245].  

Cracks developed in the glass from one diopside crystal to another (Figure 104). The amount of 

cracking was extensive, with most observed diopside crystals having multiple cracks leading from 

them however it was not extensive enough to cause fragmentation of the glass. The cracks 

themselves appeared localised to the surface only, cross sections exhibited no cracking past a depth 

of 10-50 µm and in addition, crack tips were nearly always blunt. This would suggest the cracking 

was most likely chemically induced similar to stress corrosion cracking, rather than thermal 

expansion mismatches from the 90 oC test which would be expected to cause cracking throughout 

the entirety of the sample, and not just at the surface. All the cracks observed contained thin lines of 

an iron containing phase, due to the oxygen content this was most likely an iron hydroxide and due 

to a very low solubility limit for iron in solution will probably have formed by precipitation.  

This mechanism is likely due to a combination of the crystalline diopside acting as a good base from 

which to precipitate other crystalline phases, the increased surface area that arises due to the crack 

and the inability of iron to dissolve into solution in any significant amount. Additionally, the enclosed 

volume that these cracks create could act in a similar fashion to how pits cause accelerated 

corrosion in metals, a greater surface area and enclosed space results in a localised increase in ion 

concentration and pH, ideal conditions for corrosion and precipitation. The overall role these cracks 

played in the corrosion performance of the wasteform as a whole was increased concentrations of 

iron at the surface, but due to the localisation of these cracks to the surface, little structural 
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compromise is anticipated. This is supported by a lack of evidence for splintering of glass fragments, 

the handling of the samples post corrosion would have resulted in observable areas of pristine glass, 

where the corroded and cracked glass would’ve detached from the bulk; no such areas were found.  

The expected life time of the sample is difficult to calculate, the glass will corrode faster than the 

diopside but its corrosion will eventually lead to exposed crystals of diopside, which would be 

vulnerable to being removed, by moving water for example. For these reasons, the normalised leach 

rates were calculated from the ICP and EDX results to better see how the corrosion progressed. The 

structural elements were first observed (Figure 109), the NLr for Al and Si revealed a progressively 

downward trend, however silicon NLr did increase slightly after 14 weeks, although it was unclear if 

this was a statistical anomaly or due to a yet unseen corrosion mechanism that started after 14 

weeks. In general, this trend is promising, showing that the dissolution of the network is decreasing 

with time. However, it should be noted that these results reflect the combined Si and Al leach rates 

from both the diopside and glass and that the individual leach rates for each phase could be 

different. This could be an explanation for the increase in Si at 14 weeks; if one phase was releasing 

more Si as time progressed, and the other phase was releasing less, the combined Si release would 

appear as shown in Figure 109.  

The theory that the Si release rate increase was due to two different release rates occurring for each 

phase is supported by the release rate of the remaining elements, in particular Mg and Na (Figure 

110 and 111), which both showed increases after 10 and 6 weeks respectively. This can shed further 

light on how each phase is behaving as the majority of the Mg was in the diopside, and the majority 

of the Na in the glass. The large release rate of Mg at 14 weeks suggests an enhanced corrosion of 

the diopside; however, no indication of enhanced corrosion was found.  Depth profiling for the glass 

did reveal an increasing leach depth with time, when compared to the pH progression, no 

accompanying increase in the gel layer was found. This result is further confirmed by the increase in 

pH at 14 weeks (Figure 108). Overall these results suggest that the glass leaching increased after 14 

weeks, explaining the increase in Na and Si leach rates, and possibly explaining the increase in Mg. 

Whilst the glass contained an order of magnitude less Mg than the diopside, if the release rate was 

large enough it would explain the increased NLr. A possible explanation for this result is the increase 

in iron filled cracks that occurred with time; it is possible the increase in surface area accelerated 

leaching of elements. For the first 10 weeks, glass leaching through the surface was greater than 

leaching through the increased surface area of the cracks. When leaching through the un-cracked 

surface reached a minimum (10-14 weeks), leaching through the cracks which ingressed into the 

sample would exceed the first, allowing observable results. 

