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Abstract

Within the United Kingdom (UK), it is proposed that nuclear waste will be disposed of in a
geologicalfacility, utilising an engineered barrier system that will be optimised to physically and
chemically impedethe transport of radionuclides to the biosphere. Understanding glass
dissolution in environmental conditions designed to mimic geological disposal is paramount to

the safety case of the UKG6s radioactive wast

Interaction of groundwatewith the cementitious components of the facility will lead to the
presence of high pH conditions withirdeposal facility The effect of such cement leachates on

the durability of vitrified wasteforms is not well understood. The following body of wonk &

address the concerns of nuclear waste glass in contact with cementitious materials. Here we
present results from glass durability studies using simulated cement leachates and equilibrated
cement water to elucidate the mechanisms that govern glassioar under these complex
geochemical conditions. The normalised mass loss and normalised leaching rate as a function of
cement leachate composition was determined by effluent solution analysis. Additionally, we
present characterisation results colleaiadilteration layers by conductingay diffraction and
electron microscopy measurements on glass powders and monolith samples. Collectively, these
data provide new insights into the mechanisms that govern glass dissolution in the complex
geochemical coritions expected for vitrified UK waste if water breaches the engineered barrier

system in a geologicalisposal facility

The work demonstrated in this thesis indicates that glass dissolution is less severe in cementitious
leachates compared to pure wadad young synthetic cement waters are more corrosive than

evolved solutions with a lower concentration of alkali/alkaline earth ions.
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Chapter 1. Introduction

Geological disposal is a solution proposed by the UK Government for the long term management
of higher activity radioactive wastes. The key principle is to isolate the waste from the surface
environment to allow the radioactivity to safely ued naturally to background levels without
intrusion from future populations. This will be achieved by surrounding the waste with a number
of engineered and natural barriers to restrict the transport of radionuclides to the blo#kere
internationally recognised that a geological disposal facility (GDF) is the sadksion for
permanent disposal, many countries including Belgium, France, Sweden, Finland and the USA
are implementing such a stratégy

Within the UK, it is enviaged that such a facility will be built at depths between 200 m to 1 km;
the facility is expected to house high level waste (HLW) and intermediate level waste (ILW) in
two distinct regions of thdisposal facility Each region will be made up of vaults ayalleries

to allow emplacement of waste containers. In the 2016 UK radioactive waste in¥geihtans

stated that 1500 hof HLW was packaged or due to be packaged; much of this waste has been
vitrifi ed. The volume of ILW is significantly more, currently at 99,86ut increasing to an
estimated 19000m* by 2125. There are many ILW waste streams that require different
processing techniques to condition the waste into a safe wasteform that reegtdusirial
standards, these include; encapsulation in cement in stainless steel or concrete containers, wastes
immobilised in polymer in a mild steel container which will later require an over pack, in addition
to vacuum drying methods. The 2016 inveptdoes not contain vitrified ILW, however, several
organisations have identified vitrification of ILW as a viable alternative to the methods listed
abové and there have been several full scale ILW melt trials in the UK in collaboration with

Veolia (formally Kurion) using the GeoM@tsystem.

The safety case for the geological disposal of nuclear waste is dependent on the behaviour of
multiple engineered barriers. The wasteform is the first bawieadionuclide release (last to
groundwater accesdpllowed by the waste contain€@nce the waste packages are placed inside

the designated vaults within a GDF, they will be backfilled. It is likely that different backfill

1The reader is directed to NDA report no. DSSC/40%@further information on the illustrative
disposal concepts in the UK for three types of host rock.



materials will be used in the HLW and ILW regions of tieposal facility the HLW deposition

tunnelswill be backflled with a clay material similar to bentonite. A specially formulated cement

called Nirex Reference Vault Backifcenehtiiomsas propose
waste packages in the ILW vaults in a hardrock (e.g. granite) GDF.

It is essential to demonstrate that the multiple barriers can provide the necesseeyrmaiety

before a GDF can be operatéekhe research presented in thiesis provides underpinning
scientific understanding of the mechanisms that control glass dissolution in an evolvng geo
disposal environment and quantifies the rates of dissolution, that may be used as inpali¢a so

sourceterm models.

The tesis isstructured as follows:

Chapter 2 is a review of the relevant literature on glass dissolution in high pH solutions with a
focus on cementitious leachates. It is evident that there are gaps in the literature regarding
complex high pH solutions, hence theside to conduct the egpiments outlined in
Chapterst to 7. The experimental methods for all of the results chapters are outlined in Ghapter
the reader is directed to the palit page in Appendix Il, which tabulates the compositions of the

glasses andolutions used in the research in an emsyess format.

Synthetic cement waters representative of an aging Portland cement were utilised in Chapter 4
which outlines the results from dissolution tests on HLW and ILW glasses over a three month
period. Chafer 5 investigates the impact of synthetic young cement water with added Ca on the
International Simple Glass (ISG), acémponent reference glass widely investigated by other
researchers in glass dissolution. This chapies been publisheth the NatureMaterials
Degradation journal and has been a collaborative study with the Belgian nuclear waste research
organisation, SCK.CEN, and the Oak Ridge National Laboratory, where the author visited on a
threemonth placement. Chapter 6 considers the implicatiohsn evolving geochemical
environment on glass dissolution behaviour, and details the results of experiments were the

solution was replaced with synthetic cement waters or ground water mimicking an aging leachate.

The final results chapter (Chapter tideesses the requirement for understanding how potential
engineered barrier cementaterials, namely NRVB and BHASC, will interact with glass
wasteforms (MW, LBS and ISG glasses). These hardened cement pastes were dissolved in water

to generate cement dtjorated waters used as leachates for the dissolution experiments.



Chapter 8 details a final discussion, which compares synthetic cement waters to the cement
equilibrated water. It also highlights the implications of this work for the developing safsty c
for nuclear waste disposal in a cementitious geological disposal facility.

Finally, Appendix I. provides information on a natural analogue study at the Peak Dale Cave in
Buxton, conducted in collaboration with the British Geological Survey. It cantain peer
reviewed MRS Advances proceedings papers that pave the way for future work at the site.






Chapter 2. Corrosion of Nuclear Waste Glass in High pH, alkali

and alkali-earth solutions: A Revew

2.1. Introduction

This Chapter summarises the existing literature relating to glass dissolution in high pH, alkali
and alkaliearth solutions, with the aim of facilitating the understandingcaitidal analysis of
this PhD hesis.

In recent years thenplications for glass dissolution in high pH, cemaoh environments have

been considered; the majority of research in this field is being conducted in the UK, Belgium and
France. Within the UK, one of the possible scenarios for the disposal of wasteail rock
geology (e.g. granite) includes the-disposal of HLW and ILW within a single GDFFigure

2.1); a large proportion of the existing ILW inventory comprises cemented wasteforms. When
emplaced within a harbck disposal conceptthe ILW vaults will be backfilled using a
specialised higipH cement grout known as the Nirex Reference Vault Backfill (NRVB), which
has been specially formulated to promote chemical retardation of radionuclide species (in addition
to some other key functions; the reader is directed to a recent review by Vissatad’ for

further information). In recent years, much attentibas been focused on alternative
immobilisation strategies for ILY¥Y the application of thermal treatment using vitrification
technologies, such as Geon&lt i s currently undergoing 6col
wastes and it is anticipated that the resulting vitrified product, which has a radiogenic heat outpu
similar to cementitious ILW, will be edisposed with cement. Safety assessments are being
conducted to determine the compatibility of vitrified ILW with a cementitious disposal
environment. Additionally, since vitrified HLW will be edisposed within th same facility,

albeit not in the same vaults, the proximity of a large volume of cementitious materials may result
in the generation of a highH, alkaline plume that may contact the HLW glass, should it be
transported by groundwater.



ILW Disposal Concept Geological isolation HLW/ SNF Disposal Concept

Key Safety features: *  Low water flow Key Safety features:
*  Engineered waste packages *  Physical stability + Engineered waste packages
*  Porous alkaline cement *  Corrosion resistant over pack

backfill ~ «  Low permeability clay backfill

*  Low solubility & high sorption
of actinides

Disposal vault Clay backfill

Waste
package

Cement
barrier

Over pack

Waste package

liim

Radioactive waste is surrounded by Disposal vaults/tunnels located at >500m  HLW/SNF disposal tunnels with vertical
cement barrier in disposal vault in a stable and impermeable host rock ~ emplacement of waste packages canisters

Figure 21 UK generic geological disposal concept for nuclear waste in-stgdngth crystalline rock, including
separate but ctocated disposal concepts for ILW and HLW/spent nuclear fuel. Adapted from Corkhfll et al.

The Belgian disposal concept for spent nuclear fuel and vitrified HLW, in the Boom Clay
formation near Mol, is known as the Supercontainer d&sigine design utilises a watertight
carbon steel overpack, which houses two waste canistéhss is surrounded by a protective
(~70cm thick) Portland cement buffer with limestone aggregates to generate a highly alkaline
environment to inlidit the corrosion of the carbon steel overpack through passivation of the
carbon steel surface. The buffer is encased with a 309 grade stainle€sestegbpe a few

milli metersthick. Following emplacement within the horizontal galleries in the Bolay, any

remaining voids will be backfilled with a cement based matéFigure 22).

il Congcrete
buffer Concrete

Metallic g
overpack  Waste

I8

Metallic
envelope

Figure 22 Taken from Geet et '8l Schematic view of the Supercontainer design, and the current reference |
of a geological repository in plastic clay like the Boom clay.

The main drivers for selecting the Supercontainer design are long term safety and operational
handling. First, the engineered buffer around the overpack will have predictable chemical



conditions and will ensure the corrosion rate is slow due to the farmatia passive oxidation

layer that is expected to form on the surface of the overpack under high pH conditions, aiding
both the containment and chemical retardation of radionuclide release from thé. \@zstend,

the thick concrete buffer layer provides permanent shielding, protecting the workforce and
eliminatingthe need for remote handlitig

Most other disposal concepts avoid direct contact of the clay and cementitious material, however,
due to the limitedtrength of the Boom clay, concrete liners are required in the gafte@idass
wasteforms will not be in contact with cementitious pore water during the thermal phase, although
the overpack will eventually fail and high pH cementitious pore water will initiate thelaliss

of the glass and radionuclide migration into the béffer

The major component of most cement formulations utilised in the immobilisation or disposal of
nuclear waste is Portland cement, which is composed dlicates (CeSiOs and CaSiOy),
Caaluminate (CgAl.0s) and Cadferrite (Ca(AlxFeix)4010), in additon to other minerals such as
Casulphates (gypsum, anhydrite and/or hemihydrate), calcite (€ad&oxide (CaO),
Mg-hydroxide (Mg(OH}), and Na and Ksulphate¥. When Portland cement comes in contact
with water, for example groundwater within a geological disposal facility, K anyiiaoxides

are the first elements to leach, resulting in a solution with a very high pH > 13. Hydration products,
including GS-H (Ca0SiO,-H20), portlandite (Ca(OH), ettringite (CaAl 2(SQu)3(OH)12.6H.0),
calcium monosulphoaluminate (£24.0s(SQi)-12H,0) or calcium monocarboaluminate
(3Ca0-AbOs-CaCQ-xH20 (x =8 or 11)) form. With continual replenishment of groundwater,
and ongoing dissolution of these phases, Caf@il)slowly dissolve (buffering the pH of the
pore water to ~pH 12). Once the Ca haen depleted from portlandite;SeH phases will begin

to dissolve, buffering the pH of the pore water to values in the range of ~ pH 10 to ks 11
demonstrated ifrigure 23 (adapted from Cadit-Coumes et &f).
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Ca(OH),
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Figure 23 Adapted from Caulit-Coumes 2006;wlution of Portland cement pore water as a function of time.

While the mechanisms of glass dissolution at near neutral pH havexieanively described by
several authors (e.g. GrambB@wFrugief?, Gin'?2, MercadeDepierré® and Geisle? ), the
dissolution of glass in high pH, alkatir alkali earthrich solutions are less well understogth
increase in the solubility of elements like Si, Al and Zr in the glass network occurs at high pH,
and the precipitation of minerals, like calcium silicate hydrateS-t), calcium aluminium
silicate hydrates (&\-S-H), zeolites, clays and layered double toxides occurs; some of these
phases are normally not observed at near neutrdl pbr these reasons, high pH conditions are
reported to have a significant influence on the mechanisms and kinetics of each of the dissolution
rate regimes (described in detail below). However, the specific role of high pH and alkali / alk
earth content of the leachate medium in the dissolution of borosilicate glass remains poorly
constrained; this should be resolved so that models of glass performance in cementitous

conditions can be developed.

