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Abstract 

Two simulated (non-radioactive) borosilicate high-level waste (HLW) glasses ' were 

supplied by Nexia Solutions; Blend glass and Oxide glass. This work is primarily 

concerned with identifying the crystal phases present in both as-cast and heat treated 

(simulating the retarded cooling experienced by `real' (radioactive) borosilicate HLW 

glasses after pouring) samples of these two glasses; as well as determining the aqueous 
durability of these samples. An as-cast Oxide glass sample contained a `yellow phase' 
inclusion which was also investigated. 

Combined direct current plasma atomic emission spectroscopy (DCP-AES) and 
X-ray fluorescence spectroscopy (XRF) determined the chemical composition of both 

glasses. Differential thermal analysis (DTA) identified their glass transition 

temperatures, whilst Archimedes' principle yielded their densities. 

X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) identified crystal phases and, in the case of 

microscopy, determined microstructural homogeneity. As-cast Blend glass samples 

were compositionally homogeneous and contained Ru02 crystals. Heat treated Blend 

glass samples contained Cel_ (., +y)ZrXGdyO2_ (y/2), (Sr, Nd, La) molybdate and lanthanide 

(Nd, Gd, La, Ce) silicate crystals. As-cast Oxide glass samples were either 

compositionally homogeneous (Type I microstructure) or compositionally 
inhomogeneous (Type II microstructure). Ru02, metallic Pd-Te and (Cr, Fe, Ni)304 

crystals were observed in both Type I and Type II microstructures, with Na3Li(Mo04)2 

6H20 crystals occasionally detected. Zrl_ (x+y)CexGdyO2_ (/2) and lanthanide 

(Nd, Gd, La, Ce) silicate crystals were only detected in Type II microstructures. Heat 

treated Oxide glass samples displayed either: extensive crystallisation and matrix 

cracking (Type A microstructure) or `banded' crystallisation (Type B microstructure), 
depending on their parent (as-cast) microstructure (Type I or Type II respectively). 
(Na, Sr, Nd, La)Mo04, Cel_ (.,, +y)ZrXGdyO2_ (y/2) and a Ni-rich crystal phase were detected in 

both Type A and Type B microstructures. a-cristobalite crystals were found exclusively 
in Type A microstructures, whilst lanthanide (Nd, Gd, La, Ce) silicate and zektzerite 

crystals were only detected in Type B microstructures. 
A modified product consistency test (modified PCT-B) determined the aqueous 

durability of as-cast and heat treated samples of both glasses. Heat treatment of Blend,, 

glass improved its aqueous durability marginally. Heat treatment of Oxide glass 
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decreased its aqueous durability significantly (as-cast and heat treated Oxide glass 

samples had Type I and Type A microstructures respectively). 
Combined DCP-AES and XRF revealed the chemical composition of the 

`yellow phase' inclusion, showing it to be enriched in Mo, Cs, Na, Li, Cr, Ba, Sr and Te 

compared to Oxide glass. XRD identified the `yellow phase' inclusion as crystalline, 

containing CsLiMo04i Na3Li(MoO4)2 " 6H20, (Na, Sr, Nd)Mo04 and Bat XSrxMo04 
(where 0<x<0.5) crystals. 
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1 Introduction 

In the UK, approximately 20 % of the electricity supply is generated by nuclear power. 

However, many of the nuclear power stations supplying this electricity will be 

decommissioned in the near future, meaning an imminent UK electricity shortfall. 

Concern about global warming and the rising cost of fossil fuels has made building new 

nuclear power stations an increasingly attractive solution to the imminent shortfall. 

Although nuclear power stations do not emit CO2 during electricity production, their 

operation results in spent fuel which is highly radioactive, heat generating and 

extremely harmful to life. In the UK, spent nuclear fuel is reprocessed to recover 

uranium and plutonium, the remaining solution being regarded as waste. The liquid 

waste arising from reprocessing is termed high-level waste (HLW) due to the level of 

radioactivity and heat it generates. Liquid HLW is currently immobilised by vitrification 

in a borosilicate glass matrix. This provides a material suitable for storage and eventual 

disposal, envisioned to be in an underground repository located within a stable 

geological formation. 

During vitrification, some HLW components have limited solubilities in the 

borosilicate glass melt, typically platinoids (Ru, Pd and Rh), high valence cations (e. g. 

Mob+, S6+ and Cr6+) and refractory oxides (e. g. A1203 and Fe203). These components of 

limited solubility typically form crystal phases within the glass. Due to the radiogenic 

heat produced by decaying radionuclides in the glass it will experience retarded cooling 

from its melting temperature. This retarded cooling can lead to further crystal phases 

precipitating in the glass. In an underground repository, borosilicate HLW glasses will 

eventually contact groundwaters. The aqueous durability of these glasses will determine 

their ability to retain their radionuclide inventory. Therefore the aqueous durability of 

the crystal phases formed and the effect of their formation on the aqueous durability of 

the residual glass matrix are highly significant. Further to this, the partitioning of HLW 

radionuclides between the crystal phases and the residual glass matrix is of great 

importance. 
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Chapter 1: Introduction 

This work concerns two simulated (non-radioactive) borosilicate HLW glasses 

produced on full-scale vitrification lines at Sellafield, Cumbria. The aims of this work 

were to: 

" Identify the crystal phases present in both as-cast glasses, as well as determining 

which radionuclides may preferentially partition to them in `real' (radioactive) 

borosilicate HLW glasses. 

" Identify the crystal phases which develop after heat treating both as-cast glasses 
(simulating the retarded cooling experienced by radiogenically heated glasses) 

and to determine which radionuclides may preferentially partition to these 

crystal phases in `real' borosilicate HLW glasses. 

" Assess the aqueous durability of both glasses in their as-cast and heat treated 

states. Thus, the effect of retarded cooling (as would be experienced by `real' 

borosilicate HLW glasses) upon these glasses can be understood. Also, to 

determine the aqueous solubility of identified crystal phases by examination of 

glass samples after aqueous durability testing. 
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2 Literature Review 

2.1 Discovery of Radioactivity and Neutron-Induced Fission 

Radioactivity was discovered in 1896 by Henri Becquerel as a result of experiments to 

determine if there was a connection between X-rays (discovered by Wilhelm Röntgen) 

and naturally-occurring phosphorescence. Becquerel showed that uranium emitted 

radiation which: (1) caused gases to ionise and (2) could be deflected by electric or 

magnetic fields (unlike X-rays). Marie and Pierre Curie continued the work on uranium 
in their Paris laboratory, discovering two new `active' elements, polonium and radium 
(from which the term `radioactive' was coined) (Palmer, 1995). In 1938 Lise Meitner 

and Otto Frisch interpreted the experimental results of Otto Hahn and Fritz Strassmann 

(who were attempting to produce transuranic elements), concluding that neutron- 
induced fission of the uranium nuclei had occurred. Inspired by the possibility of 

emission of secondary neutrons, and thus a chain reaction, Enrico Fermi and his team 

created the world's first man-made nuclear reactor in 1942 - Chicago Pile 1 (nuclear 

reactors were originally known as `atomic piles') (Greenwood and Earnshaw, 2002). 

This reactor produced the world's first controlled nuclear chain reaction, its creation 
being part of the Manhattan Project. The ultimate goal of this project was the production 

of fission weaponry, realised on the 16 ̀h July, 1945 with the Trinity test explosion. 

2.2 Neutron-Induced Fission and Nuclear Power Generation 

For neutron-induced fission to occur, a nucleus of large mass (generally 235U) captures a 

neutron (n), then `fissions' into two smaller nuclei (fission products, FP) and releases 

either two or three neutrons (on average 2.4 for 235U) as well as releasing energy: 

235U +n -* 236U --> 2FP + 2.4n + energy (2.1) 
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Chapter 2: Literature Review 

The released neutrons can induce fission in further suitable nuclei, creating a self- 

propagating chain reaction (an adjustable neutron absorber is used to control the chain 

reaction) which is the basis of nuclear reactors. However, the `fast' neutrons produced 

during fission (with kinetic energies around 1 MeV) are not very effective at producing 

fission in further suitable nuclei, so in the majority of nuclear reactors they are slowed- 

down (moderated) to `thermal' (or `slow') neutrons (with similar kinetic energies to the 

molecules in a room temperature gas; approximately 0.025-1 eV). The majority of 

nuclear reactors operate using 235U fuel. The concentration of 235U in natural uranium 

(0.72 %) is sufficient to sustain a chain reaction although enrichment of uranium fuel is 

often advantageous due to absorption of neutrons by the fuel cladding and/or moderator. 

After fission, the fission products collide with neighbouring atoms, converting their 

kinetic energy into heat. This thermal energy is the basis of nuclear power generation, 

with the reactor coolant acting as heat-transfer medium. 

Nuclear reactors fall into one of two types; fast reactors or thermal reactors. Fast 

reactors do not moderate (slow) the neutrons released by fission, aiming to `breed' 

fissile material as well as produce electricity. In contrast, thermal reactors moderate the 

neutrons released by fission and can be divided into two groups; gas-cooled and water- 

cooled. Fast-breeder reactors generally employ a 239Pu-enriched core surrounded by 

238U which can `breed' 239Pu by neutron-capture and two subsequent 8-decays. This 

reactor type is typically cooled by liquid metal (Na and/or K). Gas-cooled reactors are 

cooled by pressurised CO2 or He gas and are graphite moderated. Water-cooled reactors 

are cooled and moderated by pressurised H2O and/or D20. Nuclear power stations 

(Table 2.1) currently generate approximately 20 % of the UK's electricity supply 

(Nirex, 2002). 

Table 2.1 Nuclear reactor types currently operating in the UK. 

Reactor type Coolant Moderator 
Fuel 

23s Type Cladding U/XU 

Magnox Pressurised Graphite U metal Mg alloy 0.72 % 
CO2 rods 

AGR (advanced Pressurised Graphite Stainless 
-3% gas-cooled reactor) CO2 raphite pellets steel 

PWR (pressurised- Pressurised Pressurised U02 Zr alloy -3 % 
water reactor) H2O H2O pellets 

With time, the fuel assemblies in these reactors acquire increased levels of fission 

products, some of which act as neutron poisons, reducing energy production to an 

uneconomic level. Therefore, after around 3y in the reactor, spent fuel assemblies are 
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Chapter 2: Literature Review 

replaced and sent for storage in a cooling pond as they are highly radioactive and heat- 

generating. 

2.3 Reprocessing of Spent Nuclear Fuel 

In the UK, spent fuel is reprocessed using the plutonium and uranium recovery by 

extraction (PUREX) process. The two operational reprocessing plants at Sellafield, 

Cumbria, are B205 (for spent U metal fuel) and THORP (thermal oxide reprocessing 

plant, for spent U02 fuel). Prior to reprocessing, the fuel rods have their cladding 

mechanically removed. The spent fuel is then dissolved in 6 mol 1"1 nitric acid before 

the U and Pu are extracted with tributyl phosphate in kerosene (Marples, 1988). The 

remaining solution is regarded as waste, as are the undissolved metallic `fines'. 

2.3.1 Classification of Radioactive Wastes 

In the UK, radioactive wastes are classified as one of four types (Nirex, 2002): very 
low-level wastes (VLLW), low-level wastes (LLW), intermediate-level wastes (ILW) 

and high-level wastes (HLW). VLLW can be disposed of with ordinary refuse, each 0.1 

m3 of material containing less than 400 kBq (/3 and y activities) or single items 

containing less than 40 kBq. LLW is not suitable for disposal with ordinary refuse, with 

a typical maximum activity of 4x 109 Bq tonne -1 (a activity) and 12 x 109 Bq tonne -1 

(ß and yactivities). ILW exceeds the upper boundaries for LLW, requiring shielding but 

not cooling. It typically has a maximum activity of 2x 1012 Bq m-3 (a activity) and 2x 

1014 Bq m-3 (ß and y activities). HLW requires both shielding and cooling, with 

maximum activities in the region of 4x 1014 Bq m-3 (a activity) and 8x 1016 Bq m-3 (f3 

and y activities) (Hewitt, 2001). The liquid waste arising from reprocessing is termed 

HLW due to its level of radioactivity and heat generation. 