 The decomposition of chrysotile results in forsterite, silica, and water: 

2Mg3Si2O5(OH)4 > 3Mg2SiO4 + SiO2 +4H2O   (21) 

Similarly, amosite experiences a mass loss from dehydration at in the 500-700 oC region, 

decomposing by the following the below means: 

([Mg], [Fe])7Si8O22(OH)2 > ([Mg],[Fe])7Si7O21 + SiO2 +H2O  (22) 

All results point towards the diopside having a good retention for the waste elements and good 

corrosion resistance in general. The glass in comparison suffered from surface cracking, and a 
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leached layer up to 10 µm deep by 14 weeks.  This cracking effect is thought to lead to enhanced 

leaching of waste elements in the glass (primarily Na and Mg), the effect increasing over time as 

more cracking of the glass occurs. Due to the increase in leaching occurring in the last week of the 

experiment, it is unclear if the leaching stabilises or worsens making a definitive life time of the 

wasteform uncertain.  

5.6 Plasma Furnace-High Metal Surrogate 2 
 

Simulated fuel cladding, pond solids, and plutonium contaminated material immobilisation using 

plasma thermal techniques was the objective of this part of the study as described in section 3.1.6 

with all of the above posing difficulties for safe disposal, in particular pond solids. Inspection of the 

material received showed it to be made up of a mostly translucent green glass, with a small 

Metallic/Metal Oxide portion (M/MO). Overall the glass accounted for 95% (±3 wt%) by weight of 

the total material received. Experimentation on the M/MO potion could not be performed due to 

the small amount received. 

The use of a plasma furnace with argon or nitrogen used for the plasma gas is the standard 

procedure and many similar trials (specifically PF-HMS) have been done, creating a reducing 

environment of carbon monoxide and hydrogen [246]. However, air was pumped into the furnace 

chamber for processing this sample having the opposite effect, leading to oxidation during the melt 

process. Indeed, this was the reason for the choice of air over argon/nitrogen; it was thought that 

oxidation of metal into their oxide counterparts would be preferable to the metallic form. Air was 

chosen to help oxidise the metallic waste leading to a homogeneous wasteform, and to some extent 

this was successful as it was clear a small amount of these wastes did not fully incorporate into the 

final wasteform. The metals involved would have different melting points, their oxides even more 

so, differences in specific gravity would result in these wastes sinking during the melting process, a 

common occurrence in treatment involving these sorts of wastes [247]. It is suggested that this can 

be mitigated by using a more aggressive stirring technique, other than the thermal convection which 

was used and thought to be effective enough to avoid such an outcome. Colour changes in the glass 

were due to the inhomogeneity of trace elements, no significant variation in composition was found 

for the major elements analysed.  

Excluding the small M/MO portion, the glass was able to incorporate a large portion (~70 %) of the 

simulant mischmetal waste, however, none of the iron based waste had gone into the glassy phase, 

as no iron was detected. Based on the results from PF-HMS which displayed a similar glass + M/MO 

combination, along with the small metal portion received, it can only be concluded that the iron has 

sequestered into a M/MO phase as seen in PF-HMS, a mismatch in the amount of mischmetal used, 

and the amounts present in the glass suggests that some of these elements also sequestered into a 

separate phase. Calculations were performed to assess how much of the waste had been 

incorporated into the glassy phase (Table 53), as all the metal waste was placed together (Al and Mg 

rods, and various steel waste) 3 calculations were done; no waste was excluded, Fe only wastes 

were excluded, the Mg and Al rods (but not Mg/Al from other sources) and the Fe wastes were 

excluded. The calculation was made using the data from section 3.1.6, Table 17, and Table 18; each 

waste element was broken down into its constituent elements, further, it was assumed that all these 

elements went into a one, homogeneous phase thus allowing the composition of such a phase to be 
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calculated. Comparison of these results with the actual composition of the glass revealed the most 

likely waste element(s) that did not incorporate into the glass, for example, no Fe was detected in 

the glass thus no Fe based waste elements contributed to the final composition of the glass. With 

this knowledge the calculation was run again with the absence of this waste element and an 

additional waste element (e.g. Mg rods), which was again compared with the glass composition. This 

process was repeated until a composition close to the actual glass composition was achieved thus 

revealing the most likely waste elements that did not go into the glass, and therefore formed a 

separate phase(s).  

This revealed that 20% of the lanthanum was not in the glass, and similarly, almost 20% of the 

calcium was present in another phase. The rest of the elements are in good agreement with the 

theoretical prediction of the glass composition. 