To this end, a number sfudies have atnpted to investigate the effaxftsolution chemistry at

high pH on the dissolution of nuclear waste glasses. A major focus has been the effect of high pH
alkali or alkali earth solutions on dissolution mechanisms and kinetics, utilising KOH, NaOH or
Ca(H); solutions as a simplified version of cement pore waters (described in detail in Qegtion

of this Chapter)These solutions have been shown to drasti¢gaflyencedissolution rates and

the morphology and composition of alteration layers when cadgardissolution in pure water,

due to both pH and the chemical reactivity of Na, K and Ca with silicate in solution or at the glass
surface. A review of the current knowledge pertaining to how these factors influence glass

dissolution will be discussedkltein.



2.2. Influence of high-pH alkaline solutions on the initial rate

It hasbeen well documentettat high pH solutions can result in increased dissolution?fates
This is a result of the increased solubility of silica above pH 9 which drives dissolution of the
glasg’ (Figure 24). Above this pH value, dissociation ofs$lO, into H;SiOs and HSIOs*
occurs, promoting the glass dissolution by silica network hydrétjété. Conversely, below

pH 9, diffusion or ion exchanges the prevalent dissolution mechanism of glass.

Figure 24> highlights the greater solubility of amorphous silicaS{@;) over crystalline silica
(quartz) at high pH. This is important to note because the majority of silica present in glass
wasteforms is amorphous and in high pH solution there is a greatetaaime of hydroxyl ions
thatattack SO bonds, | eav i-QHgroupd. &lenwehtyfrore acerhestitious pore
water are likely to react with dissolved glass species, in particular $ilieord cations like Na,

K and Ca (amongst others) act to charge balance the repulsive silioigls time, amorphous

species will slowly crystallise into more stable ph¥ses discussei (Section 2.3).

H,SiO, HSIO,

Log (total silica)

Log activity
8]
|

Figure 24 Adapted from Paul 1990; change in solubility of silica with pH at@5

Glass dissolved in highly alkaline solutions follows all of the regimes used to describe the

dissolution of glas¥, beginning with a linear initial rate followed by a rate drop and a residual



regime. However, in high pH solutions the ford/aate is acceleratedndthe rate drops often

observedsoonef’ due to the increase in silica solubility above pH 9.

Transition sta theory (TST) typically models the kinetics of glass dissoleftiaunder saturated
conditions (i.e. in the initial rate)t has been usefibr waste glasses by Grambow ef“lthe
TST-based rate law has since bemodified to account for the intrinsic rate constant being
independent of pH as shown in Equation 1, whésehe rate of dissolution, mol/&s?), k; is the
intrinsic rate constant, mol ‘fis?, a is the activity of H H.O, or OH (unit less),— is the
coefficient for hydronium ions and  the OH, E is the activation energy associated with the
acid, water, or hydroxide activated reactions, kJ'yalis the gas constant, kJ mé{tand T is

the temperature, Kelvih The Single Pass Flow Through (SPFT) methodology is the most
commonly applied to ascertain the forward (or initial) dissolution rate, which can be achieved
when the solution flow rate is high enough to avoid the accumulation of soluble species in

solution.

o , O Eq. 1
N 'Q I 2 A
i » ) 1] EFY

To predict the corrosion behaviour of nuclear waste glass in a disposal environment it is necessary
to accumudte dissolution rate data and determine rate model parameters and uncéttainties
While theinitial dissolution rates can be used to extrapolate the glasteformlifetime in a
disposal facility there is uncertainty associated with how the repository environment, and

specifically the chemistry of the over pack and backfill matéefidtsluences suchates.

Generally, the forward rate of glass dissolution increases with an increase in pH from
approximately pH 7 to 13 as reported by the authors listeflable 21. Data shown by
Cassingham et &t.indicated a 5 fold increase in the forward rate of-BEI glass when the
leachate pH was increased from 8 to12. Inagedi® observed a ~10 fold increase in the forward

rate of the International Simple Glass (ISG) after the pH rose from 8 t010, while Neew&y et al.
observed the dissolution rate of the same glass to be 23 times faster at pH 12 compared to pH 9
(it was 30 times faster for SON68 at tlzere pH values). Elia et #noted that the forward rate

of ISG was lower than SONG68 in artificial cement waters at pH 13.5, suggesting that Ca had a
positive effect in reducing the rate in alkaline solutions. In 8tady of the dissolution of SON68

in a clay equilibrated ground water, which imposed a higher pH thamiked water, Jollivet et

al.* found thatan increase in the forward rate was not due to the pH, but rather the high ionic

strength of the clay ground water. The latter investigation is the only SPFT study in the literature
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that attempts to understand the effects of Na, K, Mg and Ca in solutthe torward rate; it was

found that reduced dissolution rates were concurrent with the removal of Mg, Ca aftdr6O

the clay ground water.

Table 21 Summary of forward rates, obtained from the literature, derived from SPFT experiments conduct:
high pH solutions. The studies listed here kept the chemical affinity term Q/k near zero so that the inheren
forward rate of dissolution was sustained.

Author Glass pH Temp,°C Rate, g nfd? Solution
Cassinghad¥ MT-25 8 40 Rg 0.051 £ 0.015 THAM +HNO3
10 40 Rg 0.106 £ 0.032 THAM +HNO3
12 40 Rg 2.55 + 0.651 LiOH+ LIiCl
Abraitis*! MW 10 40 Rg 0.139 + 0.034 KOH+KCI + x
Inagak?® ISG 5.6 50 Rs 0.027 £ 0.002 KCI
8 50 Rsi0.041 £ 0.003 KCI
10 50 Rsi0.378 £ 0.030 KCI
Elia® I1ISG 11.5 30 Rsi 0.068 £ 0.018 KOH
13 30 Rsi0.112 £ 0.040 KOH
14 30 Rsi0.204 £0.126 KOH
13.5 30 Rsi0.041 £ 0.030 YCWCa
Neeway® ISG 9 40 Rg0.017 TRIS +LiCl
10 40 Rg 0.087 TRIS +LiCl
11 40 Rg 0.100 TRIS +LiCl
12 40 Rg 0.389 TRIS +LiCl
Neeway® SON68 9 40 Re 0.021 TRIS +LiCl
10 40 Re 0.019 TRIS +LiCl
11 40 Rg 0.183 TRIS +LiCl
12 40 Rg 0.651 TRIS +LiCl
Elia® SON68 135 30 Rsi0.424 £ 0.246 YCWCa
Jollivet*© SON68 6 50 Rsi 0.017 DW
7 50 Rsi 0.093 Clay GW

X = additional chemicalwere added to the buffer
DW = deionised water, GW = ground water, YCWCa = young concrete water

2.3.

solutions on the transition rate

The influence of highpH alkali and alkaline earth

Increased silica solubility at high pH significantly influences the transition/rate drop regime,
which, at neaneutral pH valuesis characterised by the formation of al ghrough silicon
recondensation. This process results in incongruent dissolution due to some of the glass
constituent elements being retained in thé’geld reduced dissolution rates in comparison to the
initial rate At nearneutral pH, silia gel is formed through hydrolysis and condensation reactions;

a Si(OH) monomer, formed from monosilic acid polymerises such that there is a maximum
number of SIO-Si bonds and a minimum number of SiOH groups. This behaviour leads to the

formation of ring structures that undergo further condensation reactions compacting the Si

11



particles. This results in the organisation of SIOH groups on the outer surface of the glass, which

readily dissolve and fprecipitate onto larger particles in a process known as Ostwald ripéning

The pH of the solution, and the presence of
polymerisation mechanisms as autd in Figure 25. Above pH 7, the rate of dissolution and
precipitation of SiOH groups is high, which promotes continual Ostwald ripening, resultirey
accumulation of large particles of silica (and large plagigive rise to large poreshie growth

rate slows as the particle diameter exceeds 10 nm. Under high pH (>pH 10) conditions 3[Si(OH)
and [Si(OH)]? experience repulsion due to theigative charge, which prevents aggregation
(therefore not forming a gel). However, in the presence of salts, Si species react with the cations
available in solution to compensate for the negative charge (i.e. [S](&W)). This allows for

aggregationd occur which, in turn, leads to gel formation.

MONOMER
DIMER

CYCLIC

pH<7ORpH7-10  PARTICLE

WITH SALTS H 7-10 WITH
PRESENT A/ N\ SALTS ABSENT
/ ionm B

100nm

THREE-DIMENSIONAL

GEL NETWORKS SOLS

Figure 25 Polymerisation behaviour of silica, in basic solutions (B) particles in solution grow in size with
decrease in numbers: in acid solution or in the presence of flocculating salts (A), particles aggregate into t
dimensional networks and form gels. Takem ller®?

The diffusion model that is widely accepted for glass corradi@s not adequately describe glass
dissolution at extreme values of pH. Geisler &t atovided significant evidence that, at acidic

pH, gel layer formation is not the result of diffusicontrolled ion exchange and hydrolysis.
Tracer elements in alkali solutions showed chemical oscillations in the alteration layer,
enrichment of the tracer element® and?®Mg in the silica rim without observable diffusion
profiles, high porosity in precipitated amorphous silica, and sjiberules present at the surface.
None of these observations are compatible with a diffusion model; rather, evidence for direct
precipitation of amorphous silica from solution fits better with a model described as an interface

coupled dissolutiomeprecipiation reaction Figure 26), which considers congruent glass
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dissolution in parallel with precipitation and growth of an amorphous silica layerimatvardly

moving reaction interfaédé The solubility difference between glass and amorphous silica
controls the thermodynamics of such a process; the glass dissolution reactions control the kinetics,
which in turn is regulated the transport of soluble elements and water through the developing
corrosion zon¥.

g w b Monomer
= |
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Figure 26 Dissolutionre-precipitation model suggested by Geisler 2010; a) congruent glass dissolution;
polymerisation through condensation reactions at the same time as glass network modifiers (Na) are
increasing the pH; c) glass surface is supeausated, nucleation of amorphous silica starts, and grow to large s
spherules; d) at high pH larger polymeric species become stable, pH and salinity determine growth b
deposition of silicic acid or by aggregation of colloidal particles, formangurface layer of spherical silic:
aggregates of different sizes leading to porosity; e)increased thickness of corrosion rim leads to a decrea
release in the elements from bulk solution, driving the interfacial pore solution away from equilitittuthe bulk;
f) the silica rim reaches critical thickness, restricting transport of water and other soluble species, pot¢
trapping them.

Under alkaline conditions, the glass experiences nucleophilic attack from tte €atution and

the highy degraded silica structure acts as a hygroscopic silica gel. In the presence of alkali ions
it is postulated that cross linking can occur, leading to coagulation and the formation ef alkali
silica gel4® as outlined irFigure 25. The effect of Na, K, Mg and Ca on dayer formation at

high pH is largely neglected in the literature, although several authors includitfg @GiHin®,
Rebiscoul® and Rajmohati postulated that alkali/alkali earth cations act as charge compensators
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for Al and Zr species in the gel. Collin et*alemonstrated that at pH 7 the passivation layer that
formed on ISG exhibited selectivity for K> Cs > Na >> Li from solution, replacing the ®@a in t
pristine glass to charge compensate the Al; the incorporation of cations from solution effected the
amount of water in the gel, which impacted the dissolution rates. Silica gel reorganisation is a
slow process; soluble elements, such as alkali or adkath cations, are not efficiently
transported from the glass (or from the solution to the glass) so they can become trapped in pores.
Once trapped, silica gel has the ability to absorb metal cations and alkali elements into its
structuré®;, Al*3, Fe3, and Mg? have been reported to substitute into the gel causing
morphological changes in the gel structfjrand there is ample evidence that'Gaan do the

same (see below). The combined effects of high pH and element substitution have been shown to
interrupt the recondensation process, resulting in greater porosity and elevated surface area of the
gel, thereby promoting more diffusion through the®ydRajmohan et &’ showed thabnce
dissolved Si reached a steady state in solutioran@ll Zr readily interacted with the gel, and
alkaline earth (Ca) or alkali metals (Na) were retained in the gel to charge compensate Al and
Zr*. Furthermore, Kaspar et #ldemonstrated that as the solution pH increased, the porosity of

the silica gel alteration layer increased.