2.3.2 Chemical Composition of HLWs from Reprocessing 

The majority of the HLW arising from spent nuclear fuel reprocessing is comprised of 
fission products. These include every element in the Periodic Table from Ge to Gd, 

together with tritium. Relative concentrations depend on the type of fuel, the type of 

reactor, the fuel's burn-up (Donald et al., 1997; Larkin, 1986; Marples, 1988) and the 
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Chapter 2: Literature Review 

cooling time of the fuel assemblies after removal from the reactor (Roth and 
Weisenburger, 2000). Figure 2.1 shows the fission product yield for both `thermal' and 
`fast' neutron-induced fission of 235U. The chemical composition of the fission product 
portion of calcined Magnox (U metal) fuel reprocessing waste can be seen in Table 2.2. 

0 °v Q_ 

O 

H 0.0 
L 

0.001 

0.000? .L 70 90 110 130 150 
Mass number 

Figure 2.1 Fission product yield for both `thermal' and `fast' neutron-induced fission of 235U (adapted 

from Clarke, 1983). 

Table 2.2 Chemical composition of the fission product portion of calcined Magnox (U metal) fuel 

reprocessing waste (Marples, 1988). Total added for information only. 

Component Weight % Component Weight % Component Weight % 
MoO3 14.4 Pr6011 4.0 Rb20 1.1 
Zr02 13.9 Tc207 3.8 Pm203 0.5 
Nd203 13.1 PdO 3.3 Eu203 0.3 
Cs20 9.4 SrO 2.9 Sb205 0.2 
CeO2 8.5 Sm203 2.6 Ag20 0.1 
Ru02 7.8 Rh203 2.2 Gd203 0.1 
BaO 4.6 Y203 1.7 In2O1 0.1 
La, 03 4.2 Te02 1.6 Total 100.4 

Other waste components are: unextracted U and Pu; transuranic elements (primarily Np, 
Am and Cm); fuel additives (such as Fe, Al, Si and Mo); stainless steel corrosion 
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Chapter 2: Literature Review 

products (principally Fe, Cr and Ni); contamination from fuel cladding (e. g. Mg in 

Magnox waste); chemical reprocessing additives (older waste streams); soluble poisons 

(mainly Gd and/or B to avoid criticality) and organic impurities (from the U and Pu 

extraction stage) (Larkin, 1986). 

Initially, the majority of the radioactivity and heat generated by the liquid HLW 

is due to 137Cs and 90Sr. These (and other) fission products are the major radiological 
hazard for the first few hundred years, after this period the actinides (Am, Cm, Np, Pu) 

and 99Tc are the major radiological hazard (Clarke, 1983; Donald et al., 1997; Marples, 

1988). Thus, it is necessary to isolate HLW from the biosphere for thousands to millions 

of years. The radioactive half-life (t1n) of individual radionuclides will be categorised as 

either short-lived (tl/2: 5 137Cs = 30 y) or long-lived (t1n >137Cs) in this work. 

2.3.3 Liquid HLW Storage 

The liquid HLW produced from reprocessing is a6 mol 1-1 nitric acid solution 

producing a few kW m3 of heat (depending on its age), as well as high levels of 

radioactivity. Referred to as highly active liquor (HAL) or raffinate, the solution is 

stored in double-walled stainless steel tanks which are cooled, air agitated (to avoid 

sedimentation) and surrounded with thick concrete (as a radiation shield). They are 

expensive to build and require continuous surveillance (Marples, 1988). The dangers of 

long-term HAL storage are highlighted by the many leaks which have occurred at the 

Hanford site in the US, where 137Cs and other radionuclides have leaked from their 

tanks into the ground below (McKinley et al., 2001). However, these tanks are only 

single-walled and are not made from stainless steel (unlike UK HAL tanks). Thus, it is 

thought better to solidify the HAL in a physically and chemically durable form which is 

easier and safer to store, as well as providing a material suitable for eventual disposal 

(Marples, 1988). 

2.3.4 Solidified HLW Disposal 

The eventual disposal of solidified HLW is envisioned to be in an engineered repository 

located deep underground within a stable geological formation (IAEA, 2003). Three 

types of geology have been considered for the location of an underground repository for 

solidified HLW: salt, clay and igneous rock (granite, basalt or tuff). 
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Chapter 2: Literature Review 

Permanent disposal of solidified HLW in an underground repository will be as 

part of a multibarrier isolation system (Donald et al., 1997; Marples, 1988; Wicks, 

1986,1992). In a multibarrier isolation system, the solidified HLW is contained inside 

its storage/disposal canisters, which in turn are encased in an `overpack'. This package 
is surrounded by `backfill' within the underground repository. The `overpack' could 

consist of either: (1) a thin casing of extremely corrosion resistant material (e. g. Ti) or 
(2) a thicker casing of an iron alloy (e. g. cast iron or carbon steel) which would corrode 

at a slow, predictable rate. The `backfill' could be either: (1) a clay (e. g. bentonite) 

which swells after emplacement and has a low permeability to water or (2) a 

cementitious material which will condition the groundwater to a high pH, reducing 

corrosion of the iron overpack (Donald et al., 1997; Marples, 1988). The man-made, 

engineered barriers of the multibarrier isolation system are known as the `near-field', 

whilst the surrounding geology (the geosphere) is known as the `far-field' (Marples, 

1988). 

2.4 HLW Vitrification in Borosilicate Glass 

The vitrification of UK HLW in a borosilicate glass matrix was selected as a suitable 

wasteform for storage/disposal due to a number of reasons (Larkin, 1986; Marples, 

1988): (1) its ability to incorporate relatively high amounts of the elements present in 

calcined HLW (typically up to 25 wt% waste oxides); (2) relatively low formation 

temperature; (3) tolerance to variations in the waste composition; (4) reasonable 

chemical durability; (5) the radiation stability of the glass structure; (6) ability to 

accommodate the changes in chemical properties resulting from transmutation (e. g. Cs 

to Ba and Sr to Zr); (7) thermal stability (low levels of crystallisation during cooling); 
(8) mechanical stability; (9) sufficient reactivity to digest the calcined HLW within the 

process residence time and (10) relatively simple processing (for remote operation). 

2.4.1 Borosilicate HLW Glass: Chemistry and Structure 

The base glass for the vitrification of UK HLW is a Li20-Na2O-B203-SiO2 composition. 
According to the Zachariasen-Warren model of glass structure, the network 

forming polyhedra (e. g. [Si04], [B03], [B04]-, [Si03O]-) of alkali borosilicate HLW 

glasses will corner share oxygens (bridging oxygens, BO, shown as 0) to create a 

random network structure in which network modifiers (Li, Na and most HLW 
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components) will occupy interstices within the random network structure (which tends 

to form rings) as well as charge balancing singly-bonded oxygen atoms (non-bridging 

oxygens, NBO). Intermediates (such as Al and Fe) can behave as network formers 

and/or modifiers. The network forming polyhedra [A104]- and [Fe04]- (as well as 

[B04]-) are charge compensated by network modifiers (Shelby, 1997; Wicks, 1992). 

Both the base glass and the HLW components become part of the random network 

structure. The Zachariasen-Warren model leads us to believe that borosilicate HLW 

glasses are relatively homogeneous at the atomic level. However, based on extended X- 

ray absorption fine structure (EXAFS) data, Greaves (1985) has proposed a 

modification to the Zachariasen-Warren model whereby network formers and network 

modifiers are segregated into two interlacing sublattices (the network modifiers cluster 

together), noting that above a certain network modifier concentration threshold the 

inter-network (network modifier) regions would form continuous channels (percolation 

channels). 

Further to this more inhomogeneous view of glass structure, neutron diffraction 

data (Fäbiän et al., 2007), nuclear magnetic resonance (NMR) data (Bourcier, 1994; Du 

and Stebbins, 2003) and molecular dynamics (MD) simulations (Gou et al., 2001) have 

all indicated demixing (non-random distribution) of the borate and silicate network units 

in `traditionally' homogeneous borosilicate glasses, with the network modifier(s) 

preferentially associated with the borate regions (Bourcier, 1994; Gou et al., 2001 and 

references therein). In support of these results, chemical durability testing of some 

`traditionally' homogeneous sodium borosilicate glasses showed that all of the sodium 

and boron in these glasses could be leached out (due to them forming a percolating 

network inside the glass), leaving a porous network of vitreous silica (pore diameter 4-6 

nm) (Ledieu et al., 2004). The above observations could explain why a `traditionally' 

homogeneous borosilicate HLW glass was shown by neutron diffraction (Sinclair et al., 

1983) to be inhomogeneous at the nm scale. These findings are perhaps unsurprising 

since there is unambiguous thermodynamic evidence that like chemical groupings tend 

to cluster (Wright et al., 2001 and references therein), with amorphous phase separation 

(APS) representing the limiting case of such clustering. Ojovan et al. (2005) found an 

increased concentration of Mo and Na at the surface of a cast borosilicate HLW glass 

compared to its bulk, further illustrating that glass components can be inhomogeneously 

distributed. Some components in multicomponent borosilicate glasses can form 

oxyanions (Table 2.3) which are independent of the borosilicate glass network, located 
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within inter-network regions together with (charge compensating) network modifying 

cations. 

Table 2.3 Oxyanions reported in multicomponent borosilicate glasses. 

Oxyanion Reference(s) 
Molybdate, [Mo04] - (Calas et al., 2003; Short, 2004; Short et al., 2005) 
Sulphate, [S04]2 (McKeown et al., 2001,2004) 
Chromate, [Cr04]2- (Tilquin eta!., 1998) 
Orthophosphate, [PO4]3- (Munoz et aL, 2006) 
Pyrophosphate, [P2O7]4- (Munoz eta!., 2006) 
Pertechnetate, [TcO4]- (Lukens et al., 2004,2007) 
Perrhenate, [ReO41- (Lukens et al., 2007) 

2.4.2 Chemical Composition of Borosilicate HLW Glasses 

The UK currently produces two `real' (radioactive) borosilicate HLW glasses. One 

vitrifies Magnox (U metal) fuel reprocessing waste (Magnox glass); whilst the other 

vitrifies oxide (U02) fuel reprocessing waste and Magnox (U metal) fuel reprocessing 

waste mixed in a 75: 25 oxides ratio, by weight (Blend glass). Simulated (non- 

radioactive) versions of both Magnox glass and Blend glass have been produced, along 

with other simulated borosilicate HLW glass compositions, such as one vitrifying 

simulated oxide (U02) fuel reprocessing waste (Oxide glass). The chemical composition 

of a simulated Blend glass (Line 3), a simulated Magnox glass (V26) and a simulated 

Oxide glass (V33) are shown in Table 2.4, whilst their approximate glass transition 

temperature (Tg) and density (p) ranges are displayed in Table 2.5. Also shown in Table 

2.4 is the chemical composition of R7T7 glass, a simulated French borosilicate HLW 

glass which has a Tg of 502 °C and ap of 2.75 g cm 3 (Matzke and Vernaz, 1993). 

Borosilicate HLW glasses have mean linear thermal expansion coefficients (a) 

of approximately 8-10 x 1e K-1 between room temperature and Tg (Donald et al., 

1997; Lutze, 1988; Marples, 1988). As borosilicate glass is isotropic, borosilicate HLW 

glasses will have mean volumetric thermal expansion coefficients (ß) of approximately 

24-30 x 10-6 Ic' over the same temperature range. It should be noted that 

crystallisation of a borosilicate HLW glass may alter the thermal expansion coefficient 

(TEC) of its residual glass matrix. 
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Table 2.4 Chemical composition of simulated borosilicate HLW glasses. 