Table 53: Theoretical calculations of the composition based on the removal of certain wastes from the initial 
setup. Predicted W/O fe shows the results if all iron based waste was not included in the processing giving the 
theoretical composition shown. Similar results were calculated for removal of all iron based waste + the 
removal of the aluminium and magnesium rods (but not those elements from the glass frit), shown as predicted 
W/O rods/Fe.  

 
Fe2O3 Al2O3 MgO SiO2 CaO La2O3 Ce2O3 

Predicted (all waste) 23.7 15.9 2.4 26.8 17.1 4.7 9.4 

Predicted W/O Fe 0.00 20.4 5.3 34.4 21.9 6.0 12.0 

Predicted W/O rods/Fe 0.00 15.2 2.5 38.1 24.3 6.7 13.3 

        
Actual 0.00 12.3 1.9 35.6 29.2 8.3 12.8 

 

The corrosion profiles of sample PF-HMS2 (Figures 113-117) exhibited odd behaviour in that they 

changed 3 times during the course of the experiment. Repeat experiments also yielded the same 

profile changes. The unusual profile is thought to be a result of how the corrosion layer behaves 

once formed. Once a gel layer forms, as was seen in this material, it is expected to act in a protective 

manner reducing the elemental leach rate and preventing further depolymerisation of the silica 

network. Normalised leach rates of silicon and aluminium, which form part of the glass structural 

network, show that this occurred with leach rates of these elements dropping steadily with time 

(Figure 119). However, normalised leach rates for magnesium (Figure 120) revealed a more erratic 

trend, at first sowing a decrease but at 14 weeks a large increase to the leach rate occurred. The NLr 

for magnesium, along with the depth profiles is thought to come from removal of the surface layer 

during corrosion, and not as a result of any post corrosion handling. Removal of the gel layer would 

result in the exposed glass being re-attacked by the leachant, causing an increase in the leaching of 

elements at that time (and thus NLr). This would also explain the drastic depth profile changes, the 

portion of the glass that had been re-attacked will have an extended leach zone when compared to 

the portions of the glass that had not had the surface layer removed.  

If corrosion does follow the trend of gel layer forming, then removal, then at the conditions present 

in the experiment (90 oC, deionised water, no stirring etc.) a loss of 2 µm (±0.1 µm) of the glass 

surface every six weeks can be expected, as a worst-case scenario. For a 1 m3 block of this glass to be 

fully corroded would take approximately 28,770 years. Considering this figure was calculated based 
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on a fully submerged block in water at 90 oC, it can be expected that this number will be much larger 

in surface repository conditions, resulting in a slower corrosion rate thus exceeding the requirement 

for ILW.   

Whilst this review is limited to just the glassy component, it is suggested that further tests be done 

on the M/MO portion, should a larger portion than that provided here exist. However, based on 

corrosion results from JH-HMS, PF-HMS and PF-HMS2 (sections 4.2.2, 4.4.1 and 4.4.3 respectively) as 

they all had aspects of the M/MO (PF-HMS had a M/MO portion, JH-HMS had a Ce/La enriched 

phase), a reasonable prediction of the properties can be made. Due to the same heating regime, and 

technique (plasma furnace) used for PF-HMS, it can be assumed that all the metallic species with 

limited solubility in the glass (iron in this case) formed as oxides, mixed metal oxides, and unreacted 

metal. The results of JH-HMS showed that cerium, lanthanum, and silicon formed a phase when 

exposed to temperatures similar to those used for this wasteform. As was found in PF-HMS, the 

corrosion resistance of this M/MO wasteform was extremely poor, whilst JH-HMS found a 

reasonable corrosion resistance for the Ce-La silicate phase.  

One of the main issues is the metal portion which went untested in this experiment, should it follow 

the same corrosion progression outlined in section 4.3.1, and summarised here, the release of the 

iron and the remaining cerium and lanthanum would be instantaneous relative to the timescales 

involved. This is highly undesirable, however using a theoretical scenario whereby a 1 m3 block of 

glass/metal i.e. glass encapsulated metal, where the metal portion is located at the centre of the 

block, surrounded by glass. This issue would be vastly diminished in this case as it would take the 

previously determined time to reach the metal phase, which would be hoped by this time to be 

rendered inert. 

5.7 General issues 
 

Several issues arose that were common, or were applicable, to all the samples investigated and are 

discussed here. 