In a comparison of the effects of Na and K on the dissolution of SON68 glass at pH 11.4 and
90°C, Ribet etal.>? observed a reduction in the initial rate wh@mpared to that observed at
pH7to 10. They attributed this to the formation of ag8l layer, but did not specify its
composition or porosity. fle dissolution rate wagreater in NaOH solution than in KOH, as
evidenced by the normalised mass loss ofi&jicted inFigure 27. The glass entered the rate
drop regime more rapidly in NaOH (at day 14) compared to KOH (at day 28), indicating that the
type of alkali species plays a role in the gel layer formation.
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Figure 27 a) LHS Normalised mass loss of B {§rfrom SON68 in NaOH and KOH solution b) RHS dissolvec
concentration (mgt) in NaOH and KOH at pH 11.4. Taken from Ribet 2004.
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Another example of a study that aimeddentify the influence of high pH and alkali elements in
solution on glass dissolution was that performed by Andriambololona®tdio investigated

the dissolution of the French glass, R7T7, in Volvic water containing crushed hardened cement
paste compositions (pHi910.5), and a synthetic cement effluentkmowas &6 L awr enc e
(pH 12.6). Full compositions of each solution are liste@able 2.2

Two monoliths of glass were placed in each test veBiggpire 28 shows the concentration values
obtained in the 6 different test conditions. R7T7 exposed to the Lawrence solution exhibited the
greatest accumulation of elements in solution, concurrent with the very high pH and high alkali
and alkaline earthomposition of this solution. When hardened cement paste was present in the
water, the corrosion rates of the glass were at least 10 times lower than in pure Volvic water and

also lower than the Lawrence solution.

Despite the high pH (12.5), and overdiévated dissolution in the Lawrence solution, there was

an fiincubationodo period where the initial (0
solution was lower than in Volvic mineral water (pH QIable 2.2) Theauthors attributed this
behavour to the formation of a protective gel on the glass surfégeife 29) that was composed

of Si-Al-Na from the glass and Ca and K released from the soliftignre 29 demonstrates the
variation in alteration layer thkmess under the 6 different test conditions; dissolution in the
presence of Portland cement (M1) led to the formation of a thick alteration layer (~ 26 um) when
compared to Volvic water (~2.1 pm) and Lawrence solution (~ 11.3 pum). The gel layer was
descriled as acting as a diffusion barrier, inhibiting further corrosion of glass elements. Multiple
alteration zones were observed, which were depleted in Si when exposed to Portland cement.

Andriambololona attributed this to the Ca reaction front restrictiregBaction from the glas’

Table 22 Solution pH and composition taken from Andriambolofénaits for elements in solution are mg.L

pH mg L?
Si Na  Li Al Ca K
Volvic water 9.1 | 10.7 9.2 - - 9.8 55
Lawrence solution 12.6| 0.75 434 02 04 1127 1788
PC (M1) + Volvic 10.5| 3.6 104 27 1 82 305
PC + 20% pozzolana (M2) + Volvic 90| 106 74 21 27 590 51
PC + 5% amorphous Silica (M3) +Volvic | 9.5 | 2.6 51 3.2 24 576 35
BFS (M4) + Lawrence sol. 105 26 956 08 5 350 1815

The values listed are for blank solution after 91 days
PC = Portland cement, BFS = Blast furnace slag
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A number of recent publications have highlighted the significant role that Ca can play in the
dissolution of glasmaterial$*>#5’. Despite this, there is ambigyibver the terminology used to
describe phases and gel layers that are composed ¢fi€a. t he | it er-&H,or e, t
calcium silicate hydr oththeCadomanindamerphous geklajert o ¢
that forms during the condensatiohdissolved silica and also the (semi)crystalline precipitates
containing Ca and Si that are formex topof the initial gel layer. Since these are formed by
different mechanisms, weavedistinguistedthese as two distinct phases: 1}<llaca gel, whid

is a layer formed at the onset of the rdtep regime by recondensation of Si to form a gel, into
which Ca is incorporated (sometimes with Al) as a charge compensator. This typically has a low
Ca:Si ratio and is not crystalline in nature; and 23-8 precipitates, which are phases formed

via precipitation from solution on top of the gel layer. These phases may beonanro
crystalline and typically have a higher Ca:Si ratio than the gel (@y&to 3.0°®), although over

time, and as Ca is comsed from solution, the Ca:Si ratio can decrease.

The importance of Ca as a chagmmpensating cation within the silica gel layer has been shown

by a number of authors. For example, the presence of Ca was found to initially mitigate the effects
of high H, and Ca was found to react with the glass during alteration layer formation, slowing
the dissolution rate of the gld8&sMaraghechi etl* reported that dissolution of silicate glass
was sl ower in the presence of CaprotkaivweCSH t he
layer, formed by irsitu transformation of the glass as opposed to precipitation from sobifion

with high density (and low porosityilNotethat the suggestion of-situ transformation indicates

this is a Casilica gel rather than-G-H precipitate Furthermoreijt has been observed that when

the concentration of Ca in solution is restricted, an apparently passivatsitic@dayer can be
formed®, lowering the dissolution rate either by limiting theC8bond hydrolysis or through the
inclusion of Ca in the gel layer to commsate the nobridging O of Si specié$®.

Corkhill etal 5* and Utton et at? observed a delay in the release of Si from the glass in saturated
Ca(OHys ol uti ons, which was termed the Aincubat
from solution and subsequent incorporation into the hydrated surface aslE#gel although

Utton et al postulated the cause may have been due to the formatioalborate phaseAs

such, thadissolution rate was found to be an order of magnitude lower than observed for the same
glass dissolving in water. Conversefgrrand* observed that whean unlimited supply of Ca is
present, the dissolution of glass is accelerated due to the fonrofboth Casilica gel and €5-H
precipitates, which continually drive Si dissolution through dissolution-greeipitation

reactions.
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Figure 2102 shows that the itial reaction of Ca with dissolved Si is highly pH depentfent

Below pH7 at 90°C, Ca is not expected to react with amorphous silica; kiewat pH values of
>pH10, Ca, Si-bearing phases have been observed experimentally by AtRinson
Greenbergfand Fujif®, and modelled by Sugiyama et®al.The data shown ifrigure 210
illustrates the relationship between pH and Ca:Si ratio; as the pH increases, so too does the Ca:Si

ratio of the phase.
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Figure 210 Adapted from Sugiyama 2006, Ca:Si ratio #8& gel with pH

Nieto et alf® demonstrated that oacCa is incorporated into a &igel it could not be removed
except by acidttack sinceéhe Ca is chemicallincorporatednto the solid structure. In agreement
with the scheme proposed by fertthe authors hypothesised that the presence of Ca encourages

condensation of polysilicate anions and links silicate species togethenta fwlid bymodifying

the equilibrium of CaSii H,O®.

The CaGSiO-H.0O phase diagram taken from Jennfdghown in Figure 211 demonstrates

how a change in the solution concentration of Ca and Si determines the composition of
Ca,Si-bearing phases; A is the metastable solubility curve for noncrystallin&-8 phases

with a Ca:Si ratio > 1.5, and line B corresponds to crystalli@&HCphases with a Ca:Si ratio
between 0.5 and 1. In glass dissolution, it has been shown that the Ca:Si ratetHbpRases

(i.e. Ca,Sibearing precipitates) evolves as a function of leaching time, towards more crystalline

product§?.
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Figure 211 Concentration of Si©@components vs CaO in an aqueous phase. A-8i&® H>0 phase diagram.
The logarithmic scale is used to help separate the points at high CaO tatiosis. Adapted from Jennirfgs

MercadeDepierré? studied the impact of Ca in solution 0®IS68 when compared to a solution

of KOH. Below pH 10.5, the addition of Ca to solution was shown to increase the initial
dissolution rate by a factor of 4 when compared to KOH. Above pH 11, Ca was seen to reduce
the initial rate by a factor of &t the higher pH value, it was proposed that Ca sorption to the gel
layer could result in pore closure, thus limiting diffusion and lowering the dissolutiorQatkd

not incorporate into the alteration layer at pH 8 and, as such, the initial rate incredsad wit
increase in the Ca concentration up to 0.125 mrhoflt low concentrations of Ca, it was further
proposed that metal surface complexes are formed between Ca and Si, and that above a certain
threshold concentration, all sites are occupied at the glatzce. Above this concentration, Ca

can no longer be incorporated into asilica gel layer, and instead precipitates with Si dissolved
from the glass to form<S-H or other precipitatéd This aligns with the work of Corkhill et &},

Chave et a’, and Utton et & who found that once the Ca concentration in a saturated Ca

solution dropped to below ~150200 mg L2, there was no further removal of Carfr solution.

The studies of Corkhill et &.and Utton et at® also indicated that aluminium and other alkali
elements (NaK) may coprecipitate in the Gasilica gel layef. Utton et aP® hypothessed that
calcium borate hydrates could be responsible for an incubation period; boron has been shown to

retard cement hydration by complexing with Ca in sol§fieh
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2.4. Influence of high-pH alkali and alkali-earth solutions on

the residual rate

The residual rate is characterised by the formation of precipitates and secondary phases, including
C-S-H as mentioned in the previous section. The seary phases formed are dependent on the
glass composition and leachate solutio@ommon precipitates identified in high pH alkali and
alkalineearth solutions include variations ofSeH like C-A-S-H observed by Ferraftiin the
presence of an Alich glass, MS-H, as reported by Corkhill when Mgrich glass is dissolved,
meixnerite  (MgAI(OH)isA 4 {OP7 and clay phases, predominantly smectite ofeyy.

saponite ;. &H,0) Mg, ! I &BjALO OH) 77 The precipitation of these
phases, controlled by the compgasi of the solution, the solution pH and the composition of the

glass, can exert a significant influence on the dissolution behaviour.

Table 2.3 summarises the available literature pertaining to studies that have attempted to elucidate
the influence of &rying the pH and the alkali / alkali@&arth composition of the solution on the
residual rate. When compared to dissolution in water, the rate of dissolution for SGNEBC

is higher in NaOH and KOH (where NaOH > KOH). The same observation is true for Magnox
waste glass (MWY%®at 40°C (Table 2.3). Compared to a study of SON68 dissolution conducted

in DI water by Curti et al?, Ferrand et at? found that the average rate of dissolution of the same
glass was a factor of 10 lower when dissolution was performed in a synthetic cement water
(YCWCa). Thus, the common assumption that the presence of cement has a negative impact on
glass dissolution is not necessarily supported by the available residual rate data shakla in

2.3. However it is true that cementitious solutisryenerate complex dissolution media that are

currently not fully understood.
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Table 23 Summary of residual rates obtained from the literature from authors who conducted leaching tesl
high pH, alkali or alkaliearth bearing solutions.