Glass Blends Magnoxa Oxidea R7T7° 
Component Weig ht % 
Ag2O - - - 0.03 
A1203 1.59 6.58 0.15 4.91 
B203 15.90 15.90 17.80 14.02 
BaO 0.24 0.50 0.59 0.60 
CaO 0.03 0.01 0.01 4.04 
CdO - - - 0.03 
CeO2 1.86 0.84 1.33 
Ce203 0.93 
Cr203 0.23 0.58 0.31 0.51 
Cs20 1.60 1.11 1.20 1.29 
Fe203 1.10 3.00 0.66 2.91 
Gd203 2.92 - 2.73 0.03 
Hf02 0.06 0.02 0.04 - 
K20 0.15 0.01 0.01 - 
La203 0.87 0.48 0.72 0.56 
Li20 3.92 4.07 3.70 1.98 
MgO 1.41 5.74 0.05 - 
Mn02 - - - 0.25 
MoO3 2.21 1.62 2.57 1.70 
Na20 8.58 8.29 9.01 9.86 
Nd203 2.77 1.44 2.37 1.59 
NiO 0.21 0.37 0.51 0.42 
P205 0.11 0.26 0.10 0.28 
PdO - - - 0.33 
Pr203 0.44 
Pr6011 0.85 0.44 0.72 
Rb20 - - - 0.13 
Rh203 - - - 0.12 
Ru02 1.03 0.70 1.05 0.46 
Sb203 - - - 0.01 
Si02 46.28 46.10 50.50 45.48 
Sm203 0.44 0.22 0.41 0.31 
Sn02 - - - 0.02 
SrO 0.55 0.30 0.51 0.33 
Te02 0.31 - 0.19 0.23 
Th02 - - - 0.33 
Ti02 0.06 0.01 0.02 - 
U02 - - - 0.52 
Y203 0.36 0.10 0.19 0.20 
ZnO - - - 2.50 
Zr02 2.78 1.45 2.44 2.65 
Total 98.42 100.14 99.89 100.00 

a Supplied by Nexia Solutions; ° (Matzke and Vernaz, 1993) 
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Table 2.5 Approximate glass transition temperature (Tg) and density (p) ranges for simulated UK 

borosilicate HLW glasses (Larkin, 1986; Marples, 1988). 

TQ (°C) P (g cm ) 
495-520 2.6-2.8 

2.5 HLW Vitrification at Sellafield, Cumbria 

Before vitrification, the highly active liquor (HAL) is transferred to a stock tank where 

half the lithium oxide (Li20) for the final glass is added as lithium nitrate (LiNO3) 

(Marples, 1988). The lithium nitrate also aids the incorporation/digestion of elements 

such as iron and aluminium in the glass melt by forming complex oxides in the calciner 

which are more reactive than the pure oxide. From the stock tank HAL is continuously 

metered to a calciner. The calciner is an inclined metal tube rotated in a furnace where 

the liquid waste is successively evaporated, dried and partially denitrated. During 

calcination, sugar is added to react with the free nitrate (nitric acid, HNO3) and also 

reduce ruthenium volatility (Larkin, 1986). At the lower end of the calciner, the calcine 

falls into an inductively-heated Inconel 601 melting vessel, with base glass frit being 

added in batches. The glass is melted at approximately 1100 °C and poured into a 

storage/disposal canister every 8 h, generally leaving a glass `heel' of -70 kg in the 

melter (Marples, 1988). Continuous feed to the melter with batch pouring gives a 

residence time in the melter of 1-8 h (Larkin, 1986). The glass melts are air sparged to 

aid homogenisation (although the French employ an inert argon sparge which is 

expected to create mildly reducing melting conditions) (Short, 2004). The 

storage/disposal canisters are made from Type 309S stainless steel and hold about 400 

kg of glass, requiring two pours to fill them. After filling, the canisters have their lids 

welded on, before being decontaminated prior to transferral to the vitrified product store 

(VPS). In the VPS the filled canisters are stacked 10 high and are air-cooled by natural 

convection (Marples, 1988). A schematic of this process is shown in Figure 2.2. 
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Figure 2.2 Schematic of the continuous vitrification process (supplied by Nexia Solutions). 

2.6 HLW Vitrification Issues 

2.6.1 HLW Glass Melter 

Platinum group metals are immiscible within borosilicate HLW glass melts, regardless 

of melting atmosphere, forming metallic and/or oxide phases (Bickford et al., 1990a; 

Galoisy et al., 1998; Goldman and Brite, 1986; Krause and Luckscheiter, 1991; 

Morgan, 2005; Sundaram and Perez, 2000; Yamashita et al., 2004). These platinoid 

phases (both metallic and oxide) are of higher electrical conductivity than the rest of the 

glass melt (Bickford et al., 1990a; Demin et al., 1996; Galoisy et al., 1998; Goldman 

and Brite, 1986; Krause and Luckscheiter, 1991; Marples, 1988; Simonnet and 

Grandjean, 2005) and can short circuit submerged electrodes (if present). In addition to 

platinoid phases, only spinel (Hrma, 2002; Izak et al., 2001; LaMont and Hrma, 1998), 

eskolaite, metallic phases and Zr-containing phases are likely to form at temperatures 

above 1050 °C (Hrma, 2002). Platinoid phases (Demin et al., 1996; Galoisy et al., 1998; 

Krause and Luckscheiter, 1991; Marples, 1988; Mendel et al., 1976; Morgan, 2005) and 

spinel (LaMont and Hrma, 1998; Marples, 1988; Mendel et al., 1976) can agglomerate 

into 'swarms' in the glass melt and then sediment to the bottom of the glass melter. 

Sundaram and Perez (2000) report that the larger the 'swarm', the faster it settles. The 

sedimented phases form a 'sludge' layer (of higher density, viscosity and electrical 

conductivity) at the bottom of the melter. This 'sludge' layer affects the glass rheology, 
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causing pouring difficulties (such as blockages) and affecting the convective flow of 

glass in the melter (Demin et al., 1996; Galoisy et al., 1998; Izak et al., 2001; Krause 

and Luckscheiter, 1991; LaMont and Hrma, 1998; Morgan, 2005). 

Air sparging of the glass melt partially prevents the formation of a sedimented 

`sludge' (Krause and Luckscheiter, 1991) and improves its homogeneity (Bickford et 

al., 1990b; Short, 2004). The relative retention of metals in the melter is reported as Ru 

> Rh » Pd > Ag (Smith and Bickford, 2000). Glass melter floors that slope at 45°, 

coupled with a bottom drain, reduce the retention of sedimented material in melters 
(Sundaram and Perez, 2000), although this technique is not employed in UK 

borosilicate HLW glass melters. 

2.6.2 HLW Glass Melt/Glass Homogeneity 

Onset of the limits of HLW incorporation/digestion in the borosilicate glass melt are 

characterised by (Larkin, 1986): (1) a lumpy pour (indicating insufficient reaction 

time/rate); (2) bubbles in glass samples; (3) residue build-up in the crucible/melter 

(showing the limit of incorporation/digestion has been reached); (4) phase separation 

(principally `yellow phase'); (5) partially reacted calcine and base glass in glass samples 

and (6) large-scale crystallisation of glass samples. 
Dissolving/relict calcine in glass samples were described as: crystalline, 

lanthanide- and Zr-rich, and often associated with bubbles (Morgan, 2005). The crystal 

phases observed within dissolving/relict calcine are lanthanide silicates and Ce-Zr 

oxides. These crystal phases form due to (localised) supersaturation of their component 

elements in the glass melt, followed by their precipitation upon cooling (Bouchet et al., 

2000). The laboratory-scale glass samples of both Morgan (2005) and Bouchet et al. 

(2000) were melted at approximately 1050 °C for <1 h. `Residual calcine' in 

borosilicate HLW glasses reduces their chemical durability (Raman et al., 2003). 

Incomplete homogenisation of borosilicate HLW glass melts results in 

compositional `banding' of glass samples (Abraitis, 1999; Morgan, 2005). The 

compositional `banding' observed by Abraitis (1999) consisted of `bands' enriched in 

base glass components (relative to the bulk glass composition) alternating with `bands' 

enriched in simulated HLW components (relative to the bulk glass composition) which 

also exhibited significant crystallisation. The `bands' enriched in simulated HLW 

components were of lower chemical durability then the `bands' enriched in base glass 

components. 
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2.6.2.1 Yellow Phase' 

Immiscible `yellow phase' can form during borosilicate HLW glass melting. `Yellow 

phase' is molten at the glass melting temperature (Bickford et al, 1990a; Hall et al., 
1976; Morgan, 2005; Morris and Chidley, 1976; Pegg and Joseph, 2001), segregates 

from the glass melt during feed-to-glass conversion (H. Li et al, 2001; Manara et al., 

2007; Morgan, 2005; Sullivan et al., 1995) and is initially nitrate-based (Hrma et al., 
2006). Molten `yellow phase' tends to float on the surface of the glass melt (Bickford et 

al, 1990a; Buechele et al., 1995; Crichton et al., 1995; Kaushik et al., 2006; Lutze et 

al., 1979; Manara et al, 2007; Marples, 1988; Morgan, 2005; Morris and Chidley, 

1976; Pegg and Joseph, 2001; Schiewer et al, 1982). Molten `yellow phase' can also be 

found within the body of the glass melt, as immiscible inclusions (Bickford et al., 

1990a; Buechele et al., 1995; Cousi et A, 2004; Hall et A, 1976; Henry et al, 2004; 

Lutze et al, 1979; Morgan, 2005; Pinet et al, 2006; Short, 2004) and on the inner 

surface of bubbles (Manara et A, 2007; Morgan, 2005). Relative to the glass melt, 

molten `yellow phase': is highly corrosive to metals (e. g. Inconel) and ceramics (H. Li 

et al., 2001; Manara et al., 2007; McKeown et al, 2001; Morgan, 2005; Pegg and 

Joseph, 2001; Sengupta et al., 2006; Short, 2004; Short et al, 2005; Sullivan et al, 
1995), has lower density (Bickford et al, 1990a; Crichton et al, 1995; De et al, 1976; 

Kaushik et al, 2006; Morgan, 2005; Morris and Chidley, 1976; Schiewer et al., 1982), 

is highly electrically conductive (problematic if electrodes are used in the melter) 

(Manara et al., 2007; Pegg and Joseph, 2001), is highly oxidising (Krause and 

Luckscheiter, 1991), has very low viscosity (Bickford et al, 1990a; Morris and Chidley, 

1976) and can increase the volatility of some component species (Langowski et al., 

1996a and references therein; Sullivan et al., 1995). 

`Yellow phase' gets its name from its colour in the solid state, thought to be 

caused by the presence of chromates (Buechele et al., 1995; Hall et al., 1976; Lutze, 

1988). The name ̀ yellow phase' is misleading as it implies a single phase, solid `yellow 

phase' is actually an assembly of crystal phases whose identity and chemical 

composition will depend on the borosilicate HLW glass composition (Lutze, 1988; 

McKeown et al., 2001; Morgan, 2005; Morris and Chidley, 1976; Schiewer et a1., 1982; 

Short, 2004). The crystal phases found in solid `yellow phase' are generally water 

soluble (De et al., 1976; Hall et al., 1976; Kaushik et al., 2006; Kawamura and Ohuchi, 

1995; Lutze, 1988; Morgan, 2005; Morris and Chidley, 1976; Schiewer et al., 1982; 
Short, 2004; Sullivan et al., 1995). Solid `yellow phase' can be enriched (relative to the 

15 



Chapter 2: Literature Review 

glass) in: molybdate, chromate, sulphate, phosphate, chloride, alkalis and some alkaline 

earths. These component species preferentially partition to the `yellow phase' when it is 

molten. The two most important elements that preferentially partition to `yellow phase' 

are caesium (due to short-lived 137Cs and long-lived 135Cs) (Caurant et al., 2007; De et 

al., 1976; Hall et al., 1976; Kaushik et al., 2006; Morgan, 2005; Morris and Chidley, 

1976; Muller et al., 1999; Pegg and Joseph, 2001; Schiewer et al., 1982; Sengupta et 

al., 2006; Sullivan et al., 1995) and strontium (due to short-lived 90Sr) (De et al., 1976; 

Hall et al., 1976; Kaushik et al., 2006; Morgan, 2005; Morris and Chidley, 1976; Pegg 

and Joseph, 2001; Schiewer et al., 1982; Sengupta et al., 2006). The actinides uranium 

(Kaushik et al., 2006) and plutonium (Muller et al., 1999) do not preferentially partition 

to `yellow phase'. 