5.7.1 Partitioning of plutonium simulants 

The sequestration of the actinide simulants (Ce/La) into a single phase, or in this case partial 

sequestration, could pose an issue from a criticality point of view. Whilst the two elements were in 

both the glass and the CeLa silicate, the increased amount of these elements in the silicate phase 

could theoretically result in a criticality incident, an extremely undesirable event. However, the 

shape and size of the CeLa silicate should mitigate this extreme, most fissionable materials critical 

mass is determined based on the material having the shape of a sphere (the most efficient shape for 

this process); clearly this is not the case here. The small particle size, and spacing between particles 

should be enough to prevent any sort of criticality incident. Consistent with current safety measures 

in the field of nuclear and nuclear waste, a further precaution would be necessary, as a failsafe in the 

unlikely event that crystallisation did produces a phase that was both big enough and dense enough 

to produce a criticality event. It is suggested that the addition of a neutron poison be added to the 

GCM recipe, in particular, boron. The behaviour of boron as a neuron posion, and glass additive is 

already well known [248], with most HLW glasses containing boron for this reason. An additional 

neutron poison such as gadolinium could also be added, aimed at partitioning into the CeLa silicate 
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itself, further reducing a criticality event, however it is unclear if gadolinium would partition into this 

phase and should this course of action be taken, further research would be required. 

With the addition of just boron to the recipe, coupled with the unfavourable microstructure of the 

CeLa silicate, this should reduce if not eliminate any criticality issues.  

5.7.2 Anomalous pH at 14 weeks 

At 14 weeks’ corrosion time an increase in the pH was observed across all samples where pH was 

analysed, of approximately 0.5. It is unclear whether this was a statistical anomaly, or the beginning 

of a renewed corrosive attack on the samples. SEM images of both the cross sections and surface 

showed no evidence that a secondary corrosion mechanism was occurring; the images indicated that 

corrosion was reduced, in line with the relatively unchanged size of the leached layer, where one 

was present. Indeed, ICP-OES results confirm that a reduction in Si concentrations (a good indicator 

of network dissolution) occurred in all samples except PF-Asb. Further, only the PF-Asb sample 

showed any noticeable increase in other elements that could be responsible for an increased pH. 

Indeed, all other samples showed a decrease in the element concentration. Overall, the evidence 

would suggest that the increased pH at 14 weeks was either due to contamination, or due to the 

solution analysed being the last of solution in the digestion vessel; for all other aliquots, only a 

portion of the solution was removed (see section 3.4). There is evidence that this is conclusion may 

not apply to sample PF-Asb, where other analysis techniques suggested an increase in corrosion, 

more easily seen in the normalised leach rates for magnesium, and to some extent sodium. Further 

corrosion time experiments are necessary to establish the nature of the Ph increase, to assess 

whether it is a secondary corrosion mechanism, or an artefact of the experimentation setup.  

 

The results from pH analysis revealed a sudden increase of approximately 0.5 at 14 weeks’ corrosion 

time. Corresponding ICP-OES results also revealed an increase in the concentration of Si, Mg, and Na 

good indicators that network attack was occurring at an increased rate relative to previous times. 

This is clearly observed in the normalised leach rate results for these elements at that time. 

However, no corresponding change in either leach depth or SEM surface/cross sectional images 

were observed. 

5.7.3 Normalised leach rate comparisons  

Normalised leach rates for elements of importance from the materials analysed here are displayed 

in Table 54. In addition, comparative normalised leach rates for other materials are displayed in 

Table 55 note the comparative NLR are often averaged over the experiment time and where this is 

the case the experiment duration is noted. Little literature exists on leach rates of cemented nuclear 

waste, as during experimentation on cement as a HLW encapsulate it was found to have an 

unacceptably high leach rate, relegating it to LLW/ILW encapsulation [249]. This is reflected in the 

release rate for sodium shown in Table 54, it has been reported that a generic (no elements quoted) 

intrinsic leach rate of cementitious wastes to be 100x10-6 g cm-2 day-1 [250].  

The values shown are to allow for an approximate average NLr for the materials shown. 
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Table 54 results from a generic ILW cement [251] (1 year), HLW borosilicate glass [252] (28 days), 

and yellow phase contaminated glass composite material (28 days), along with the noted normalised 

released rates for the elements shown.  

Table 54: Comparison of cement, borosilicate glass, and yellow phase GCM normalised leach rates for Cs, Na, 
Sr, and combined actinides. 