SANV,
Author Glass m? Solution pH @ 25C Initial rate, g med?
Utton et al 5 LBS 1200 Ca(OH) 12.37 NLna0.023 @ 50C
Clino 1300 Ca(OH) 12.29 NLna0.041 @ 50C
PCM 1200 Ca(OH) 12.42 NLna0.041 @ 50C
MW 1200 NaOH 12.0 NLg0.156 @ 40C
Utton et al.”® MW 1200 Ca(OH) 12.0 NLg 0.029 @ 40C
LBS 1200 Ca(OH) 120 NLg0.024 @ 40C
Utton et al 5 LBS 10 Ca(OH) 12.5 NLg 0.122 @ 5CC
LBS 9750 Ca(OH) 12.5 NLg 0.012 @ 5CC
Corkhill et al®t MW 10,000 Water 9.8 NLg 0.00003 @ 50C
10,000 Ca(OH) 12.4 NLg 0.00006 @ 50C
Curti et al’2 MW 1200 DI water 9.6 NLg 0.@149 @ 90C
SON68 1200 DI water 9.6 NLg 0.@133@ 90C
AMEC reporf® MW 25 1200 DI water 9.7 NLg 0.015 @ 40C
1200 Ca(OH) 12 NLg 0.0329 @ 40C
ISG 10 Ca(OH) 135 NLg 0.146 @ 5CC
Backhousdhesis™ 1200 Ca(OH) NLg 0.051 @ 50C
MW 10  Ca(OH) 135 NL:0.087 @50C
1200 Ca(OH) NLg 0.062 @ 5C0C
. os ILW 1000 PW + lime 11.7 NLna0.082 @ 50C
MercadoDepierre etal™ - " ie) 1000 KOH (no lime) 117 NLna0.056 @ 50C
Ribet et a2 SONG68 65 NaOH 11.4 NLg 0.0517 @ 90C
65 KOH 11.4 NLg 0.0183 @ 90C
SONG68 Synthetic YCWCa NL. 0.006 @ 3C0C
. YCWCa + 2.14 g P( NL. 0.007 @ 30C
Ferrand et af SM539 YCWCa +7.5gPC >°  NLy 0.018 @ 30C
YCWCa + 22.5 g P( NL;; 0.007 @ 30C
36.25 CPA 10.5 NL;0.19 @ 9C°C
36.25 CPA +pozzolana 9 NL. 0.19 @ 9C°C
Andriambololona et aP® R7T7 36.25 CPA + amorphous £9.5 NLL 0.30 @ 9C°C
36.25 BFS cement 10.5 NL.;0.10 @ 9CC

36.25 Volvic mineral water 9.1 NLL 0.30 @ 9C°C
36.25 Lawrence solution 12.5 NL. 0.09 @ 9C°C
YCWCa= Young concrete wateith added Ca
PC= Portland cement
PW= Portlandite saturated water
CPA = Portland cement
BFS = Blast furnace slag

Utton et al”® showed that MW dissolved five times faster in NaOH compared to Ca(@H)
shown inFigure 212 andTable 23. The lower dissolution rate observed in Ca(&ddjution was
attributed to the removal of Ca from solutigrigure 212) and its subsequent reaction with the
glass to form Caich precipitates, wich reduced the dissolution rate through the passivating

effects of the precipitate layer.
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Figure 212 LHS: Ca and Na concentrations in Ca(QHand NaOH solutions as a function of HLW glass
leaching at 40C as compared withlank solutions; RHS: variation of pH under the same conditions. Adapte

from Uttor’®

Ferrand et al* designed an experiment to study the dissolution behaviour of SON68, the inactive

reference of R7T7 and SM539 HLW glasses, in the presence of Portland cement. Four glass

monoliths were mounted above crushed hardenedritquaste in a solution of synthetic cement

water (f CWC3a) at pH 13.5; glass powder was then placed at the bottom of the test vessels to mix

with the crushed cement, which was stirred for the duration of the experiment. The concentrations

of Na, K and Ca ithe initial solution were 3300 mg*1.12900 mg t* and 16mg L respectively.

The authors concluded that the cement acted as a sink for the matrix elements of the glass, since

the concentration of these elements in solution was far from saturatiome3iiigd in relatively

high dissolution rates compared to solutions that had a restricted Ca concentragaafiple,

in a solution of YCWCa with no added cement, the Ca concentration was 1.38(owgyipared

with 55.99 mg L'in the presence of cement), and the dissolution rate was a factor of three lower.

This led the authors to suggest that alteration layers on the surface of the glass did not act in a

protective manner. A Sjel layer was observed in these samples and wasl fim contain Ca or

Ca and Al in the A¥ich SM539 glass. The pore size of the gel, as measured by high resolution

TEM, wasfound to be ~ 10 nm in diameter, which is large enough for

water molecules

(>0.28nm’") to pass throughtp which the authors attribute the elevated dissolution rates. In

support of this hypothesis, recent experiments by Kaspar %étcatrelated alteration layer

porosity a pH when studying ISG; it was found that as the pH of the leachate increased, the

number of

voids/ por es

i ncreased

at

the surface

model(Figure25) for polymerisation at high pH; larger particles form leading to greater porosity.

UK HLW glasses have a significant concentration of Mg, resulting from reprocessing of spent

fuel clad in Magnox alloy (comped of Mg and Al). Magnesium, as a divalent cation similar in
chemistry and hydrated ionic radius to?CiMghya4.28 A, Cay,a4.12 A58, should also be
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considered as a species that may play an impodkenin gel layer and secondary phase formation

at high pH, although above pH 12, the solubility limit for brucite (Mg(£¥k$) reached. Below

this pH however, M§jaq is a stable chemical species in solution. Schofield @tsaiggested that

there was a correlation between the amount of Mg in the glass (and a concurrent reduction in Ca)
and the extent of leaching. Harrison etaloncluded that with a greater ratio of oxide to Magnox
waste (wirch thus lowered the Mg content), the durability of the glass improved. Magnesium has
been reported to have dual effects on glass dissotytimn example, it could act as a charge
conmpensator in the gel alteration products, that can protect the glass in much the same way as Ca
(the affinity for the gel is highest for Ca >Mg > Rfa)However, if Mgcontaining secondary
phases form, such as aluminous hectorites
(Nao.sAMgz2.47i 0.12Al 0.11F€.01M0.29) (Siz.45Al 0.55) O10(OH)2, M = trace catiorif, the dissolution rate

has been shown to accelerate due to the consumption of Si to form these phases. Ctrti et al.
concluded that Mdree SONG68 glass had better resistance to corrosion and radionuclide retention
properties than Magnox glass as a result of the slow formation of clay phétssisould alsde
notedthat Magnox glass is sensitive to Li concentration; increased Li content leads to an increase

in elemental losses from the géaduring aqueous corrosin

Ribet et aP? observed cation incorporation into the alteration products; the concentration of K
decreased in solution, suggesting that alteration products consumed a large proportion of
hydroxide ions and Kcations, leading to an initially 4ch protective layer. Tén Na
concentration continued to increase, indicating that no passivating layer had*fotrineet al®
complemented an experimental study with geochemical modelling to aid determination of
secondary phases that formed on the surface of SON68 after more than 809 alaynthetic
cement water (YCWCa). At 30C no crystalline phases were observed and geochemical
modelling indicated that ohillipsite (KAISizOs:3H,0) was close to saturation. At 7Q, Lui
observed Al, Ca, and Si in addition to alkali cations fromsthlation (namely K) were involved

in the formation of secondary phases; phillipsite and fosh@@QaSisOs(OH).:0.5H0) (which
represents &-H in the database) were supersaturated. This agrees with observations by authors
Ribet et & Frugier et af°, and Ferrand et &. who reported §A)-S-H and Na and K-
containing zeolite precipitates on the surface of SON68 after dissolution under high pH conditions

and/ or at high temperatuf@s

23



2.5. Influence of high-pH alkali and alkali-earth solutions on

the rate resumption regime

Resumption of the alteration rate, otherwise known as Stage lll, is possible at any point during
the residual rate, where the solution is close to saturation with Si and a passivating layer has
formed. It is generally agreed that resumption of alteratsodriven by the precipitation of
secondary phases, and zeolites in particular, which develop at the expense of the gel by depleting
the Al content in the alteration lay&r This phenomenon has also been associated, to a lesser
extent, with the precipitation of-&-H phags. As shown in Table 2.4, one of the key conditions
necessary to initiate a resumption of glass dissolution is high pH. A comprehensive review of the
role of secondary phases thought to contribute to the resumption of alteration in a sefection
glasses was recently published by Fournier € abme of the studies featured in this review will

be briefly discussed below.

Table 24 Occurrence of resumption of alteration of SON68 glass as a function of the temperature and pH, (I
resumption of alteration observed; Y: resumption of alteration detected. Adapted from FBurnier

Author Temp pH 8.4 9.5 pH 10.5 pH 11 pH 11.5
N, remained in
Ferrand* | 30°C initial rate (700 d at
4.78 mY)

N (even at 2000en?

iap0 o]
Frugief® | 90°C and > 3000 days

N (600 days| Y (after 200 days | Y (14- 28 days at

i85 o
o > at 6500 rt) | at 6500 rm) 6500nTY)
Caurefe | 150°C | © (af_tff 30daysat |\ o0

50m™)
Caurefe | 250°C |\ (af_tff 21 days at
50m™)

(N: no resumption of alteration observed; Y: resumption of alteration detec

Under alkaline conditions (pH-84), CaSi gel or AlkaliSi gel (the alkali is often a cation
removed fronsolution and incorporated into the-@il), cover the glass surface uniformly prior

to zeolite formation. While the mechanisms and kinetics of zeolite formation are not yet fully
understood, zeolites that have been observed on glasses dissolved in bightjgds include
phillipsite (AlSiz0g:3H,0)%’, chabazite (Ca,Na2xMg)Al.Si:O and, at high temperatures
(150250 °C), analcim& (NaAlSiOs-H.O). Glasses wh a high alkali metal content,
temperatures of > 9 or pH > 10.5 and high surface area to volume ratios have been attributed
to the formation of zeolitic phases. Other crystalline alteration products observed ineiide C
phases, anhydrite (Ca®@mdybdates, phosphates haiweéti€a((UQ)2SE012(OH)):3(H20)
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and layered double adés like hydrotalcit® (MgesAl.COs(OH)i6 :4(H20)). Smectite clays$
(Al2.yMg?%))(SiaxAl ) O10(OH)M*xsy: NH0, M= interlayer cation) have also been known to form
under highly alkaline condans.

Immediately before the glass dissolution rate accelerates (i.e., resumption) the Al concentration
in solution has been shown to decredsgin et af®examined the dissolution of SON68 between

pH 7-11.5 and determined that alteration resumption could be attributed to secondary phase
formation at pH 11 at 9%, reporting the precipitatiosf analcime (NaAlSiOs.H-0). This phase

was also observed by Ribet efalvhen at pH > 9.6 at AT for SONG8. The solution data from

this study showed that Si from solution was being incorporated into the analcime phases in
solution of NaOH, or the phase merlinoitesQ&(Al sSi23064).24H,0) in KOH solutio, despite

the concentration of B continuing to incredsé

Table 24 confirms that for SON68, the pH threshold for secondary phase precipitation is pH 11
at 90°C. Ferrand et af observed a similar threshold for SON68, of pH 11.5 &C30sing old
cement water (OCW), of pH 12.5 for evolved cement water (ECW), and of pH 13/6uiog
cement water with added Ca (YCWCa). The zeolite phase, philligsite
(NauKAI'5Si11032.10H:0), was identified in YCWCa at 3€ and 70C?¥. Despite the low
temperatures of these experiments, the Al concentrations in solution reached ~ 70ng L
Gin etal® made a similar observation. This suggests that high pH dissolution media promote
zeolitic formation, even at the low temperatures. Further evid@éarcthis can be found in the
PhD thesis of Depierf® at temperatures of 30°C the formation of merlinoite
((K,Cas,Baos,Na)o(H20)22[Al 16Si22064]) was observed on CSB glass (French glass
formulated for decommissioning effluents from U0 facility in Franc®) at 50°C.

Inagaki et aPf® observed the formation of smectite clay §BHAI-Sise7Alo38010(OH)2) on
Japanese simulant waste glass P0789, (which is similar in composition to SONG68)sat)pH
9.512, and analcimdormed when the pH exceeded pkoc)11l. The formation of these
secondary phases was dependent on the presence and concentration of alkali metals in solution;
smectite formed under all test conditions in NaOH, however analciseeusitive to the amount

of Na in solution and only formed with 0.03
any crystalline phases, indicating that alteration layer formation and rate of formation is

influenced by the cation in soluti#h

Ribet et aP? indicated that gels formed during resumption of alteration in NaOH and KOH

solution (pH 11.4) were not as protective as gels formed at lower-pH {8ely due to Si being
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used for seaudary phase formation rather than silica gel recondensation. This was evidenced by
a difference in the Si content calculated from a mass balance; the Si quantity in the gel was
0.32gsicnt® in a KOH solution and 0.34sgen® in NaOH, compared to 0.5%gm?®in R7T7

glass formed during the rate drop regirfrethe same study (RilBé}, Si was also observed to
behave differently in NaOH as compared to KOH; after the initial release of Si to solution, the
consumption by a silica gel (as exemplified by the removal of Si from solution) occurred more
quickly in the NaOH solution, than in the KOH solution (sEgure 27b, Section 2.3).
Resumption of alteration, demonstrated by a sharp increase in altertdion plfiteau (see grey
shaded areas iRigure 27b), occurred after 14 to 28 days. This was proposed to be due to the
formation of zeolite phases theonsumed Al, initially from solution, and then from the gel layer
forming minerals such as analcime (Na AG%iH-0O) (formed at 90C in 0.25M NaOH for 218

days) or merlinoite (KCax(Siz3Al0s4).24H,0) (formed at 90C in 0.25M KOH for 30 days) at
thegel surface. Potassium was removed from KOH solution while Na was continually released
into solution in both KOH and NaOH solutions during the rate resumption stage. Alteration
products incorporated a large proportion of the hydroxide ions, and‘tbaignhs, but less Na
leached from the glass. It is likely that the differences in alteration rates are due to K being
consumed by the gel to form an initially protective layer.