The formation of immiscible `yellow phase' is strongly influenced by REDOX 

conditions in the glass melt (Buechele et al., 1995; Crichton et al., 1995). `Yellow 

phase' formation can be suppressed by melting glasses under reducing condition 

(Camara et al., 1980, Horneber et al., 1982; Lutze, 1988 and references therein). 

`Yellow phase' formation is also reduced by increasing B203 levels in the glass 

(Caurant et al., 2007; De et al., 1976) 

2.6.3 HLW Solubility in the Glass Melt 

The solubilities of many oxides within silicate glass melts are shown in Table 2.6. 

However, borosilicate glass melts have a higher solubility for some of these oxides 

(Bickford et A, 1990a; Raman, 1998). 

Table 2.6 Approximate oxide solubilities in silicate glass melts (note: actual limits will depend on 

temperature, glass composition and REDOX conditions) (Pegg and Joseph, 2001). 

Solubility Oxide 
>25 wt% Al, B, Ca, Cs, K, Na, Pb, Rb, Si, U 
15-25 wt% Ba, Fe, La, Li, Mg, Nd, Sr, Zn 
5-15 wt% Be, Bi, Cu, F, Ga, Gd, Ge, Mn, P, Pr, Pu, Th, Ti, V, Zr 

1-5 wt% 
Am, As, C, Cd, Ce, CI, Cm, Co, Cr, Dy, Eu, Hf, Mo, Ni, 
Np, Pm, Re, S, Sb, Se, Sm, Sn, Tc, Te, Ti, W, Y 

<1 wt% Ag, Au, Br, Hg, I, N, Pd, Pt, Rh, Ru 
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2.6.4 HLW Volatility from the Glass Melt 

Aside from gases formed in the glass melt, many HLW components have a high 

volatility, limiting their incorporation into the final HLW glass. This reduces the 

vitrification efficiency and generates more radioactive waste when the scrubbers are 

decommissioned. Table 2.7 lists the off-gas species observed during HLW vitrification. 

Semi-volatiles can leave the melter as part of an aerosol, whereas particulates can be 

entrained from the glass melt surface (Langowski et al., 1996a). 

Table 2.7 Off-gas species observed during HLW vitrification (Scott et al., 1985). 

Gases Semi-volatile Particulate 
H2,02, CO, CO2, NO, Some compounds of Na, Li, Fe, Al, Sr, rare-earths, 
NO2, SO2, H2O, K, Cs, Hg, Cd, Mo, Ru, Sb, and all other feed 
halogens (e. g. 12) Se, Tc, Te, B, and halogens components 

2.6.5 HLW Glass Pouring 

In addition to the problematic (high density, high viscosity and high electrical 

conductivity) `sludge' formed at the bottom of HLW glass melters, HLW glass melts 

may undergo phase transformations during idle periods when the glass melt is at 

temperatures below the glass formation temperature, or in the pouring system, causing 

further problems (Lutze, 1988). During HLW vitrification there are two sources of heat: 

process heat from the glass melter and radiogenic heat produced by decaying 

radionuclides in the HLW. After pouring the HLW glass into storage/disposal canisters 

it loses its process heat, however the continued radiogenic heating of the glass results in 

slow/retarded cooling to the glass transition temperature (Tg), taking up to 48 h (Larkin, 

1986; Lutze, 1988). The slow cool resulting from this radiogenic heating can lead to 

glass phase transformations and a subsequent change in glass performance (such as 

chemical durability) under repository conditions (Bickford and Jantzen, 1986; De et al., 

1976; D. -S. Kim et al., 1995; Wicks, 1992). Further to this, multiple HLW glass pours 

into the same canister (as is the case in the UK) will raise the temperature of the pouring 

interface above Tg, increasing the potential for glass phase transformations in this region 

(Roth et al., 2002). Another issue is that sensitisation (the precipitation of chromium 

carbide(s) at grain boundaries) of austenitic stainless steel canisters (such as Type 309S) 

occurs between 500 and 750 °C, lowering their corrosion resistance (ASTM, 2002 and 
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references therein; Wescott and Slate, 1981). Therefore, there is a trade-off between 

cooling the poured glass rapidly (to prevent glass phase transformations and canister 

sensitisation) and cooling the poured glass slowly to prevent significant glass cracking 
(which increases glass surface area) (Marples, 1988). 

2.6.6 HLW Glass Irradiation 

a irradiation of borosilicate HLW glasses has been reported to either decrease their 

chemical durability (Lutze, 1988; Trocellier, 2001) or to have a negligible effect on 

their chemical durability (Marples, 1988 and references therein; Peuget et al., 2006; 

Wicks, 1992). However, the energetic recoil nuclei from a-decays are responsible for 

most of the effects attributed to a radiation, so the reader must be wary. ß and y 

radiation have less effect than a radiation on borosilicate HLW glass properties, whilst 

nuclear transmutations have no measurable effect (Lutze, 1988). More significantly, 

Matzke (1984) reports that many crystal phases formed in borosilicate HLW glasses 

become amorphous (metamict) due to radiation damage, which may lead to swelling of 

the glass (due to the lower density of the amorphous phases) and possible cracking. 

However, Lutze (1988) reports this will have a negligible effect on bulk glass 

properties. Electron irradiation of a sodium borosilicate glass (whose composition was 

close to the `traditional' immiscibility region of the ternary Na20-B203-SiO2 system) 

using transmission electron microscopy (TEM) induced its amorphous phase separation 

(APS) (Sun et al., 2004). The effect of /3 and y radiation upon glasses can be simulated 

by their electron irradiation in the TEM (Sun et al., 2004). Due to the sometimes 

conflicting reports about the effect(s) of radiation upon borosilicate HLW (and other) 

glasses, it is suggested to assess them for each glass of interest. A comprehensive 

review of radiation effects concerning glasses can be found in Weber et al. (1997). 

2.7 Glass Phase Transformations 

2.7.1 Crystallisation (Devitrification) 

Glass crystallisation involves two processes: (1) crystal nucleation and (2) subsequent 

crystal growth. Nucleation can be either homogeneous or heterogeneous. Homogeneous 

nucleation is when crystal nuclei occur spontaneously in a homogeneous glass matrix. 
Heterogeneous nucleation occurs due to the presence of foreign particles/melt insolubles 
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(e. g. platinoids) in the glass or from pre-existing surfaces such as melter/canister walls 

and the glass melt/atmosphere interface (Paul, 1990; Shelby, 1997). 

2.7.2 Amorphous Phase Separation (APS) 

There are two APS mechanisms which can occur in glass: (1) nucleation and growth 

and (2) spinodal decomposition. Nucleation and growth is a similar process to that of 

glass crystallisation; nuclei of different composition from the base glass are formed and 

grow with time. This type of APS results in the second phase forming spherical particles 

within the parent glass, with the second phase having little connectivity. Due to the 

formation process there is a sharp boundary between the two phases. Spinodal 

decomposition involves a gradual change in composition (as it is diffusion controlled) 

of the two phases until they reach the immiscibility boundary. Phase separation of this 

type results in the second phase having a non-spherical structure and both phases having 

high interconnectivity. During formation the phase boundary is initially diffuse but 

sharpens with time. The boundary between the two phases formed by APS can act as a 

nucleation site for subsequent crystallisation. APS can also aid subsequent 

crystallisation by producing a phase (or phases) with a greater tendency to crystallise 

than the parent glass (Paul, 1990; Rafferty et al., 2003; Shelby, 1997). 

2.7.3 Crystalline Phase Separation (CPS) 

Formation of an immiscible phase in a glass melt, followed by the crystallisation of this 

phase upon cooling, is termed CPS (Jantzen et al., 2001). 

2.8 Crystallisation of Borosilicate HLW Glasses 

The following crystal phases have been observed as devitrification products in as-cast 

and/or heat treated borosilicate HLW glasses (or glasses of similar chemical 

composition), crystal phases in glass-ceramic HLW forms have been omitted. Hrma 

(2002) observes that vitrification of HLW rich in components with limited solubilities, 

coupled with the slow cooling of HLW glass in storage/disposal canisters provides an 

opportunity for a variety of crystal phases to precipitate. These crystal phases are 

typically solid solutions and may contain components in proportions not usually seen in 
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nature. In this work, the term `wasteform' indicates a borosilicate HLW glass which 

contains crystals. 

2.8.1 Platinoid Phases 

Omission of Rh from simulated borosilicate HLW glasses has no effect on the 

formation, size or sedimentation of platinoid phases (Krause and Luckscheiter, 1991). 

The addition of platinoids to borosilicate HLW glasses has been reported to have 

negligible (F. Bart et al., 2001) or even a slightly positive (Pacaud et al., 1992), effect 

on their chemical durabilities. Metallic `fines' (undissolved by 6 mol *1-1 nitric acid 

during reprocessing) rich in platinoids (Rh, Pd and Rh), Mo and Tc are vitrified in `real' 

borosilicate HLW glasses. 

2.8.1.1 (Ru, Rh)02 

(Ru, Rh)02 has the rutile crystal structure (tetragonal system, space group P42/mnm). 

Table 2.8 notes observations of (Ru, Rh)02 in borosilicate HLW glasses. They are 

generally observed with acicular (needle-like) morphologies (F. Bart et al., 2001; 

Galoisy et al., 1998; Larkin, 1986; Mitamura et al., 1985; Roth and Weisenburger, 

2000; Simonnet and Grandjean, 2005), often in clusters or `swarms'. Granular (Larkin, 

1986), `sponge' (Sundaram and Perez, 2000), grain (Simonnet and Grandjean, 2005) 

and cubic (F. Bart et al., 2001) morphologies have also been observed. 

(Ru, Rh)02 is an effective nucleating agent (Bickford and Jantzen, 1984; 

Buechele et al., 1990; Izak et al., 2001; Jantzen et al., 1984; D. -S. Kim et al., 1994; 

Mitamura et al., 1985), with spinel often reported to nucleate upon it (Bickford and 

Jantzen, 1984; Buechele et al., 1990; Izak et al., 2001; D. -S. Kim et al., 1994). The 

existence of (Ru, Rh)02 in `real' borosilicate HLW glasses (Cheron et al., 1995) 

demonstrates its radiation tolerance. 

(Ru, Rh)02 in the `sludge' layer at the bottom of the melter can incorporate Cr 

during long melter runs (Kelm and Oser, 1992; Krause and Luckscheiter, 1991). The 

substitution of Cr4+ for Ru°+ in Ru02 has been studied by Gonzalez-Calbet et al. (1987). 
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Table 2.8 (Ru, Rh)02 noted in borosilicate HLW glasses. 