  NRR  (10-6  g/cm2 day) 

Elements 137Cs Na Sr Actinides 

  
    

Cement1 4.8 7300  -  - 

Borosilicate glass2 0.3 0.9 0.3  - 

Yellow phase gcm2  1-10  1-10  1-0.1 0.001 

 

Table 55 summarises the important NLR for the materials analysed here, and shows the highest NLr 

found for that element over the course of the experiment. It is clear from these results that the 

GCMs analysed here outperform cement encapsulation by several orders of magnitude, not an 

unexpected result considering the general performance of cement versus glasses and ceramics for 

leach rates. Unexpectedly, they had lower NLr for Na compared to typical HLW borosilicate glass. 

Considering the dual and sometimes multi-component facet to GCMs this value was expected to be 

much higher, clearly this is not the case, and is a promising indicator towards the durability of the 

wasteforms. However, these results cannot be taken as an absolute indicator of how well the GCMs 

will fair in the long term, as has already been discussed.   

Table 55: Summarised leach rates for Na, Mg, Si, and Ca (where available) for all the wasteforms investigated 
here, with the exception of PF-HMS (due to ICP-OES data surpassing the maximum limit) for comparison with 
table 54. It is clear these wasteforms are on par with borosilicate glasses, and significantly better than 
cementation. 

 
NRr  (10-6  g/cm2 day) 

Elements Na Mg Si Ca      

JH-PCM 0.68 0.02 0.10 0.14 

JH-HMS 
 

0.16 0.08 0.09 

JH-SIXEP 0.58 0.02 0.09 0.47 

PF-Asb 2.93 0.04 0.10 0.23 

PF-HM2 
 

0.03 0.04 0.08 
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5.8 Summary 
 

Table 56 is a tabled summary of all 6 wasteforms quickly showing the major/minor phases present, 

the corrosion products, and the corrosion behaviour of each wasteform. This allows for quick 

comparison between the two different thermal techniques used, the different wasteforms within 

each thermal technique, and for GCM’s with similar phases. Finally, based on the results presented 

here, a recommendation on each wasteforms suitability for immediate disposal as an ILW is given. 
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Table 56: Summary of each wasteform showing the major phases, minor phases, the corrosion products, and the corrosion behaviour. A recommendation on the wasteforms 
suitability for ILW disposal is given.  

Joule heated JH-PCM JH-HMS JH-SIXEP 

Major Phases pigeonite, anorthite, and dual glasses 
CeLa Silicate, Augitea, CaMgFe Silicate, 

glass 
Clino and proto Hypersthene, glass 

Minor Phases FeCr particles, diopsideb none Magnetite 

Corrosion products 
Corrosion layer on crystals, and one 

glass 
Corrosion layer on glass only Corrosion layer over all phases 

Corrosion 
Behaviour 
  

Attack via second, unprotected glass. 
Pitting, attack on glass 1 via exposed 

sides 

Attack via CaMgFeSi causing 
detachment of CeLa silicate from GCM 

glass corrosion layer expanded over 
crystals 

 

Suitable as ILW  Yes Undetermined Yes 

 
   

Plasma Furnace PF-HMS PF-Asb PF-HMS2 

Major Phases Glass, M/MO Diopside, Glass Glass (studied) 

Minor Phases n/a FeCr particle MMO (not studied) 

Corrosion products Not identified (multiple) Corrosion layer, microcrystals Corrosion layer 

Corrosion 
Behaviour 
  

Catastrophic failure of M/MO portion 
 

Protective corrosion layer, Iron filled 
cracks 

formation of microcrystals on diopside 

fully protective 
 

Suitable as ILW  No Yes Undeterminedc 

    
a) Several other phases were possible, augite was chosen as the most likely. b) It could not be accurately established if this phase was present. c) Should the material 
contain an M/MO portion similar to that in sample PF-HMS, it would be unsuitable. 
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6.0 Future Work 
 

 

The experimental work performed here forms a basis from which to remove unsuitable GCMs 

without the need of expensive, and lengthy experimental techniques such as ToF-SIMS. The GCMs 

with potential have been established, the poor ones discarded and these techniques should be used 

to further our understanding of them. More advanced techniques should be used to definitively 

characterise the phases present, as the techniques used here were insufficient to precisely 

determine their identity. The phases present, and any literature on their corrosion properties will be 

paramount in predicting how these GCMs may behave in the future; past the corrosion times used 

here. 