Ribet demonstrated that it is possible to slow dissolution by controlling Hheapartificial
reduction to pH 9.5 during the rate resumption stage led to an immediate and significant drop in
the alteration rate, and a reduction in the Si concentration concurrent with reduced silica solubility
at lower pH. SEM images indicated ttzatolites were gradually dissolving under these reduced
pH conditions, most likely due to the high sensitivity of these phases to the solution clémistry

A greater number of glass dissolution studies at high pH are required to develop a well
parameterised model to describe the rate resumption. Evidengestaighat resumption only
occurs in high pH solutiongherefore cement repositories could be determined as a high risk for
inducing stage Ill corrosion, thus making it challenging to predict thetknmg durability of the

vitrified wasteform requiredolr the disposal safety case.
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2.6. Concluding remarks

High pH alkali and alkalinearth solutions impact the rate of dissolution at each stage of glass
corrosion. The dissolution rates increase with a rise in pH, which is due to the higher solubility of
silica and, at high pH, the glass dissolution is promoted by silica network hydrolysis. The initial

rate is controlled by pH, temperature, glass composition and solution chemistry.

The rate drop can be explained by two the&tfésfirst, when the solution becomes saturated

with dissolved species, the chemiedfinity for dissolution decreases. Second, ionic exchange
between the glass and solution is restricted due to a protective gel layer on the surface of the
glas$®. Research by Mercaedepierré®, Ferrané, Corkhillf, UttorP®, Cailleieal®, Chavé’ and
Andriambololon&® in the presence of Ca showed that this species had a positive effect on glass
dissolution by reducing the initial or final dissolution rates compared to experiments in pure water,
through the formation of passivating gel layer on the surface of the glass. MerDaghierre
postulated that Ca acts as a charge compensator fdirialging oxygen of silicon species in a

CasSi gel or precipitates as-&H?%. Early age cement waters with little or no Ca present still
result in reduced dsolution rates when compared to pure water, but these are often higher than
when Ca is present. The solution chemistry of such early age cement waters is dominated by
NaOH and KOH from Portland cement dissolution, which keeps the pH high, and promotes the

formation of alkalisilica gel that protects the gl85s

High pH and alkali / kkali-earth containing solutions have been linked with zeolite formation,
which is considered a prequisite for rate resumption. This is thought to occur when zeolites
consume Al and Si from the gel, reducing its protective capabilities and leadingate a
resumption regime which in some cases exceeded the initial rates. It is not yet clear how other
phases formed at high pH in the presence of Na, K, Ca and Mg. For exaripte,add Mg

bearing smectite clays might influence rate resumption behavimse phases are all capable of

consuming Al and Si from solution, so in theory, could lead to resumption.

Determining the longerm durability of nuclear waste glass in a cementitious environment is
complex. In scenarios where vitrified wastes come iniaszi with a highly alkaline plume from

the cement used in construction or the engineered barrier materials, the glass will be exposed to
a high pH mixed alkali / alkalirearth solution, which evolves as a function of time. The majority

of research condtred to understand glasement interactions has focused on simplified solutions

that represent early age Portland cement pore water, focusing on glass dissolution in K, Na and
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Ca hydroxide solution. Our understanding of dissolution under these condgioaktively
general; it is widely thought that at pH values of 11.5 and above, the dissqtdigipitation

model for glass dissolution adequately describes the behaviour observed. However, limited
investigations using high spatial resolution technidwesshindered the proof of this hypothesis.

This thesis sets out to enhance our understanding of how glass behaves during dissolution in high
pH, alkali and alkalineearth conditions, how the dissolution kinetics are influenced by these
solutions, and teelucidate which mechanisms control this behaviour. Furthermore, since the
chemistry of cements will constantly evolve within a GDF, the role of the evolving, complex
cementitious pore waters on the long term durability of nuclear waste glass within a GieF i

UK will be explored.
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Chapter 3. Experimental Methods

3.1 Materials

3.1.1. Vitrification

MW -25% is a sodium lithium aluminoborosilicate glass, loaded with 25 wt % HLW calcine from
the reprocessing of UK nuclear waste. The calcine typically consists of HLW from the
reprocessing of Magnox fuel {metal) blended with HLW from the reprocessing of oXiagkel

(UOy) from ThORP, at a ratio of 75:25 o:m. Significantly, the Magnox portion of the HLW calcine
is rich in Mg from the MgAl alloy used to clad Magnox fuebds. For the purpose of thisaisis,

an inactive surrogate for MW25 was prepared using glass frit (H0023/1 Ca/Zn ¥ Li) and calcine
(WRW17, contains Ru & Li)) kindly provided by Dr Mike Harrison at the National Nuclear
Laboratory. The synthesimrameters are listed in Table &id theanalysed (by HF digest and
ICP-OES analysis) composition is detailedliamble 3.2and thepull-out reference in Appendix.

The Laboratory BoroSilicate glass (LBS)was developed at the University of Sheffield as a
demonstration of the feasibility to imditise ILW Magnox waste strearithe composition was
developed byJtton et al®® and used in a previous Radioactive Waste Managementurtded
study on the geological disposal behaviour of vitrified ILW by Utton &f.arhe alkali
borosilicate glasgontaineda 30 wt% loading ofx simulant ILW waste stream, comprising
20wt% Mg(OH), 30 wt% clinoptilolite, 30 wt% sulphonic ion exchange resin and 20 wt%
radionuclide surrogase(CsO, SrO, CeQ@ La0s) in addition to metallic corrosion products
(FeOs, AlxOs, Zr0Qy)®%%7,

The oxide precursors for LBS weneighed andnixed prior to the melt accoirty to Table3.1
The melting glass rose and bubbled significantly and the melt was fluid at@00Be analysed
composition is detailed in Table 3.2 and the jouit reference in Appendix [The oxide
precursors weteAl(OH); (>99.9 % Acros), EBOs; (>99.9 %Merck), BaCQ (99 % Alfa Aeser),
CaCQ (96 % Fluka), Ce®(99.5% Alfa Aesar), CsC£X99 % FluroChem), R©; (98 % Alfa
Aesar), kCO; (99 % Sigma), L&COs (99 % Testbourne), LiC£X99.5 % Analar), MgO (99.9 %
Acros), MoQ (99 % Sigma), N&CO; (98 % Alfa Aesar), SiQ(95 %) SrCQ (99.9 % Sigma
andZrO; (99 % Aldrich).
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Table 31 Melt conditions for vitrified glasses

Glass

MW-25%

LBS

Melt Temp,°C

Melt Duration, hrs
Cooling Rate°C mirr?
Anneal. Temp?C
Anneal. Duration, h
Furnace Type
Stirred

Crucible Material

1050
4
1
500
1
Electric
Yes
Alumina

1200
4
1
450
1
Electric
Yes
Alumina

Thelnternational Simple Glass (ISG)was produced by MoSci Corporation (Rolla, MO, USA)

as part of an international effort to understand the mechanisms and kinetics of the dissolution of

nuclear waste gla¥slt is a simplified, 6component oxide glass baseattbe inactive surrogate
for French HLW glass, R7T7 with the following composition (mol%): 60.2Sil®.0B0s;,
12.6NaO, 3.8AL0s, 5.7Ca0, 1.7Zrg. The composition is detailed in Table 3.2 and the-pull
out reference in Appendix Il. In thikesis, two batch numbers of ISG were used: L12012601
M12050803 (Chapters 6 and 7) and L120126012042403 (Chapter 5).

30



Table 32 Glass compositions wt% values taken from@ES analysis of original samples

MW25 LBS ISG

wt% mol% | wt% mol% | wt%  mol%
SiOz | 39.12 43.08| 47.92 52.14| 56.20 60.10
B2Os | 19.40 18.43| 9.62 9.03 | 17.30 15.97
N&eO | 6.84 7.31 | 1294 1365| 12.20 12.65
LiO | 320 7.08 | 390 8.54 - -
ZrO2 | 1.02 055 | 0.67 0.35 3.30 1.72
MoOs | 0.90 0.41 | 052 0.24 - -
Al20s | 813 528 | 6.85 4.39 6.10 3.84
FeOs | 2.38 0.99 | 10.25 4.20 - -
Nd203 | 1.38 0.27 - - - -
Cs0 | 0.88 0.21 | 0.69 0.16 - -
MgO | 357 586 | 3.71 6.02 - -
Ce&» | 101 0.20 | 0.36 0.07 - -
BaO | 0.27 0.12 | 0.11 0.05 - -
LaOs | 0.52 0.11 | 153 0.31 - -
Ru®: | 0.63 0.36 | 0.00 0.00 - -
PrOs | 0.24 0.05 - - - -
SrO 0.23 0.15 | 0.13 0.08 - -
NiO 0.40 0.36 | 0.05 0.05 - -
SmOs | 0.25 0.05 - - - -
Y203 | 0.14 0.04 - - - -
CaO | 452 533 | 045 0.52 5.00 5.73
K20 0.01 0.00 { 0.15 0.10 - -
CrOs | 041 0.18 | 0.01 0.01 - -
SGs 0.08 0.07 | 0.02 0.02 - -
TiO2 0.01 0.01 | 0.00 0.01 - -
CwO | 0.02 0.02 | 0.02 0.01 - -
ZnO | 420 342 | 001 o0.01 - -
Total | 99.74 99.89| 99.95 99.96 | 100.10 100.00




3.1.2. Synthetic Cement Waters

Four synthetic cement waters were prepared for use in experiments outlined in Chapters 4, 5 and
6. These solutions were developed by SCK.CEN to aid understanding of glass dissolution in the
supercontainer concept and were designed according to thermodymachélling of Portland
cement in equilibrium with Boom Clay groundwater. Full details of the modelling can be found

in SCK.CEN report ERL7 by Wang (20095, a brief description is given below.

Hydration products were selected based on literature values for Patlareht (Table 3.and

3.4) taken from Atkins and Glas8&rThe volume percentage of concrete aggregates and
hydration phases were determined through equilibrium calculations with a thermodynamic
database by Warhtat SCK.CEN. A water to cement ratio of 0.43 was used to calculate the water
content and porosityThe alkali concentration in the concrete pore water was established based
on literature values and the total alkali content of the cement. The Portland cement composition,
a CEM | type cement, used in the model by SCK.CEN is outlincbte 3. Pore water with
dissolved alkalis were assumed to be in chemical equilibrium with the selected mineral
assemblage of concrete to derive concrete pore e@tgvositions for three stages; young cement
water, evolved cement water, a@e5-H water.

Table 33 Hydration products selected to model synthetic Table 34 Chemical composition of Portland ceme

cement waters by Wari§ used in the model by SCK
Hydration Products Formula —OX'de wike
- CaO 63
portlandite Ca(OH} SiOp 20
afwillite Ca&Si204(OH)e Al2O3 5
C-SH 1.8 Ca.8SiOus.6H36 FeOs 3
ettringite CasAl2(SO1)3(OH)12:26H20 MgO 2
hydrogarnet CasAl2(OH)12 SGs 3
hydrotalcite Mg4Al 2(OH)14:3H20
hematite FeOs

Hydration products of the Portland cement were defined as; afwilliteSCa(OH)s or
C-SH_1.8(CasSiOs.6Hze), ettringite (CaAlz(SQy)3(OH)12.26H0), hematite (Fs),
hydrogarnet (Ca&l»(OH).2), hydrotalcite (MgAl2(OH)14.3H,0) and portlandite (Ca(Oh))
according to models outlined by Bertér Reardoff* and Nielsetf? Afwillite was used to
represent €S-H in hydrated cement since it is stable in the presence of portlandite at high Ca/Si
ratiog®. An incongruent dissolution rdel would be required to consider amorphouS-8

which may be more realistic in a real system.
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Liquid phases in a hardened Portland cement paste are located in the pores, and the chemistry of
pore water is conttted by the solubility of solid phaseg&diportlandite, calcium silicate hydrates

and hydrated aluminate. The theoretical evolution of pore water as a function of geological
disposal time is schematically describedrigure 31 (adapted from Coumest al'®®).