Phase Reference(s) 
(Abraitis, 1999; F. Bart et at, 2001; Buechele et at, 1990; Galoisy et at, 1998; Hyatt 
et at, 2004; Izak et at, 2001; Jain et at, 1991; Jantzen et at, 1984; Kahl, 1981; 

RuO 2 
Kawamura and Ohuchi, 1995; D. -S. Kim et at, 1994; Krause and Luckscheiter, 1991; 
Larkin, 1986; Luckscheiter and Nesovic, 1996; Lutze et at, 1979; Matzke et at, 1984; 
Mendel et at, 1976; Roth et at, 2002; Simonnet and Grandjean, 2005; Sundaram and 
Perez, 2000; Turcotte et at, 1980) 
(Cheron et at, 1995; Galoisy et at, 1998; Krause and Luckscheiter, 1991; Lutze, 

(Ru, Rh)02 1988; Mitamura et at, 1985; Pacaud et at, 1992; Roth and Weisenburger, 2000; 
Sundaram and Perez, 2000) 

2.8.1.2 Metallic Platinoid Phases 

Metallic Pd and Rh both have the fcc crystal structure (cubic system, space group 

Fm3m), forming a complete solid solution above 910 °C (Okamoto, 1994). Even though 

Te is non-metallic, a solid solution exists between Pd and Te with a maximum Te 

content of 16.3 at% at 770 °C (Galoisy et al., 1998), with solid solutions of this type 
having the fcc structure of metallic Pd and Rh. Outside this solid solution region there 

are at least 10 other crystal phases in the Pd-Te system (Ipser and Schuster, 1986). 

Table 2.9 reports metallic platinoid phases observed in borosilicate HLW glasses. 
The effectiveness of these metallic phases as nucleating agents is noted by Lutze 

(1988) and Mitamura et al. (1985). They tend to have spherical or tear-shaped 

morphologies (Galoisy eta!., 1998; Mendel et a!., 1976). 

The extensive number of elements which could conceivably partition to these 

metallic platinoid phases are noted by Kleykamp (1985) who reports the fission 

products Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sri, Sb and Te form metallic precipitates in 

spent U02 fuels. These are generally undissolved by 6 mol 1-1 nitric acid during 

reprocessing and are termed metallic `fines' (Lutze, 1988). Depending on glass melting 

conditions, it is conceivable that precipitates containing some, if not all, of these fission 

products could form in `real' borosilicate HLW glass melts. This is lent weight by 

Sundaram and Perez (2000) who found Ru, Rh, Pd, Te and Se in metallic phases on the 

floor of an inactive melter. Observation of metallic Pd-Te in `real' borosilicate HLW 

glasses (Cheron et al., 1995) demonstrates its radiation tolerance. 
Ru02 can be reduced to metallic Ru (with globular morpohology) in borosilicate 

HLW melts due to prolonged heating (Krause and Luckscheiter, 1991) as well as 

reducing melting conditions (Bickford and Jantzen, 1986). 
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Table 2.9 Metallic platinoid phases observed in borosilicate HLW glasses. 

Inclusion Reference(s) 
(Kawamura and Ohuchi, 1995; Krause and Luckscheiter, 1991; Luckscheiter and 

Pd-Rh-Te Nesovic, 1996; Mitamura et at, 1985; Pacaud et at, 1992; Roth and 
Weisenburger, 2000) 

Pd-Te (F. Bart et at, 2001; Cheron et at, 1995; Galoisy et at, 1998; Hyatt et at, 2004; 
Krause and Luckscheiter, 1991; Lutze, 1988; Sundaram and Perez, 2000) 

Pd (Lutze et at, 1979; Mendel et at, 1976; Sundaram and Perez, 2000; Turcotte et 
at, 1980) 

Pd-Rh (Buechele et at, 1990; Sundaram and Perez, 2000) 
Pd-Ru (Sundaram and Perez, 2000) 
Pd-Mo (Guber et at, 1979) 
Ru (Bickford and Jantzen, 1986; Krause and Luckscheiter, 1991) 

2.8.2 'Yellow Phase' and Associated Crystal Phases 

The qualitative chemical compositions of some `yellow phase' samples are given in 

Table 2.10. The chemical composition of a sample of `yellow phase' analysed by 

Schiewer et al. (1982) is given in Table 2.11, although Cs, F, Pr, Rb, Ru, Te, La, Nd 

and Y could not be detected by the techniques employed. The modified phase 

composition of this sample (as there were obvious errors in the reported phase 

composition) is reported in Table 2.12. The chemical composition ranges of `yellow 

phase' samples investigated by De et al. (1976) are shown in Table 2.13. 

Table 2.10 Qualitative chemical compositions of some ̀ yellow phase' samples. 

Oxide composition Reference(s) 
Mo, Li, Cs, Sr, Te, Cr and La (Morgan, 2005) 
S, Cr, Mo, P, Na, Li, Cs, Ba, Sr, B, (Morris and Chidley, 
Mg, RE and Si 1976) 
Na, S, Li, Ca, P, Mo, Cr, Fe, Ni, Mn, 

(Sullivan et al., 1995) Zn, Al, B, Si, Mg, Cl, Cs, Se and La 
Alkali, S, Cr, Cs and Sr (Pegg and Joseph, 2001) 
S, Na, K, Ca, Cr, Ba and Cs (Muller et aL, 1999) 

Mo, P, Ca, Zn, Na, B, Zr, Al and Si (Henry et al., 2004; Pinet 
et aL, 2006) 

S, Na, Ca, Cr, Fe, Al, U and Ba (Kaushik et aL, 2006) 
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Table 2.11 Chemical composition of the `yellow phase' sample of Schiewer et al. (1982). 

Component Weight % Molar % Component Weight % Molar % 
A1203 0.53 0.41 M003 18.11 9.92 
B203 1.00 1.13 Na20 19.13 24.34 
BaO 8.14 4.18 P205 0.40 0.22 
CaO 5.40 7.60 S03 31.14 30.69 
Cr03 9.28 7.31 Si02 0.59 0.77 
K2O 0.51 0.43 SrO 0.47 0.35 
Li2O 4.47 11.80 Other(s) 0.59 0.38 
MgO 0.24 0.47 Total 100.00 100.00 

Table 2.12 Modified phase composition of the `yellow phase' sample of Schiewer et al. (1982). 

Component Weight % Molar % 
Alkali sulphates 58 
Alkali chromates 62 8 
Alkali molybdates 4 
CaMoO4 20 15 
Ba(Sr)Cr04 9 6 
Other(s)/residue 5 6 
BaSO4 4 3 
Total 100 100 

Table 2.13 Chemical composition ranges of `yellow phase' samples analysed by De et al. (1976). 

Component Weight % 
B203 2-3 
CaO 0.5-3 
Cs20 12-16 
K20 0.6 
MoO3 63-65 
Na20 9-14 
SrO 0.3-0.8 

2.8.2.1 Powellites 

Although powellites have been observed in `yellow phase' (Caurant et aL, 2007; Cousi 

et al., 2004; Schiewer et al., 1982; Turcotte et al., 1982), they generally crystallise 

within the glass, without the problems associated with `yellow phase', so the two should 

not be confused. Powellite (CaMoO4) is of the tetragonal crystal system (space group 
I41/a) and is isostructural with scheelite (CaWO4). Powellite can be shown as AMoO4, 
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where the A site can host a range of +1, +2 and +3 valent cations (Table 2.14), as well 

as vacancies, as long as charge neutrality is maintained (Short, 2004). 

Table 2.14 Cations reported on the powellite A site (Mokhosoev et al., 1969; Sattler and Nemarich, 1970; 

Schieber, 1965; Schieber and Holmes, 1964; Shi et aL, 1995; Short, 2004; Teller, 1992). 

+1 +2 +3 
Bi, Ce, Dy, Er, Eu, 

Ag, K, Li, Na, Rb Ba, Ca, Cd, Pb, Sr Gd, Ho, La, Nd, Pr, 
Sm, Tb, Tm, Y, Yb 

Powellites observed in borosilicate HLW glasses are noted in Table 2.15. Powellites 

have been reported with dendritic (Caurant et al., 2007; Mendel et al., 1976; Short, 

2004; Short et al., 2005), acicular (F. Bart et al., 2001; Orlhac et al., 1999), di- 

pyramidal (Orlhac et al., 1999) and diamond (Mitamura et al., 1985) morphologies. 
Orlhac et al. (1999) report that the temperature at which the powellite forms affects its 

morphology. 
Powellite formation in borosilicate HLW glasses reduces the leach rates of 

elements which segregate to it (Mitamura et al., 1986) and slightly improves the 

chemical durability of the glass (F. Bart et al., 2001). Table 2.16 gives the solubility of 

powellites in various leachants. The formation of powellite in `real' borosilicate HLW 

glasses (Cheron et al., 1995) demonstrates its radiation tolerance. 
During (high temperature) chemical durability testing of borosilicate HLW 

glasses, the powellites (Cao. 88Sro. ioBao. 02)Mo04 (Gong et al., 1998) and 
(Nd, Pr, La, Ca, Na)Mo04 (Abdelouas et al., 1997) formed in/on the altered surface layers 

of the glass. Powellite is a potential host phase for Am and Cm (Abdelouas eta!., 1997). 

Table 2.15 Powellites observed in borosilicate HLW glasses. 

Phase Reference(s) 
BaMoO4 (Turcotte et al., 1982) 

(F. Bart et al., 2001; Caurant et al., 2007; Cheron et al., 1995; 

CaMoO4 Cousi et al., 2004; Guber et aL, 1979; Henry et al., 2004; 
Luckscheiter and Nesovic, 1996; Orlhac et al., 1999; Pacaud et 
at, 1992; Pinet et al., 2006; Schiewer et al., 1982) 

SrMoO4 (Jacquet-Francillon et al., 1982; Kahl, 1981; Lutze et al., 1979; 
Turcotte et al., 1980) 

(Sr, Ba)Mo04 (Mendel et al., 1976) 
(Sr, Ba, RE)Mo04 (Mitamura et a!., 1985) 
(Sr, lanthanides)Mo04 (Jacquet-Francillon eta!., 1982; Short, 2004; Short et al., 2005) 

Ca(Nd)Mo04 (Caurant et al., 2007; Henry et al., 2004) 
Pb(Ca)Mo04 (Feld and Stammler; 1982) 
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Table 2.16 Solubility of powellites in various leachants. 

Leachant 
Conditions 

(temperature and 
pressure) 

Solubility Reference(s) 

Deionised water 
Ambient and 

hydrothermal* Insoluble (Komarneni et A, 1983; 
Schiewer et aL, 1982) 

HCl solution Ambient Soluble (Schiewer et aL, 1982) 
NaCl solution Hydrothermal* Insoluble (Komarneni et aL, 1983) 
KCl solution Hydrothermal* Insoluble (Komarneni et aL, 1983) 

MgC12 solution Hydrothermal* Insoluble (Komarneni et al., 1983) 

Na2SO4 solution Hydrothermal* -5 % soluble (Komarneni et aL, 1983) 
* (100-300 °C; 30 MPa) 

2.8.2.2 CSLiMoO4 

CsLiMoO4 (cubic crystal system, space group f4-3m) has been observed in `yellow 

phase' (Morgan, 2005; Short, 2004), it has a melting point of approximately 770-800 

°C (Klevtsova et al., 1980; Morgan, 2005) and is water soluble (Klevtsova et al., 1980). 

2.8.2.3 Other Associated Crystal Phases 

Other crystal phases reported in, or associated with, `yellow phase' include: molybdates, 

sulphates, chromates (Table 2.17), phosphates (Section 2.8.5) and chlorides (Bickford 

et al., 1990a; Langowski et al., 1996a; H. Li et al., 1996b; Pegg and Joseph, 2001; 

Sullivan et al., 1995). The chemical durability of some of the molybdate, sulphate and 

chromate crystal phases noted in Table 2.17 are presented in Table 2.18. 
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Table 2.17 Other molybdate, sulphate and chromate crystal phases reported in, or associated with, 
`yellow phase'. 