One of the issues found here was the comparison of Joule heated technology versus plasma furnace 

technology. The plasma furnace was found to be inadequate for the successful 

vitrification/encapsulation of high metal content waste, most readily apparent in sample PF-HMS, 

and somewhat apparent in PF-HM2. As discussed on the glassy portion of sample PF-HMS, it is 

possible that the reason for this inability to cope with high metal content waste was due to the 

conditions on the melter being too reducing, allowing for the precipitation of metals into metallic 

and metal oxide phases, most evident from the colouration effect in the glass portion of PF-HMS. 

Should this be the case, changes in the temperatures and other conditions could allow for the 

successful incorporation of these wastes into a more stable wasteform, without sacrificing the 

benefits that plasma furnaces provide. This can be established using Mössbauer spectroscopy, fine 

X-ray absorption spectroscopy, and ion chromatography; further work should try to identify the 

ferric to ferrous ratio to this end. It is suspected the reason for the overly reducing conditions is 

excessive temperatures; this could be compensated for by altering the atmosphere of the melter 

itself.  

Conversely to the failure of PF to treat high metal content waste, the success of the technology to 

process asbestos based waste was absolute; the asbestos was rendered completely inert by 

converting to an entirely different phase. Whilst more expensive than conventional asbestos 

disposal (cementation), “nuclear” asbestos requires special consideration. Based on the results 

found, this waste stream and thermal route are ready for next stage testing, using possibly 

radioactive versions of asbestos, and longer leach times. However, it is likely that this waste will be 

labelled as a LLW and so very little further work would be required; the main issue for this waste 

stream was the destruction of the asbestos. 

Joule heated technology demonstrated a more than reasonable ability to immobilise and 

encapsulate difficult wastes, that are often problematic and cannot be dealt with using conventional 

means. Considering the dangers of these wastes, and the success demonstrated here, further trials 

are warranted in an effort to develop a wasteform that can deal with these wastes now. Too often 

progress is slowed by the reluctance to change from the tried and tested technique, to a new one, 

evident by the lack of a new wasteform to cope with these difficult wastes. For the wastes examined 

it is proven that the “tried and tested” is not suitable, whereas the materials investigated here are 

far more suitable than those we have available. The next stage in this process is to analyse how 
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these wasteforms cope using the actual wastes that were only simulated here. Should those tests 

also be a success, it is suggested that we begin using these wastes and thermal technique to begin 

disposal.   

Additionally, longer corrosion times for several GCMs analysed here are required, such as in sample 

PF-Asb where NLr increased near the end of the experiment, possible signifying a secondary 

corrosion mechanism. Regardless, any ILW will require extended time periods of corrosion tests to 

ensure that these wasteforms will immobilise/encapsulate their waste elements for thousands of 

years.  

This thesis demonstrates that contrary to the current ideology that crystallisation in glasses should 

be kept to a minimum, sometimes the crystal phase(s) that form are better than the parent material, 

forming a material that overall has a longer lifetime. This is not a new development in this field, as 

has been discussed, much literature exists in many fields that have already come to this conclusion. 

Nuclear waste requires not one disposal route for each waste level as is the current method, but an 

array, to have several matrices from which to choose from. It is the authors opinion that further 

work should investigate the potential for GCMs to go past the research stage, and progress to large 

scale trials.  
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7.0 Conclusions 
 

Six GCMs (3 using Joule heating and 3 using plasma technology) containing a variety of wastes were 

received from Sellafield and first characterised to identify the phases present, and then corroded 

using MCC-2 corrosion method. The wastes used were chosen to simulate ILW; high metal content, 

SIXEP waste containing plutonium contaminated material, Magnox sludge, pile fuel cladding, 

clinoptilolite, and asbestos, produced from various nuclear activities and legacy waste silos.  

The wastes were characterised using XRD, and SEM-EDX to establish the composition of the various 

phases that formed, allowing for identification of the crystalline phases where possible. This in turn 

allowed for comparison with known literature on these phases and the corrosion results found here. 