14 | KOH
| NaOH ECW & OCW
Ca(OH), -
13 | o _
dissolution CcSH
dissolution
12 incongruent)
E B H
o
11 |
B CSH
dissolution
10 |
(congruent)
YCW YCW+Ca
9 : ,
Time

Figure 31 Schematic of Portland cement paste pore solution pH during leaching in pure water adapted fror
Dit Coumes et al (2006)

The initial stage of cement hydration results in a high pH pore fluid due to the high solubility of

Na and K sulphate salts. Du high concentrations of free Na and K, equivalent hydroxyl ions

are produced to charge balance the system. This results in a high pH (pH >13) during the initial
stage of hydration, giving rise to AYoisng Ce
solution, Na and K are added in their hydroxide form. As the dissolved alkalis leach into
groundwater, the pH is reduced to 12.5 and becomes controlled by portlandite dissolution, giving
rise to AEvolved Cement Wat e rcémeltpo@Water volmet h a
replacements by groundwater, portlandite dissolves completely and the pH reduces to pH <12,
giving rise to nOITableB@&etedisthe tarfétconeposdion ofGh€ tément

waters used in this study.

These syntheticement leachate solutions were prepared in an anaerobic chamber to ensure a
COy-free environmen{O. and CQ are eliminated using a.Hand N gas mix) to prevent
carbonation (and thus a deviation from the desired solution pH). Degassed ultra high quality water
(UHQ, 18g M) was utilised to make solutions of 0.1 M KOH, 1 M KOH and 1 M NaOH. These
stock solutions were used in conjunction with chemicatedi inTable 35 to create 1 litre of

each synthetic cement water solution. Powders were weighed at the bench and transferred to the
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anaerobic chambeammediately and left for 1 day before being used to make solufidres.
reagents used werdtaOH, KOH, Ca(OH) (99 %, 85 % and 96 % respectively, supplied by
Merck), NaSQx (99 % Alfa Aesar) and CaG@9% Sigma).

Table 35 Chemicals used to prepare 1 L of each synthetic cement water
| NaOH (I) 1M [ KOH (1) 0.1M [ KOH (I) 1M | Ca(OH» (s) |

NaSQ: (s) | CaCQ (s)

Mass, g
YCWCa 136 - 370 0.0296 0.284 0.03
YCW 136 - 370 - 0.284 -
ECW 16 2 - 1.11 - -
OCW 3.45 - - 0.0577 0.0057 0.002

Glass volumetric flasks were used in the preparation of solutions; once prepared, the solutions
were transferred to polyethylene plastic bottles as quickly as possible and alloxegilitvate

within the anaerobic chamber for 3 months. During this time, the storage bottles where shaken on
a weekly basisTable 36 outlines the target composition of each of the synthetic cement waters
andTable 37 provides the composition of synthetic cement waters as determhin&eP-OES.

This information is also available in the palit sectionin Appendix Il for ease of reference

while reading the results Chapters.

Table 36 Target composition of synthetic cement waters
Element Concentration

Young Cement Waterl Young Cement Water| Evolved Cement Wate]j Old Cement Water *
pH(RT) 13.5 plus Ca pH(RT) 13.5 pH(RT) 12.5 pH(RT) 11.7/11.8
mg L*? mol L mg L*? mol L mg L*? mol L mg Lt mol L
Ca - - 28 7 x104 601.5 1.5 x10? 32.06 0.08/0.13
Na 3220 1.4 x10t 3220 1.4 x10t 368 1.6 x10? 347 151
K 14467 3.7 x10t 14467 3.7 x10* 7.8 2 x104 7.82 0.02
Al 1.62 6 x10° 1.62 6 x10° 0.13 5 x108 253 0.94/0.29
Si* 8.43 3 x10* 8.43 3 x10* 0.08 3 x108 22.46  0.08/0.63
Mg 2.4 x107 9x1012 2.4 x107 9 x1012 9.7 x10° 4 x10% 2.4 x10° 107
Fe 5.6 x10° 1x10° 5.6 x10° 1x10° 5.6 x10° 1x108 5.5 x10° 108
SO 192 2 x108 192 2 x108 0.67 7 x10° 4.80 5 x103
COs* 18 3 x10* 3.60 3 x10* 0.48 8 x108
C 3.6 3 x104 18 3 x104 0.1 8 x108 0.24 2 x10°

*controlled by afwillite and CSH_1.8 if two values are given

Table 37 Composition of synthetic cement waters as determined BYOIE®, errors calculated based on the
standard deviation of 6 blank samples.

Element Concentration, mg tas determined by IGPES
Young Cement Watel Young Cement Water + Cg Evol\\//?/gt(e::ement Old Cement Water
pH(RT) 13.50 + 0.43 pH(RT) 13.01 + 0.48 pH(RT) 12.30 + 0.50| pH(RT) 11.56+ 0.26

Ca - 1.81+1.11 290 + 37 3.66 £0.18

Na 2900+ 850 2900 £+ 500 212 £ 22 65+ 14

K 9000+ 3000 9000+ 600 - -

Al - - 0.60 £0.48 0.24£0.01

Si - - 4.35+2.63 -

Mg - - 0.15+£0.05 -

Fe - 3.26 £1.36 - -

S 63+12 67.19+6.17 4.34+1.10 5.28 £1.40
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3.1.3. Granitic Ground Water

One of the conceptual scenarios for the geological disposal of nuclear waste in the UK is disposal
within a hardrocke.g. granite) geology. This particular concept may utlilise a-pigltement
backfill for ILW, thus it is of interest to thishésis. For sequential dissolution experiments
performed in Chapter 6, where the final solution in the sequence is a groundwgtanitic
composition was therefore chosen. The composition of the synthetic granitic groundwater utilised
is based on thgroundwater samples taken between-500 m in Swedish bedrot®!%. The
composition igetailed inTable 38 and the AppendiX pull-out. The components were weighed

at the bench and dissolved in 1L of-glessed UHQ water Nwas bubbled intdhe water
overnight to degag and transferredbtthe anaerobic chamber to equilibrate for 1 month prior to
use. The container was shaken once a week, to ensure components had fully equildibéted.

39 outlines the measured composition of the ground water solution usddsistidy, as
determined by ICROES.The reagents used were; KCl, Mg@NaHCQ (supplied by Sigm&

98 %), NaSQu (99% Alfa Aesar), CaGI(99+ % Acros) and NaCp9% VWR)

Table 38 Granitic ground water composition, Table 39 Granitic ground water composition as
components listed in mg to make 1 L of solution. analysed by IGRES, mgL
Granitic Ground Water, 1 Granitic Ground Water
g Element| Concentration, mgL
KCl 745 pH(RT) 8.83 £ 0.34
NaSO: 14.20 Ca 24.12+0.08
Na 63.67 + 2.56
MgClz. 6HO |40.66 K 12.90 + 054
CaCkb 55.49 Al _
NaCl 35.06 Si 5.17 +0.94
NaHCGs 168.00 Mg 6.00 +0.19
Fe 1.14 £ 0.05
S 3.90 £ 0.05
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3.1.4. Nirex Reference Vault Backfill Cement

Specific requirements for a cementitious backfill within a UK geological disposal facility led to
the development of a highH cement material known as the NirReference Vault Backfill
(NRVB). The functionalities required included: a low strength to allow for possiHaeaavation,

high porosity and permeability to allow the escape of gases and to provide a high surface area for
sorption of radionuclides, and taghly alkaline buffered environment to suwpss dissolved
radionuclide$'®. In Chapter 7, the effects of NRWBachate on glass dissolution are

investigated.

NRVB is composed of Portland cement, limestone flour and hydliated seeTable 310) and

has avater:solid (/s) ratio of 0.55. CEM | 52.5R (Sellafield grade) Portland cement was utilised
in this study. For comparison with previétfand recently published wotkeagent gade CaC®@
(©99.0% sourced fronBigma-Aldrich) wasused instead of limestone flour, and reagent grade
Ca(OH), (095.0% sourced fronSigma-Aldrich) was usedn place of hydrated lime. A recent
study by Vasconcelos et alcompard the hydration of NRVB prepared using reagent grade
chemicals and industrial aterials (i.e., limestone flour and hydrated lime); tfamyndthat the
cement hydrate phases formed are the same no matter which source materials are used, only the
hydration occurs slightly more rapidly when using reagent grade materials (due to bifdes s
area of CaCexthan limestone flour)Table 311 liststhe composition of Portland cement used to
make the NRVB in this study.

Table 310 NRVB composition Table 311 Composition of Portland cement (raw
materials), as determined by XRF.

NRVB Mass, g

Portland Cement 78 Portland cement, %

Calcium Carbonate 85.8 NaO 0.31

Calcium Hydroxide 30 MgO 2.09

Water 106.5 A!zOs 455

water/solid ratio (w/s) 0.55 SiOz 19.99
P20Os 0.17
K20 3.23
CaO 0.67
TiO2 65.37
Mnz0s 0.09
V205 0.01
Cr203 0.01
FeOs 3.12
BaO 0.03
ZrOz 0.00
Zn0O 0.15
SrO 0.11

Dry components, according to Table 3.10, were mixed by hand prior to the addition of water, after

which time the wet cement pastes were mixed in excess of 20 mins. NRVB remains quite fluid
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and was easily packed into centrifuge tubes for curing. Cement pastes were cured at room
temperature for a minimum of 28 days; the cement utilised to make Néadhate for Chaptér,

was cured for 826 days, The XRD patterns andM$& analysis of NRVB cukfor 28 d and

826d are shown irFigure 32. With age the phase assemblajeghe NRVB samples change
slightly, more calciteis present in the 826 dayured sample as shown by the increaseak
intensity at 23.092d a n d °2& & addlion to thedisappearance of the peaksigned to
hemicarboaluminatat 11.6°2d. The TG data (depicted by the black line)Figure 32 follows

the same trends samples cured for 28 and 826 days the peaks betw2@d°03fan be attributed

to ettringite and monocarboaluminate, while the peaks observed bed@8&s00°C and

650-800°C correspond to portlandite and calcite respectivély

NRVB cured for 826 days
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Figure 3 Diffraction patterns (LHS) and & of NRVB cured for 28 or 826 days

3.1.5. Blast Funace Slag Portland Cement (BIFE)

Blast furnace slag (BFS) is produced as gpinduct in the manufacture of iron and steel. It is
mostly an amorphous materi@ntaining silicates and aluminosilicates of calcium. To hydrate
and exhibit cementitious properties, it requires activation, usually from alkali hydroxide, lime,
gypsum or Portland cement. BFS is blended with Portland cement (to lower the heat ofydratio
and enhance compressive strength) and used to grout intermediate level wastes in the UK. It is
also commonly used in the construction indu§#°. Table 312 outlines the ratio of starting
materials required to make B, Table 313 lists the composition of the raw materials used

CEM | 52.5 Nand BFSsourced from Hanson Cement Ltd, Ribblesdale works (i.e. Sellafield
specification; BS EN 197:2011)).
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Table 312BFSPC compositio(b.67:1) Table 313 Composition of Portland cement and BFS
(raw materials), as determined by XRF.