Type Phase Reference(s) 

Na2MoOq (Caurant et aL, 2007; Cousi eta!., 2004; Horneber 
et al., 1982) 

Na2MoO4 " 2H2O (Horneber et aL, 1982) 
Molybdates Sodium molybdate (Short, 2004) 

Alkali molybdates 
(Hall eta!., 1976; Matzke and Vernaz, 1993; 
Schiewer et al., 1982) 

Alkaline earth molybdates (Matzke and Vernaz, 1993) 
(Buechele eta!., 1995; Crichton eta!., 1995; 

Na2SO4 ('gall') Kaushik et aL, 2006; H. Li et al., 1995,1996b; 
Lutze, 1988; McKeown et al., 2001) 

K2S04 (Buechele et al., 1995) 

Sulphates LiNa(S04) (Crum et al., 2002) 
Alkali Sulphates (Pegg and Joseph, 2001; Schiewer et a!., 1982) 

BaSOq (Kaushik et al., 2006; Morris and Chidley, 1976; 
Schiewer et al., 1982) 

CaSO4 (McKeown et aL, 2001) 
Na2CrO4 (Kaushik et al., 2006) 

Chromates Alkali chromates (Schiewer et aL, 1982) 
BaCrO4 (Kaushik et at, 2006) 

Ba(Sr)Cr04 (Schiewer eta!., 1982) 

Table 2.18 Chemical durability of some of the molybdate, sulphate and chromate crystal phases noted in 

Table 2.17. 

Phase Durability 
Na2MoO4 Water soluble (Caurant et al., 2007) 
Alkali molybdates Water soluble (Schiewer et al., 1982) 
Alkali sulphates Water soluble (Schiewer et al., 1982) 

Insoluble in water (Morris and Chidley, 1976; Schiewer et 
BaSO4 al., 1982) and HCl (Schiewer et al., 1982), one of the 

most thermally stable and chemically durable phases in 
nature (Kaushik et al., 2006) 

Ba(Sr)Cr04 Insoluble in water, soluble in HCl (Schiewer et al., 1982) 
Alkali chromates Water soluble (Schiewer et al., 1982) 
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2.8.3 Spinels 

All oxide minerals with the spinel (MgA12O4) structure (cubic crystal system, space 

group Fd3m) are termed spinels, with complete solid solution existing between many 

different spinels (D. -S. Kim et al., 1994). Many spinels have been observed in 

borosilicate HLW glasses (Table 2.19) and have better chemical durability than the 

glass phase (Yan et al., 1995; Zhu et al., 1986), their formation having negligible 
impact upon overall wasteform chemical durability (Hrma et al., 2005; Lutze, 1988). 

Spinels exist in the primary nitrate melt (Izak et al., 2001) and nucleate nearly 

instantaneously upon cooling the borosilicate HLW glass from its melting temperature 

(Hrma, 2002; Reynolds and Hrma, 1997). Platinoid phases are noted to be effective 

spinel nucleation agents (Bickford and Jantzen, 1986; Izak et al., 2001; D. -S. Kim et al., 

1994; Sundaram and Perez, 2000). Haematite (Fe203) precipitation often precedes 

spinel nucleation (Hrma, 2002). Spinels can then provide nucleation sites for other 

crystal phases, such as clinopyroxenes (Bickford and Jantzen, 1986; D. -S. Kim et al., 
1994). Spinels have been noted to contain Rh, Ru (Capobianco and Drake, 1990) and Ti 

(Hrma et al., 2006). In borosilicate HLW glasses, cubic (Alton et al., 2002) and star- 

shaped (Alton et al., 2002; Hrma et al., 2000) spinel morphologies have been reported. 
Spinel is a radiation tolerant crystal phase (Sickafus et al., 2000), demonstrated by its 

existence in `real' borosilicate HLW glasses (Cheron et al., 1995; Hrma et al., 2005). 
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Table 2.19 Spinels observed in borosilicate HLW glasses. 

Name Formula Reference(s) 
Chromlte FeCr Oq 2 

(Galoisy et a!., 1998; Hrma et al., 2000; D. -S. Kim et al., 
1994; H. Li et al., 1996a) 

Franklinite ZnFe2O4 (Hrma et al., 2005) 

Magnetite Fe30q (Hrma et al., 2000; D. -S. Kim eta!., 1994; Zhu eta!., 
1986) 

Nichromite NiCr2Oq (Hrma et al., 2000) 
(Hrma et aL, 2000,2005; C. -W. Kim et at, 1996; D. -S. 

Trevorite NiFe2Oq Kim et aL, 1994; Smith et al., 2004; Turcotte et aL, 1980; 
Yan et aL, 1995; Zhu et al., 1986) 

Cr-Fe-Mn-Ni-Zn spinel (F. Bart er al., 2001) 
Zn-Al-Cr-Fe-Mg spinel (Buechele et al., 1995) 
Cr-Fe-Ni-Zn spinel (Kawamura and Ohuchi, 1995) 

Fe-Cr-Mn-Ni spinel 
(Buechele et al., 1990; Langowski et al., 1996b; Sundaram 
and Perez, 2000) 

Fe-Ni-Cr-Zn spinel (Pacaud et al., 1992) 
Fe-Cr spinel (Jain et al., 1991) 

(Nio. 9sMno. o5)(Feo. 92Cro. os)204 (Bickford and Jantzen, 1984,1986; Jantzen eta!., 1984) 
(Nio. 85Mno. 15)(Feo, 8Cro. 2)204 (Bickford and Jantzen, 1984,1986; Jantzen et aL, 1984) 

(Fe, Ni, Mn)(Fe, Cr, Mn)204 (H. Li et al., 2003) 
(Mno. 3Feo, 3Zno. 4)Cr2Oq (Hrma et al., 2006) 
(Ni, Fe, Mn)(Fe, Cr)204 (Vienna et al., 1997) 

(Fe, Ni)(Fe, Cr)204 (Izak et al., 2001; D. -S. Kim et al., 1994) 
(Ni, Zn)(Cr, Fe)204 (Cheron et al., 1995) 
(Zn, Ni)(Fe, Cr)204 (Mendel et al., 1976) 

(Fe, Ni, Mn)Fe204 (Bickford and Jantzen, 1986; Zhu et aL, 1986) 

Ni(Feo, 5Cro. 5)204 (Bickford and Jantzen, 1984) 
(Fe, Ni)Cr204 (Sengupta et aL, 2006) 

(Mg, Zn)Cr204 (Lutze, 1988) 
(Ni, Mn)Cr204 (Sundaram and Perez, 2000) 

(N1, Mn'Fe2o (Jantzen et al., 1984; Sundaram and Perez, 2000; Turcotte 
et al., 1980; Zhu et al., 1986) 

(Mn, Ni)304 (Jacquet-Francillon et al., 1982) 
ZnCr2O4 (Orlhac er al., 1999) 

2.8.4 Silicate Phases 

2.8.4.1 SiO2 Polymorphs 

Si02 polymorphs noted in borosilicate HLW glasses are shown in Table 2.20. The 

formation of any Si02 polymorph reduces overall waste form durability (Arbab et al., 
2007; D. -S. Kim et al., 1995; Luckscheiter and Nesovic, 1996; Mitamura et al., 1985, 

1986; Riley et al., 2002), with preferential leaching around the Si02 polymorph as the 

residual glass surrounding these crystals will be Si02 poor (Mitamura et al., 1985). 
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These phases have been observed to nucleate on platinoid phases (Lutze, 1988 and 

references therein; Mitamura et al., 1985). Cristobalite crystals with dendritic as well as 

globular morphologies have been observed in borosilicate HLW glasses (Caurant et al., 

2007). 

Amorphous phase separation (APS) of borosilicate HLW glasses has been 

reported to precede the crystallisation of cristobalite from the vitreous silica phase 
(Matzke et al., 1984). Voiding (Caurant et al., 2007; Matzke et al., 1984) and cracking 

(Arbab et al., 2007; Caurant et al., 2007) both in and around cristobalite crystals have 

also been reported. This has been linked to the rapid ß to a crystal phase transition of 

cristobalite (Arbab et al., 2007; Matzke et al., 1984) which occurs between 200 and 280 

°C during cooling (Greenwood and Earnshaw, 2002), decreasing the crystal volume and 

causing stresses in and around crystals if surrounded by a glass matrix (Matzke et al., 

1984). There is also a thermal expansion coefficient (TEC) mismatch between 

cristobalite and borosilicate glass (Jean et al., 1995) which will create stresses. 

Additions of A1203 are reported to inhibit cristobalite crystallisation in Pyrex glass (Jean 

et al., 1995). Both cristobalite and tridymite are beam sensitive in the transmission 

electron microscope (TEM) (McConville et al., 1998), indicating the low radiation 

tolerance of these phases. 

Table 2.20 Si02 polymorphs noted in borosilicate HLW glasses. 

Phase Reference(s) 
(Arbab eta!., 2007; Caurant et a!., 2007; Jacquet-Francillon et al., 1982; Jantzen et 

Cristobalite al., 2001; Jean et al., 1995; Luckscheiter and Nesovic, 1996; Matzke eta!., 1984; 
Mitamura eta!., 1985; Quintas eta!., 2007; Riley et al., 2002) 

Tridymite (Jantzen et al., 2001; Lutze, 1988 and references therein; Mitamura et a!., 1985) 
Quartz (Luckscheiter and Nesovic, 1996) 
Unidentified (Jantzen et al., 2001; D. -S. Kim et al., 1994,1995) 

2.8.4.2 Clinopyroxenes 

Clinopyroxenes are single-chain silicates of the monoclinic crystal system (D. -S. Kim et 

al., 1994). Clinopyroxene is a solid solution (Hrma, 2002; D. -S. Kim et al., 1994) of 

general formula ABSi2O6 (Webmineral, 2006). Cations noted on the A and B sites are 

shown in Table 2.21. There can be A13+ for Si4+ substitution in clinopyroxenes, such as 

in augite (Table 2.22, due to the presence of Ti4+) and esseneite (CaFe3+AlSiO6) 

(Webmineral, 2006). 
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Table 2.21 Cations noted on the clinopyroxene A and B sites (Webmineral, 2006) 

AB 

Li+ Na+ Ca2+ Fe2+ 
Fe +, Mg +, Mn +, 

Mgt+, Mn 2+ 
Mn3+ Sc3+, V+ Ti4+, 

Clinopyroxenes have been reported in borosilicate HLW glasses (Table 2.22). 

Clinopyroxenes are unlikely to form in the glass melter but may precipitate in 

storage/disposal canisters during the slow cool (Bickford and Jantzen, 1984; D. -S. Kim 

et al., 1994; Menkhaus et al., 2000), often nucleated and grown on spinel crystals 

(Bickford and Jantzen, 1986). Aegirine (acmite) has been reported to nucleate on RuO2 

(Jantzen et al., 1984). Alkali silicates have been reported to nucleate on aegirine 
(acmite) crystals (Bickford and Jantzen, 1986). Formation of aegirine (acmite) lowers 

the chemical durability of the wasteform (Bickford and Jantzen, 1984; Jantzen et al., 

1984; Lutze, 1988), with Hrma et al. (2003) further noting enhanced glass dissolution 

around aegirine (acmite) crystals. D. -S. Kim et al. (1995) however disagree, reporting 

that clinopyroxene solid solutions have no effect on the chemical durability of the 

wasteform. 

Table 2.22 Clinopyroxene phases reported in borosilicate HLW glasses. 