Leaching tests using de-ionised water at 90 oC were performed from 2-14 weeks, both the samples 

and the solution were analysed using SEM-EDX, ICP-OES, and pH.  The use of EDX line scans on cross 

sections of the sample was employed to acquire the elemental profile as a function of depth, 

revealing the presence of leached layers and/or corrosion/gel layers. This was used with EDX surface 

analysis to better understand how each sample had corroded, and more specifically, to see how 

each phase had corroded. ICP-OES analysis of the sample was used to calculate normalised leach 

rates for each GCM to further understand the overall corrosion resistance of the GCMs, and to 

establish whether these wastes were suitable for ILW on a surface repository.  

The Joule heating thermal processing of the PCM waste, HMS, and SIXEP waste streams resulted in 

the formation of three crystal containing glasses from processing.  All 3 samples had formed a non-

stoichiometric pyroxene as the main crystalline component, (clinoenstatite/clinoferrosilite, pigeonite 

and augite, respectively). The clinoenstatite/ferrosilite and the pigeonite demonstrated a high 

corrosion resistance; more so than the bulk glass, showing a maximum leached depth of 2-5 µm 

compared to the glass which whilst showed a similar leach depth, had several microns of glass 

completely removed. The HMS waste which contained the augite, had simulated Pu material (Ce and 

La), which had sequestered into a highly durable dendritic Cerium/lanthanum oxide silicate. This was 

mitigated by the surrounding augite as it was the least durable phase of the GCM and resulted in the 

detachment of fragments of the Ce/La phase from the bulk. Interestingly, the PCM GCM had formed 

two CMAS glasses, with similar but differing composition. The corrosion properties of each glass 

were vastly different; demonstrating that even small composition changes to the glass can result in 

different corrosion properties. The predictions of the lifetime for these GCMs exceeded that 

required for surface disposal of ILW. 

The plasma furnace samples consisted of two high metal surrogate waste GCMs, where the furnace 

intentionally had more metal waste added than the process was designed for, and an asbestos waste 

GCM. The HMS GCMs had resulted in a metal encapsulated glass, with a pure glassy component 

containing few waste elements, and a metal/metal oxide portion. Whilst the corrosion results of the 

glass in both samples were more than adequate for ILW disposal, the metal portion in one of the 

samples resulted in disintegration from a monolith into a powder like substance after 2 weeks of 

corrosion. The second HMS GCM did not have sufficient amount of the metal/metal oxide for 

experimental study. This result demonstrated that whilst the glass had an extremely good corrosion 

resistance for the wasteform to be suitable for disposal, the GCM would have to be engineered so as 

the glass fully encapsulated the metal portion to meet ILW disposal requirements. Practically this 
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would not be the case as the heavier metal portion would sink during thermal processing as no 

stirring was employed resulting in one face of the block containing all the metal/metal oxide. The 

asbestos containing GCM proved to be 100% effective in destroying the asbestos fibres, thus 

rendering them inert. The resulting phase was a durable diopside phase, with a leached depth of 3 

µm. The diopside formed homogeneously making up almost 50% of the final wasteform.  

One of the primary goals of this thesis was to not to only assess the durability of 6 GCMs produced 

using joule heating and plasma technology, but also to assess whether potential wasteforms could 

be reasonably analysed using mainly EDX and ICP-OES. The motivation behind this is to develop a 

quick method for determining whether a wasteform is suitable and warrants further research, and 

to eliminate wasteforms that are clearly unsuitable without the need for techniques such as SIMS or 

TEM which can often take months, and require an experienced operator; the techniques used here 

require little training to be proficient. In addition, it was shown that whilst NLr might show the 

material to be suitable for disposal, effects unique to GCMs can occur which result in an unsuitable 

wasteform. In particular, importance should be placed on the corrosion properties of the weakest 

phase, as although the waste elements might be in a durable phase, the surrounding material may 

corrode at a rate which results in reactive surface increase of the waste-bearing phase and eventually 

release of this phase into the biosphere, in a method seen for the JH-HMS sample. Based on the 

results collected, further work is warranted on several of these samples, plasma furnace for disposal 

of asbestos seems to be a highly successful method for allowing disposal of these wastes as it 

removes the need for compliance with government requirements for asbestos containing waste; the 

final wasteform does not contain any. It is clear that plasma technology is unsuitable for large 

amounts of metallic waste, without the need for further heat treatments or stirring of the melt, 

other than that provided by convection. Overall, joule heating thermal techniques resulted in a 

wasteform that would exceed the requirements for ILW disposal and shows promise for making 

durable GCMs.  
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