BFSPC Mass, g
Portland Cement 33.26 PC,% BFS, %
Blast Furnace Slag 188.96 NaO 0.31 0.39
Water 77.79 MgO 2.09 8.35
water/solid ratio (w/s) 0.35 Al203 4.55 12.15

SiOz 19.99 36

P20s 0.17 <0.05
K20 3.23 0.65
CaO 0.67 39.68
TiO2 65.37 0.84
Mn304 0.09 0.5

V20s 0.01 <0.05
Cr203 0.01 <0.05
FeOs 3.12 0.43
BaO 0.03 0.07
ZrOz 0.00 0.06
Zn0O 0.15 <0.05
SrO 0.11 0.09

Dry components were mixed by hand prior to the addition of water and wet ceastedvere
mixed in excess of 20 minut@sior to packing into centrifuge tubes for curing. Cement pastes
were cured at room temperature for a minimum of 28 days; the cement utilised in the glass
dissolution experiments in Chapter 7 was cured for 826. ddys XRD patterns are shown in
Figure 33, as the BFRC sample ages it becomes slightly more amorphous in nature, as
determined by a reduction pelaéight and a broadening of peakbe enhanced amorphosity can

be attributed to €&5-H/C-A-S-H formation. Thephases identifieth the BFS:PC sample cured for
826 daysinclude; calcite, ettringite, portlandite, monocarboaluminate, monosulfoaluminate,
hemicaboaluminate, hydrotalcite and-£H. The peak identified in the TGdata have been
attributed to ettringitdoetween 106200 °C, while the peaks observed between-800°C and
650-800°C correspond to portlandite and calcite respectivély

BFS-PC cured for 826 days
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Figure 33 XRD pattens (LHS) and T@&S (RHS) of BIPE cement cured 2fays and 826 days.
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3.1.6. Synthesis of NRVB and BFS:PC Equilibrated Cement Waters

Hardened cement pastes of NRVB and BFESwere cured at room temperature for more than 2
years (826 days) and were transferred into the anaerobic chamber for crushing agdSiteyi
grams of powder less than 136 was added to 2 litres of @gmssed UHQ water @\vas bubbled
into the water overnight to elgas). The PE bottles were shaken on a daily basis for 1 month to
allow the solutions to equilibrate. After 1 month, tbelutions were filtered to reduce the
likelihood of cement particles being present in the dissolution media and used B BQT
MCCL1 tests outlined in Chapter 7. The measured composition of the equilibrated cement waters
are listed inrable 314.

Table 314 Compositions of NRVB and BESequilibrated watemg L1, as determined by IGBESThe values

listed below are thaverage of all the blank samples throughout the 112 day experireemt;s calculated from

the standard deviation of triplicate blank sampl€srbonate content was calculated from-MS data Figure 3.2
and 3.3.

Element Concentration, mg £
NRVB BFSPC
pH(RT) 12.65+ 0.2 | pH(RT) 12.59 + 0.2
Ca 766 £ 59 487 + 28
Na 13+10 43+6
K 36+5 74 +7
Al 0.08 £ 02 1.96 £ 07
Si 1.79+1.4 0.34+14
*Mg 16+£9.* 0.30 £ 02
Fe 1.57£0.7 16714
S 107 135+15
*CaCOs 0.88 0.88

*Mg conc =0 day *42, day 56 onwards ~ 20 mgtL

*CaCOQ; conc= calculated based on the dissolution of calcite in the hard:

cement pastes using PHREEQC
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3.2. Methodology to Determine the Chemical Durability of

Simulant Nuclear Waste Glass

A measure of the chemical durability of waste glasses can be obtained by measuring the chemical
concentration of elements released from the glass into solution under carefully controlled

conditions.

Figure 34 demonstrateshe methodology applied in thiddsis: glass was contacted with a
leachateand placed in an inert (G@ree) atmosphere at 3CQ for a given time period; solutions
were analysethy Inductively Coupled Plasr@ptical Emission Spectroscopy (ISPES) and;

the glass was characterised by Scanning Eled#aroscopy (SEM) coupled with Energy
Dispersive Spectroscopy (EDS), Tranmission Electron Microscopy (TEM), coupled with EDS
and Setctive Area Electron Diffraction (SAED) andrdy Diffraction (XRD). Three dissolution
methodologies were utilised, as described below.

ICP -OES

o e e ., ®oe
Nater Water Wav " . . ( FEl SEM

-
Cement Inert Atm ‘ ™
water :I
50°C
Epoxy
mounts

Figure 34 Flow chart of experimental processes for chemical durability tests

3.2.1. ProductConsistency Test B (P€H)

Static tests were conducted in 15 ml Teflon vessels, glass powder was prepared according to the
ASTM standard C128%4 1° (The Product Consistency Test, P8Y. Glass fragments were
crushed using a percussion motor or Tema mill and sieved to obtain the size fractieanbetw
75-150>m. The powder was subsequently washed using Type 2 water in an ultrasonic bath until
the waste water was clear (minimum of 3 washes) followed by 3 washes with isopropanol alcohol

to ensure the removal of fines. The glass powder was driedawveginovernight prior to use.
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Leachates used included synthetic cement waters outlined in S&clidh cement waters

prepared from NRVB and BFSIHn Sectior8.1.6and ground water, as outlined in Section 3.1.6.

The initial surface area to volume ratio of 1206and a temperature of 3G (as recommended

by the UK geological disposal implementer, Radioactive Waste Manageme®0Ll’d is the
long-term target temperature within a cementitious backfill (IEW)was used for all PGB
experimens. Test vessels were cleaned according to-anuse modified version of the cleaning
procedure in ASTM C1285. Glass was weighed into vessels and solution added within the
anaerobic chamber to prevent carbonation of the leachate solutions. All test wassesealed

and transferred to a stainless stedb e an t i nd t h apurged continueushsweth | e d
nitrogen gas, remained G@ee for the duration of the experiment. The baanvas housed

within an oven at 50 + 2 °C.

At specific time pointstriplicate samples and duplicate blanks were removed from the oven and
transferred to the anaerobic chamber. The mass of the vessel was recorded and the pH measured.
Aliquots were taken for elemental analysis by {OBS. The normalised mass loss of element

in solution was calculated according to Equation 3.1:

"YO Egn. 3.1

whereNL is the normalised mass loss for elemieintgnm?; C; is the average concentrationiof
in solution in the triplicate tests, in g3nCi, the average concentrationidh the blank tests in
g m3; fi is the mass fraction ofin the glassSAis the surface area of the glass powder fy amd

V is the volume of leachate in®m

In sequential dissolution tests performed in Chapter 6lethehate solutions were replaced to
simulate the evolution of cement solution composition as a function of time. Glass powders and
monoliths were exposed to the ECW solution for 1 month, at which time 3 vessels were sacrificed,
aliquots of solution fromhese sacrificed vessels were removed for analysis (pHOES®) and

the powder samples were analysed by XRD and SEM/EDS. For vessels that were not sacrificed,
the ECW solution was removed and replaced by OCW solution before being returned to the oven
for 1 month. At this time, the same process was followed (some vessels were sacrificed for
analyss) and norsacrificed vessels were emptied and filled with a replacement solution of
granitic groundwater. Dissolution continued for a further month before aHingmg samples

were analysed.
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3.2.2. Monolithic (MCG1)

Low SA/V ratio (10m') experiments were conducted in parallel with PETests to study the
reaction of monolithic waste forms and allow investigation of the alteration layers formed under
static conditims'*2 Monolith tests performed in thisesis used the ASTM C1288 standard,

known as the MCQ test. Smples of known volume and geometric surface area of 400 mm
were immersed in a leachate for the duration of the experiment. Glass monoliths were prepared
using a slow saw with a diamond blade to achieve the desired sample size and were ground and
polishedusing 600, 800, 1200 grit paper followed by 6, @nldiamond suspension to ensure a
uniform surface finish. The leachates used in the MGRperiments were identical to those used

in the corresponding PGB experiments; the samples were treated and sedliy the same way

post dissolution.
3.2.3. pH Measurements

The pH of the solutions were measured at room temperature {€)2Bside the anaerobic
chamber to prevent the solution from carbonating. The pH probe was calibrated at pH 4, 7 and 10
prior to use andinsed with UHQ water between samples. It should be noted that the pH
measurements were not corrected for the high ionic strength of the leachates, therefore the values

stated throughout this thesis are indicative and not ab%blute

It is well known that temperature impacts the pH of a solution; as the temperature rises, the pH
decreases due to the dissociation of water. It is possible to calculate the pH for solution above
room temperature usirige Nernst equation (Egn. 3.Zable 315liststhe measured pH(RT) and
calculated pH at temperature (30/507@) of all the solutions used in thésudy.

0N H0O® | ddG VW G E a 00N £ & i dUHOG £ b Eqgn 3.2

N 0odvRan fovry G061 6n &m0 ioh @kt 8 YO aa 0 da
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Table 315pH values measured at room temperature (pH(RT)) and the calculated value for the leachate ir
test vessel at temperatures greater than room temperature.

Relevant Chapte|Solution pH(RT) pH @ 56C pH @ 30C pH @ 70C
Chapter 4 and 6 |[YCWCa 13.50 12.07

Chapter 4 and 6 |[YCW 13.01 11.58

Chapter 4 and 6 |[ECW 12.30 10.87

Chapter 4 and 6 |OCW 11.56 10.13

Chapter 5 YCWCa 13.50 - 11.97 12.15
Chapter 6 Granitic Ground 8.83 7.40

Water
Chapter 7 NRVB 12.65 11.22
Chapter 7 BFSPC 12.59 11.16
3.2.4. Glass Density Masurements

The density of the glasses was determined usétigmpycnometryAccuPycll Theinert gasis

used as the displacement medium, a knomassof glass powdef<l g) was sealed in the
instrument compartmenThe sample solid phase volume is computated based on pressure
changes observed when the sample chamber is filled and discharged. The displacement density is
calculated by dividing thgolume into the sample weighthe measured density of tiiW 25,

LBS and ISG wa&.76+ 0.14 g cn?, 2.67+ 0.14 g cn¥ and 2.53t 0.13 g cr¥ respectively.

The glass density is essential to calculatingatm®unt of glass required to work at a specific
surface area to volume ratio, it is generally assumed that glass particles are spherical. Given the
particle size isdistributedbetween 75 150 um themedian is useth addition to the mass of

glass to determine tteemount of glass required.

3.2.5. Dissoluticn Methodologysed inChapter 5

Chapter 5 details the results of static dissolution tests that were performed at SCK.CEN.
Experiments were conducted at 3D and 70°C in YCWCa solution with a composition as
reported by Ferrand et°4lshown in Table 36. The YCWCa solution was prepared in an inert
atmosphere glove box to prevent carbonation, at room temperature, and had a pH measured at
23+ 1°C (pH(RT)) of 13.5: 0.2. Experiments were conducted using 9 g of glass powder and
two monoliths, in contact with 50 mL of solution that had been equilibrated at eitl?&r @0

70°C:; the surface area to volume ratio was 8280 m
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Table 317 Target composition of synthetic young cement water with added calcium (YCWCa), inimarfigrL
Ferrand et ab*

Element concentration, mmotiL
Ca Na K Al Si S C
YCWCa 0.70 141.00 367.00 0.06 0.05 2.00 0.30

Experiments were performed in duplicate using a bespoke reactor (shévguiea 35), where

the monoliths were located on a Teflon holder above glass powder settled on the bottom of the
vessel; the powder and monoliths were not in contact. Blank tests without glass were also
performed. Solutions were manually stirred a few hours before removal of 1 mL aliquots at
regular time points. The aliquots were acidified prior to analysis (#iid@d diluted with 2 mL
ultra-high quality water and the chemical composition determinedByAES or MS (X series

Il Thermo Fisher). The monoliths were removed from solution after 200 days and 721 days.

PP container —e

ISG monolith ————

Teflon holder ———

ISG powder —s |

Figure 35 Bespoke sample holder used in experiments with ISG glass monoliths mounted on a Teflon holc
powder was placed at the bottom of the test vessel, which was made from polypropylene.

The normalised mass loss Nij n1?) was calculated according Emn. 3.3:

85 2000 4 20 Eqn. 3.3
VY Toove L, YO
084

where Cis the concentration of element i in the aliquot of solution (Mg \ is the total volume

of solution (nd), F is the factor to convert the atomic weight of element i to the atomic weight of
the oxide containing element ijg$ the weight % of the oxide containing element i in the pristine
glass, SA is the total surface area of the exposed gl&ssufoh mis the mass of element i (g).

The NL values were further corrected by taking into account the volume decrease due to periodic
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sampling of solution aliquots and evaporation and the amount of glass components (e.g., B, Si,
etc.) that were discarded with the goeis sampling, by adding the cumulative amounts of B, Si,

etc. in the discarded sample to the amount still present in the leachate at a given time point.

3.2.6. Calculating Alteration Layer Thickness using Mass Loss Data

Equivalent Boron Calculation

Equivalent boron thickness calculations are used in addition to measurements made on
micrographs to determine the thickness of the alteration layer based on the amount of boron
leached from the glass, using Equation 3.4.