Name Formula Reference(s) 
(Hrma, 2002; Hrma et al., 

Clinopyroxene 2000; D. -S. Kim eta!., 1994, 
1995; Vienna et aL, 1997) 
(Bickford and Jantzen, 1984, 
1986; Buechele et aL, 1990; 

Aegirine (acmite) NaFe3+Si2O6 
Hrma et al., 2003; Jantzen et 
al., 1984; Kawamura and 
Ohuchi, 1995; Smith et al., 
2004; Spilman et a!., 1986) 

some Ca for Na substitution (Spilman et al., 1986) 

partial substitution of Fe by Cr (Plaisted et al., 2001) 
Diopside CaMgSi2O6 (E. Wang et aL, 1994b) 

Diopsidic augite (Mg, Fe2+)(Ca, Fe2+)Si2O6 (E. Wang eta!., 1994a) 
Al-containing diopside (Luckscheiter and Nesovic, 
(Ca, Mg, AI)2(S i, Al)206 1996) 

Augite (Ca, Na)(Mg, Fe, A1, Ti)(Si, AI)206 (Buechele et al., 1990; 
Spilman et a1., 1986) 

Omphacite (Ca, Na)(Mg, Fe +, Al)Si2O6 (Muller et aL, 1999) 
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2.8.4.3 Lithium Silicate 

Lithium silicate (Li2SiO3) has been reported in many borosilicate HLW glasses 
(Bickford and Jantzen, 1986; Crum et al., 2002; Hrma et al., 2003; Jantzen et al., 1984; 

D. -S. Kim et al., 1994,1995; Lutze, 1988 and references therein; Riley et al., 2002; 

Turcotte et al., 1980). Lithium silicate formation is noted to lead to extensive 

microcracking of borosilicate HLW glass samples (Turcotte et al., 1980). It has low 

aqueous durability, raising the leachate pH as it dissolves (Hrma et al., 2003), with 
lithium silicate formation reducing the chemical durability of the wasteform (Riley et 

al., 2002). D. -S. Kim et al. (1995) disagree however, stating that lithium silicate 
formation increases the chemical durability of the wasteform. 

2.8.4.4 Nepheline 

Nepheline ((Na, K)A1SiO4) has a distorted tridymite structure (Haaker and Ewing, 

1981). Fe can substitute for Al (Haaker and Ewing, 1981; H. Li et al., 2003), whilst 
both Cs (Barkatt et al., 1983) and Ca (Haaker and Ewing, 1981) can substitute for Na/K. 

Nepheline has been observed in borosilicate HLW glasses (Bickford and Jantzen, 1986; 

Crum et al., 2002; Hrma, 2002; Jacquet-Francillon et al., 1982; Jantzen et al., 1984; D. - 
S. Kim et al., 1994,1995; H. Li et al., 1996a, 2003; Lutze, 1988 and references therein; 
Menkhaus et al., 2000) and nucleates and grows rapidly during the slow cool after 

pouring (but not in the glass melter) (Hrma, 2002; Menkhaus et al., 2000). The 

crystallisation of nepheline decreases the chemical durability of the wasteform (Crum et 

al., 2002; D. -S. Kim et al., 1995; H. Li et al., 1996a, 2003; Lutze, 1988 and references 

therein; Menkhaus et al., 2000) due to 3 moles of glass former per mole of glass 

modifier being consumed in its formation (Hrma, 2002; H. Li et al., 1996a, 2003), 

lowering the chemical durability of the residual glass. Thermal expansion coefficient 
(TEC) and density mismatch between the nepheline and residual glass cause stressing 

and microcracking of the waste form (D. -S. Kim et al., 1995). Nepheline becomes 

metamict (amorphous) upon exposure to the electron beam of a transmission electron 

microscope (TEM) (Clarke, 1983), indicating the low radiation tolerance of this phase. 
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2.8.4.5 Orthopyroxenes 

Orthopyroxenes are single-chain silicates of the orthorhombic crystal system (D. -S. Kim 

et al., 1994). They are a solid solution (D. -S. Kim et al., 1994) of general formula 

(Fe2+, Mg2+, Mn2+)SiO3 or (Fe2+, Mg2+, Mn2+)2Si2O6 (Webmineral, 2006). Orthopyroxenes 

have been noted in borosilicate HLW glasses (Table 2.23). Crystallisation of 

orthopyroxenes has no or negligible effect on the chemical durability of the wasteform 
(D. -S. Kim et al., 1995). Although this contrasts with Riley et al. (2002) who report 

orthopyroxene crystallisation reduces the chemical durability of the wasteform. 

Table 2.23 Orthopyroxene phases noted in borosilicate HLW glasses. 

Name Formula Reference(s) 
Orthopyroxene (Mg, Fe)Si03 (D. -S. Kim et al., 1994,1995) 
Enstatite Mg2Si2O6 (Hall et aL, 1976; Marples, 1988) 

2.8.4.6 Silicate Apatites 

Silicate apatites are of the hexagonal crystal system (space group P63/m) and have been 

observed in borosilicate HLW glasses (Table 2.24). Silicate apatites become metamict 

(amorphous) due to alpha irradiation, indicating they have a low radiation tolerance 

(Lutze, 1988; Quintas et al., 2007). This change from crystalline to amorphous was 

accompanied by swelling (density change) which caused microcracking in the 

surrounding glass phase (Quintas et al., 2007). 
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Table 2.24 Silicate apatites observed in borosilicate HLW glasses. 

Phase Notes Reference(s) 
Ca3Gd7(Si04)5(PO4)02 (Lutze, 1988; Turcotte et al., 1980) 

(Ln is a lanthanide cation 
(Ln3.33Q0.67)Ln6(SiO4)602 and Q is a vacancy), some (L Li et al., 2000a) 

B and Na substitution 
(RE=NdorLa; xz0.4- 

Ca2, REg, (Si04)6O2-0. sx 0.7), possibly some B for (Quintas et al., 2007) 
Si substitution 

NaxGdg, 33-x/3Si6O26 (0 <x< 1) (L. Li et al., 2001a) 
Na La9.33-x/3Si6O26 (0 <x < 1) (L Li et al., 2001b) 

Ca2Gds(SiO4)602 (Kahl, 1981) 
Ca2Nd8(SiO4)602 (Caurant et al., 2006) 
NaGdg(Si04)602 some B for Si substitution (Zhao et al., 2001) 
NaNdg(Si04)602 (Quintas et al., 2007) 
(Na, Ca, RE)5O(Si04)3 (Kawamura and Ohuchi, 1995) 
Ca, o SiO4)3(SO4)3F2 Fluorellestadite (Crum et al., 2002) 

2.8.4.7 Stillwellite 

Stillwellite (LnBSiO5 where Ln = lanthanide(s)) is of the rhombohedral crystal system 
(space group P31) and can incorporate actinides (Th and U) and Ca on its Ln site (Burns 

et al., 1993). Stillwellite has been described in borosilicate HLW glasses (Hyatt et al., 
2004; Lutze, 1988; Mitamura et al., 1985). Hexagonal (Hyatt et al., 2004; Mitamura et 

al., 1985) and columnar (Mitamura et al., 1985) morphologies have been observed. It is 

described as a chemically durable crystal phase (Mitamura et al., 1986). 

2.8.4.8 Zektzerite 

Zektzerite (LiNaZrSi6O15) is of the orthorhombic crystal system (space group Cmca) 

(Ghose and Wan, 1978), with minor amounts of Ti and Hf able to substitute for Zr 

(Dunn et al., 1977). Acicular crystals of zektzerite have been noted in a borosilicate 

HLW glass (Hyatt et al., 2004). 
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2.8.4.9 Other Silicate Phases 

There are other silicate phases reported in borosilicate HLW glasses (Table 2.25), many 

of these crystal phases belong to the feldspar, olivine and sodalite groups. In addition to 

these phases, willemite (Zn2SiO4) has also been observed (Lutze, 1988; Mendel et al., 

1976; Turcotte et al., 1980), its formation leading to thermal expansion coefficient 
(TEC) mismatch between the crystal and the surrounding glass upon cooling, causing 

local stresses and cracks in the glass (Lutze, 1988; Mendel et al., 1976). NaFeSi2O6 (no 

structural information) has also been noted (Turcotte et al., 1980), its formation 

resulting in extensive microcracking of the wasteform. LiAlSi2O6 (no structural 

information) has also been reported (D. -S. Kim et al., 1995), its formation decreasing 

the chemical durability of the wasteform. fl-eucryptite (f3-LiAlSi04) has also been 

observed (H. Li et al., 1996a), its formation lowering the chemical durability of the 

wasteform. Olivine crystallisation is reported to reduce the chemical durability of the 

wasteform (Riley et al., 2002). 
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Table 2.25 Other silicate phases reported in borosilicate HLW glasses. 

Name Formula Reference(s) 
ß-spodumene ß-LiA1Si2O6 (Healey et al., 1979) 

Cuspidine Ca4F2Si2O7 (Crum et a!., 2002) 
Fluorophlogopite K2(Mg, Fe2+)6(Si6A12O20)F4 (E. Wang et al., 1994a) 

Fluorotremolite Ca2(Mg, Fe2+)5(Si8O22)F2 (E. Wang et al., 1994b) 

Forsterite Mg2SiO4 (Raman, 1998) 

Gehlenite Ca2Al2SiO7 (D. -S. Kim et A, 1994) 
Hiortdahlite (Na, Ca)3Zrl X(Si2O7)(F, O)2 (Crum et a!., 2002) 

Kirschsteinite CaFe2+(SiO4) (Shanggeng et al., 1990) 

Krinovite NaMg2CrSi3OlO (D. -S. Kim eta!., 1994) 

Lazurite Na6Ca2(AlSiO4)6SO4* (Crum eta!., 2002) 
Melilite (Ca, Na)2(A1, Mg, Fe2+)(Si, Al)2O7 (Muller et al., 1999) 

Mullite (Al4SiO8)i. 2 (L. Li et al., 2000b) 

Norbergite Mg2SiO4 " MgF2 (E. Wang eta!., 1994b) 

Nosean Na8(AISiO4)6SO4 (Crum et al., 2002) 

Olivine MgFeSiO4 (D. -S. Kim et a!., 1994,1995) 

Pargasite (Ca, Na)2_3(Mg, Fe2+, Fe3+, A1)s(A1, Si)8O22F2 (E. Wang eta!., 1994a) 

Parakeldyshite Na2ZrSi2O7 (Hrma, 2002; Plaisted et al., 2000) 

Sodalite Na8(AlSiO4)6(C104)2* (Crum eta!., 2002) 
Thorite a-ThSiO4 (Mishra et al., 2007) 

Titanite CaTiSiOs (Letze, 1988) 

Wollastonite CaSiO (C. -W. Kim eta!., 1996; D. -S. 
3 Kim et al., 1994) 

(Crum et al., 1997,2002; Henry et 
at., 2004; Hrma, 2002; D. -S. Kim 

Zircon ZrSi04 et al., 1994,1995; Pinet et al., 
2006; Plaisted et al., 2000; Raman, 
1998) 

Calcium silicophosphate (Orlhac et al., 1999) 

Cerium silicate (Lopez et aL, 2003) 

Lithium aluminium silicate (D. -S. Kim et al., 1994) 

Neodymium silicate (Lopez et al., 2003) 

Rare earth silicates (Marples, 1988) 

Sodium aluminosilicate (Orlhac eta!., 1999) 
Sodium zirconium silicate (D. -S. Kim et al., 1994) 

CaMg6Al2Si6OZOF4 (E. Wang et aL, 1994a, 1994b) 

Ca2SiO4 (Kahl, 1981) 
Ca2ZrSi4O12 (D. -S. Kim et al., 1994) 

Ca3SiO5 (Kahl, 1981) 

(Ca, Fe, Mg)Si03 (Kahl, 1981) 
HfSiO4 (Lopez et al., 2003) 

NaAlSiO4 (Turcotte et al., 1980) 
Li2TiSiO5 (Matzke et aL, 1984) 

CaloNd7Si2o. 75062 (Quintas et al., 2007) 
Na2Ca4(PO3)2SiO4* (Crichton et al., 1995) 

Na2ZrSi2O7 (Crum et aL, 1997) 
* Debatable 
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2.8.5 Phosphate Phases 

Many phosphate crystal phases have been observed in borosilicate HLW glasses (Table 

2.26). Phosphate phases have also been reported in `yellow phase' (Cousi et al., 2004; 

Henry et al., 2004; Hrma et al., 2006; Pinet et al., 2006; Sullivan et al., 1995). Lithium 

phosphate (Li3PO4) formation has been reported as having some effect (Buechele et al., 
1990) as well as negligible effect (Langowski et al., 1996b) on wasteform chemical 
durability. Monazite is more chemically durable than borosilicate glass (Sales et al., 
1983), whilst A1PO4 decreased (Langowski et al., 1996b) and Na3Nd(PO4)2 marginally 
improved (Langowski et al., 1996b) the chemical durability of the wasteform. The 

observation of apatite in `real' borosilicate HLW glasses (Cheron et al., 1995) 

demonstrates its radiation tolerance. 

Table 2.26 Phosphate phases observed in borosilicate HLW glasses. 

Name Formula Reference(s) 
Apatite Calo(PO4)F2* (Crum et al., 2002) 
Fluorapatite Ca5(P04)3F (Crum et al., 2002) 
Monazite (RE)P04 (Mitamura et al., 1985) 
Apatite (Cheron et al., 1995) 

Barium phosphate (Arbab et al., 2007) 

Calcium phosphate (Henry et al., 2004; Pinet et al., 2006) 
Lithium phosphate (Buechele et al., 1990) 

Magnesium phosphate (Arbab et aL, 2007) 
Oxyapatite (Arbab et al., 2007) 

Sodium barium phosphate (Arbab et al., 2007) 
Sodium magnesium phosphate (Arbab et al., 2007) 
Sodium zinc phosphate (Arbab et at, 2007; Henry et al., 2004; Pinet et al., 2006) 

Zinc phosphate (Arbab et al., 2007) 

Li3PO4 (Jantzen et al., 2001; D. -S. Kim et aL, 1994; Langowski et 
aL, 1996b; Sullivan et al., 1995) 

Na3PO4 (Crichton et al., 1995; H. Li et al., 1995) 

Li2NaPO4 (Jantzen et al., 2001) 
NaCaPO4 (Cousi et aL, 2004) 
Ca3(PO4)2 (Jantzen et al., 2001; Yan et al., 1995) 

A1PO4 (Langowski et al., 1996b) 

CePO4 (H. Li et al., 1996b) 

NdPO4 (Langowski et at, 1996b) 

Na3Gd(PO4)2 (H. Li et aL, 1996b) 
Na3Nd(P04)2 (Lngowski et al., 1996b) 

* Incorrect 
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2.8.6 Cerium Oxides 

CeO2 with the fluorite crystal structure (cubic system, space group Fm3m) has been 

noted in borosilicate HLW glasses (F. Bart et al., 2001; J. M. Bart et al., 2000; Buechele 

et al., 1990; Cachia et al., 2006; Crum et al., 1997; Guber et al., 1979; Hall et al., 1976; 

Jacquet-Francillon et al., 1982; Kawamura and Ohuchi, 1995; H. Li et a!., 1996b; Lopez 

et al., 2003; Lutze, 1988; Lutze et al., 1979; Mendel et al., 1976; Mitamura et al., 1985; 

Orlhac et al., 1999; Pacaud et al., 1992; Turcotte et al., 1980) and is chemically durable 

(Abdelouas et al., 1997). Elements reported in this crystal phase are shown in Table 

2.27. Crystals with the fluorite structure are noted as especially stable in displacive 

radiation damage environments (Sickafus et al., 2000), evidenced by their presence in 

`real' borosilicate HLW glasses (Cheron et al., 1995). Ce203 has been observed to form 

when glasses are melted under reducing conditions (Jain et al., 1991). 

Table 2.27 Elements reported in CeO2 crystals found in borosilicate HLW glasses. 

Element Reference(s) 
Pu (Lutze, 1988) 
Ru (F. Bart et al., 2001) 
Th (Buechele et al., 1990; Pacaud et al., 1992) 
U (Jacquet-Francillon et al., 1982; Pacaud et a[., 1992) 
Zr (F. Bart et al., 2001; J. M. Bart eta[., 2000) 

2.8.7 Zirconium Oxides 

Undoped zirconia can be of the monoclinic, tetragonal or cubic crystal system, 

depending on temperature (Yashima et al., 1995). Zirconia (of all three crystal systems) 

has been observed in borosilicate HLW glasses (Table 2.28), with the cubic zirconia 

incorporating Ce and occasionally Sm (O'Holleran et al., 1998). The cubic phase (with 

fluorite structure) can be stabilised at room temperature by doping with the oxides of 

elements such as Y, Ca, Ce and Gd (Rebollo et al., 2003; Yashima et al., 1995), with 

cubic Zr02 being noted as especially stable in displacive radiation damage 

environments (Sickafus et al., 2000). Stabilization of undoped Zr02 in cubic form is 

reported if the crystallites are small enough (<20 nm) (Martinez-Arias et al., 1999 and 

references therein). 
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Table 2.28 Zirconia phases (grouped by crystal system) observed in borosilicate HLW glasses. 

_Crystal 
system Reference(s) 

Monoclinic (Crum et al., 1997,2002; Henry et al., 2004; Hrma, 2002; 

addele lte (b y) 
McKeown et al., 1999; Pinet et al., 2006; Plaisted et al., 
2000) 

Tetragonal (Henry et al., 2004; Pinet et aL, 2006) 
Cubic (O'Holleran et al., 1998) 
Unidentified (D. -S. Kim et al., 1994) 

2.8.8 Uranium and Plutonium Phases 

Uranium oxide crystals (with star-shaped morphologies) have been noted in borosilicate 

HLW glasses (Buechele et al., 1995). Also observed are Pu02 crystals (Bates et al., 
1995; Hall et al., 1976; Lutze and Ewing, 1995; Muller et al., 1999) which can 

incorporate Ce (Lutze and Ewing, 1995; Muller et al., 1999) and Gd (Lutze and Ewing, 

1995). 

2.8.9 Other Metallic Phases 

Metallic silver has been reported in borosilicate HLW glasses (H. Li et al., 2003; Short, 

2004; Short et al., 2005), generally when they are melted under reducing conditions. 

2.8.10 All Other Crystal Phases 

All the other crystal phases which have been reported in borosilicate HLW glasses but 

could not be placed in any of the preceding sections are listed in Table 2.29. In 

addition, gadolinium titanate ((Gd, Cm)2Ti2O7) with pyrochlore structure (cubic crystal 

system) has been observed in borosilicate HLW glasses (Lutze, 1988). This crystal 

phase became metamict (amorphous) due to alpha radiation, indicating it has a low 

radiation tolerance. 
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Table 2.29 All other crystal phases reported in borosilicate HLW glasses. 

Name Formula Reference(s) 
Bunsenite NiO (C. -W. Kim et al., 1996) 

Eskolaite Cr O 23 
(Healey et al., 1979; Hrma et aL, 2006; C. -W. Kim et al., 1996; D. -S. 
Kim et al., 1994; Langowski et al., 1996b; H. Li et al., 1996b) 

Fluorspar 
(fluorite) CaF2 (Crichton et al., 1995; Crum et al., 2002; E. Wang et al., 1994a, 1994b) 

Haematite a-Fe203 (Hrma, 2002; D. -S. Kim et aL, 1994,1995) 

Yerovskite CaTiO3 
Rutile Ti02 
Suanite Mg2B2O5 
Thorianite Th02 

(Guber et al., 1979; Matzke et al., 1984) 
(Lutze, 1988; Matzke et al., 1984) 
(Hall et al., 1976; Lutze, 1988) 
(Mishra et al., 2007) 

Eskolaite with Fe (H. 11 et at., 1996a) 
Neodymium oxide (Short, 2004) 

(Fe, Ni)Cr04 (Sengupta et al., 2006) 
GdTi2O7* (Turcotte et at., 1980) 

Hf02 (Lopez et al., 2003) 
Tc02 (Lukens et al., 2004) 

NaCI (Crichton et al., 1995; H. Li et aL, 1996b) 
NaF (Crichton et al., 1995; Crum et al., 2002; H. Li et al., 1996b) 

* Incorrect 

2.9 Amorphous Phase Separation (APS) of Borosilicate HLW Glasses 

APS has been observed in many borosilicate HLW glasses (L. Li et al., 2001a; Lutze, 

1988 and references therein; Malow, 1989; Quintas et al., 2007; Shanggeng et al., 1990; 

E. Wang et al., 1994b), this is unsurprising since their compositions lie close to the 

`traditional' immiscibility region (Marples, 1988). The `traditional' immiscibility region 
for the ternary Na2O-B203-SiO2 system extends up to -16-20 mol% Na20 when Si02 

levels are above -20 mol%, whilst the `traditional' immiscibility region of the ternary 

Li20-B203-SiO2 system is larger still (Mazurin et al., 1984). However, there is still 

controversy as to where the immiscibility boundary in these borosilicate glass systems 

actually lie (Tomozawa, 1999). Whether or not APS has occurred in a particular glass is 

often determined by visual inspection (Du and Stebbins, 2003; Mazurin et al., 1984 and 

references therein; Tomozawa, 1999), which can only fuel the immiscibility boundary 

controversy. As the quench rate of an alkali borosilicate glass melt (whose composition 
is within the `traditional' immiscibility region) decreases, the domain size of the 

resultant APS increases (Tomozawa, 1999; Yazawa et al., 2000). Sodium borosilicates 

which have undergone APS can have domain sizes of <5 nm (Sun et al., 2004), or even 
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<1 nm (Yazawa et al., 2000). APS of alkali borosilicate glasses results in an alkali 
borate phase and a vitreous silica phase (Hair and Chapman, 1966). The alkali borate 

phase is of lower chemical durability, and the vitreous silica phase is of higher chemical 
durability than the parent glass (Hair and Chapman, 1966; Paul, 1990; Shelby, 1997). 

As HLW radionuclides tend to partition into the less durable alkali borate phase, this is 

the phase that will determine the chemical durability of borosilicate HLW glasses in 

which APS occurs (Sproull et al., 1994). Additions of A1203 suppress APS in alkali 
borosilicate glasses (Sproull et al., 1994). 

2.10 Chemical (Aqueous) Durability of Borosilicate HLW Glasses 

Chemical durability is a direct measure of the ability of a wasteform to retain its 

radionuclide inventory (Lutze, 1988). However, as wasteform performance cannot be 

measured directly over geological time periods it must be evaluated from short-term 
laboratory tests and/or from comparison with geological occurrences of structurally and 

chemically similar materials ('natural analogues') (Ebert and Mazer, 1994; Ewing, 

2001; Inagaki et al., 1998). 

2.10.1 Aqueous Corrosion of Silicate Glasses: Overview 

Upon glass contacting aqueous solution, water molecules and water-derived ionic 

species (H3O+, OH-) diffuse into the glass (hydration). This results in the release of 

soluble network modifying cations (ion exchange) as well as break-up of the polymeric 

glass network (hydrolysis), forming silanol groups (Si-OH). The silanol groups may 

partially repolymerise (condensation), forming a Si-rich gel layer at the glass-solution 
interface. Further hydration of the Si-rich gel can release silicic acid into solution 
(dissolution). Precipitation from solution of amorphous and crystalline phases can also 

occur at the glass-solution interface. All of these processes may occur simultaneously at 

the molecular level (Abraitis et al. 2000; Bourcier, 1991; Bunker, 1994; Ebert and 
Mazer, 1994). The aqueous corrosion of silicate glasses is shown schematically in 

Figure 2.3. 
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