66 & DQE 0 € BE'QERE ¢ 0 0 D ¢ Eqn. 3.4
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Alteration Layer Thickness Calculated using the Initial Rate

The thickness othe alteration layer can be calculated using the initial rate, as shown in
Equation3.5. It is assumed that the gel layer has the same density as the glass (which may not be

the case since the density of the gel is dependent on the water content).

o o @G O g | OF QR0 ¢ § GO 006 L. Eqn 35
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3.3. Analytical Methods

3.3.1. X-Ray Diffraction

X-ray diffraction (XRD) is a nowlestructiveanalytical technique that utilisesrdys to determine

the arrangement of atoms in a materials crystal structurayXare generated by bombarding a
focused electron beam at a metal target (e.g. Cu). Two forms of scattering occur (see Gjigure 3.
coherent scatter, an elastic event whereby the wavelength of the incoming photon does not change
upon collision with inner shell electrons and incoherent scattering which increases the wavelength
of the incoming photon, as a restifte energy of the photon decreases; Compton scatter occurs
when an electron is excited into a higher energy level or forced out of its orbital, the inceming x
ray photon loses energy though this interaction therefore is overlooked in X&Ridegtdence

occus when an incoming photon ejects an inner orbital electron from the atom and the vacancy
is filled by an electron that was residing in a higher energy orbital this results in excess energy
that is released as afray photon with an energy difference obrbitals, the energy is dependent

on the atomic number and is characteristic of the atom itsetyXluorescence (XRF) relays

upon this interaction aiding identification of elements in a matéi

©) o

Characteristic
X-rays

l \ Knocked out electron

Decelerated electron

0

Figure 37 Generation characteristicrays

The incident xrays of known wavelengthe interact with the atoms of a crystal structure, the
interplanar spacing (d spacing) is used ébiaracterisation (seEigure 37). The angle of
incident(d) is measured when constructive inference occurs generating diffractsd xhat

leave the sample at an anglaialgto the incident beam.
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Incident x-rays Diffracted x-rays

Figure 375 SNA @ A2y 2&F2dsifil 33Qa [ 62

Br ag g 6 s ™allgws ¢the d spating value to be calculated; a diffraction pattern is generated
through the accumulation of diffractedays (reflections) from all the planes in the crystal. Peaks
indicate reflections and are characterised by their position, interagitiegrofile. The peaks and
backgrounds are the source of information and allow compositional identification of unknown

samples.
Experimental XRD Parameters used in this Thesis:

Chapters 4 to 8: Xay diffraction was performed on hardened cement pastelesucyred for a
minimum of 28 days. Samples were crushed and subsequently ground using an pestle and mortar

and passed through a 63 um brass sieve prior to powder XRD analysis.

Unaltered glass fragments were crushed to powder and passed through a éveunitsse
powders were ultrasonically cleaned in isopropanol to remove fines. Altered glass (i.e. removed
from dissolution test vessels) was dried in air and ground prior to XRD. In both cases, material
was front loaded into a zero background sample haldd the sample surface made flush with

the container by pressing with a glass slide.

All diffraction patterns were analysed using the PDF4+ database from the International Centre
for Diffraction Data (ICDD)!®

X-ray diffraction data were acquired in theta two theta retleamode on a Bruker D2 Phaser
X-ray Diffractometer, withCu Ka radiation, using a Ni filter and Lyxixye Position Sensitive
Detector. Diffraction data were acquired with an incident beam divergence slit of 0.6 mm and a
knife edge (1 mm) to eliminate stray scatter; these are normal settings for this diffractomet
system. The data acquisition parameters were: Sfarts®?, End 2= 70°, Step Size = 0.02
effective total scan time = 3 hours (for glass and cement samples), Sample rotation = 60 Hz.
LynxEye Detector settings were: Lower discriminator = 0.Uper discriminator = 0.250. The

X-ray tube settings were 30 kV and 10 mA.
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Xray diffraction data acquired for Chapter 5 was
(SCK.CEN) with the following settings: two theta rangé ® A , step sizsep0. 02A 2d,
Cu KU radiation and Xo06Celerator detector. Monoli't
xray diffractometer (University of Sheffield) in t
a Ni filter and a LynxEye position sensitive detector, @scdbed above. The resulting patterns

were evaluated with the aid of X6Pert High Score
3.3.2. Scanning Electron Microscopy and Energy Dispersive Spectroscopy

A focused beam of electrons can be scanned/rastered acrossfdme of a sample to gain
characteristic information. The electrons are generated in the tip of the electron gun, and a
potential difference is generated between the tip and the first anode. This pulls the electron from
the tip and the potential diffemee between thetthnd 29anodes accelerates the electrons through

the gun column. Apertures and lenses focus the beam of electrons to ensure convergence of the
beam on the sample, and by changing the current that passes through the deflector esds, the

is able to raster the beam across the saiiple A schematic of a field emission SEM is shown

in Figure 38.

Electron gun * [

- Beam monitor aperture

[ A\ _I *— 1%t condenserlens

Gun valve —— .

I~ Objective moveable aperture
2nd condenser lens

— Deflection coil

Specimen goniometer
stage e

— Objective lens

I— Specimen

$— Specimen chamber

Figure 38 Schematic of S4800 Field Emission SEM used at ORNL

The beam sample interactions are detected to gaéy scale images. There are 3 main
interactions [igure 39): (1) secondary electrons are generated through inelastic scattering of
electrons in thesample, these low energy electrons provide topographical information; (2) back
scattered electrons are high energy electrons (elastic events) whewmlibabforce of the

nuclei drives the incident electron back in the direction of travel. The sihe atdm determines
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thecoulomborce, therefore heavier elements will appear brighter on a grey scale image; and (3)
X-rays are emitted when a vacancy is generated in an electron orbital and a higher energy electron
drops down an energy level to fill thecaancy. This releases the excess energy in the form of X

ray radiation. As an electron drops to lower orbital the energy released is unique for each element
therefore elemental composition can be acqtifedhis is known as Energy Dispersive
Spectroscopy (EDS).

X-rays

Secondary Electrons Backscattered Electrons X-Rays & Auger Electrons

Figure 3 Electron beam/ sample interactions

Experimental SEM Parameters used in this Thesis:

In Chapters 4 to 8 theamplepreparationwas executed using the following procedug@oxy

resin was used to encapsulate samples for SEM and TEM. Dried glass powders were mixed with
epoxy to form a slurry that was poured into small circular sample holders ~0.5mm in diameter.
The mouldwas topped up with epoxy to ensure the sample was tall enough for the polishing steps.
Monolith samples were placed into the resin mould in cross section and filled with epoxy. Once
removed from the mould, samples were ground using 600 grit to brealghhtio&i epoxy to

expose the glass and then 800 and 1200 grit were used, isopropanol alcohol was used as the
lubricant. Samples were polished to an finish, in three stages, to 6, 3>t using diamond
suspension or paste. They were subsequently carbon coated and had the addition of silver dag or

copper strips to reduce charging.

Three different SEM instruments were utilised: (1) A Hitachi TM3030 Plus was used for imaging
(BSE and SE) ahobtaining elemental composition (EDS) of glass and cement samples. Images
were acquired at 5kV using the charge reduction observation mode; (2) A Hitachi 4800
FE-SEM was used for analysis of glass samples after dissolution. For the majority of iheages
accelerating voltage was 5 kV and the current 7uA, with a spot size of 2 (unknown beam diameter)
on the condenser lenses and a working distance of 7mm (unless collecting EDS during which the

working distance was increased to 14mm); and (3) an Insp&cFESEM was also used for
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analysis of glass samples after dissolution, in addition to selected cement samples. The
accelerating voltage was 15kV, the spot size was 3 (unknown beam diameter) and the working

distance did not require adjustment for EDS mearments.

Micrographs were pogirocessed, to obtain quantitative data. The thickness of alteration layers
on top of the pristine glass were measured using Image J as follows: monoliths were imaged
lengthwise along the cross section on both sides of telitits. At least 15 images were taken

along each long edge of the sample, and the alteration layer was measured 40 times in each of
those images. Forty line measurements were selected based on the results from basic statistical
analysis as outline iRigure 310 which shows the number of line measurements and the average
measured thickness. It can be seen that the error was not minimised with mor0 than
measurements. For Glass powders mounted in epoxy, 7 grains were randomly selected from the
sample for analysis, based Bigure 311, whichindicated no significant reduction in the error

associated with measuring more than 7 grains.

Monolith 1SG_YCWCa_SCK sample

6.10

E

.- 6.00 4 572

[

 5.90 - 563 561

=4 : : 5.61 559 559

T 5.90 -

g

<570

°

0 560 -

w

[}

$ 550 |

°

i 5.40 1

2

£ 530 . ‘ ‘ ‘ . .
0 20 40 60 80 100 120

Number of measurements around a sample
Figure 310 Statistical analysis to determine the number of line measurements in each micrograph

LBS YCWCa 7 days LBS YCWCa 84 days

w
[+
=]

Number of Grains

Number of Grains

Figure 311 Statistical analysis to determine the number of gsdirat should be measured to ensure a
representative sample spread

£ 25.00
E . 2.49 E
5 3.00 -
> £.20.00 | 13.25
— 250 | 5
© 1.75 p
E QL
2200 [ 188 157 47 J £ 15.00 |
2 T 1.48 2 835
< T < 6.13 *
Bis0{ | 2 [t l ! 5 805 638 T
@ { 1 1 g 10007 )i 559 712 ] .
£ 1.00 L £ I ;1 7 & I ﬁ?z
Eoso 2 500 ? 1 ¢
1 [=
2 2
< 0.00 ‘ - - ‘ ‘ : < 000 : : : : . :
0 10 20 30 40 50 0 70 0 10 20 30 40 50 60 70

In Chapter 5 the following procedure was uskd;dltered glass was characterised as follows: the

glass alteration layers were exasd using a Field emission Scanning electron microscope
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(SEM) (powders were analysed on a JEOL JSM 6610 and monoliths on a His&00)SEnergy
Dispersive Xray spectroscopy (EDX) was utilised to determine the chemical composition of
altered layers anthe total layer thickness was determined by line measurements around glass
grains and in the cross sectional images of the monolith (~440 measurements per sample, as

above).

3.3.3. Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM), aelectron beam passes through an
electromagnetic condenser system, the sample, then the objective system and onto a phosphor
screen or CCD camera (projector system). The condenser system is a series of lenses, stigmator
coils and beam deflector lenses; thieention is to place the beam on the sample by controlling

the probe size, convergence angle and the intensity. The objective lenses can be considered as the
imaging system; the relationship between the sample and object plane is required for the optimum

position of the sample to be determined (where it does not translate when you tilt).

Sample preparation was completed by Donovan Leonard at ORNL, on the SEM samples polished
to lum. SEM samples were coated in ~ @@ of carbon, prior using the HBEM Hitachi
NB5000, the dual beam HBEM combines a high resolution FfEM with a 4V FIB column

to prepare a lifbut sample (see below).
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Figure 312 Schematic of a transmission electron microscope

The underlying physicof TEM is related to electron scattering. Examples of possible scattering
interactions are detailed Figure 313. Diffraction analysis requires elastic scattering, imaging
analysis utilises both elastic and inelastic scattering, and analysis by spectroscopy requires
inelastic scattering.
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Figure 313 Multiple electron scattering processes associatgtth electron interactions

Elastic and inelastic events are the same as those outlined for the $iMrin 3.9 It is worth
noting that the high voltage, high current electron beam can do significant damage to the samples,

particularly regions ofiydrated altered glass.

Diffraction patterns, known as Selective Area Electron Diffraction (SAED), are generated in the
back focal plane of the objective lens. When coupled with TEM, diffraction can determine the
orientation of single crystals, provide nsegements of the average spacing between layers of
atoms and find the crystal structure of an unknown material. All of these methods are most
successful when crystalline materials are investigated; glass samples are more likely to generate

diffuse rings imlicating their amorphous nature.
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The region of the FIB lift out was selected based on the presence of an alteration layer, confirmed
previously by SEM/EDS analysis. The region was milled using a Hitachi NB5000 dual focused
ion beam scanning electron microscope (SIBM) at ORNL. Firstlya tungsten strip was laid

on top of theregion Figure 314a) and the ion beam rastered across the regions around the
tungsten stripKigure 314b), leaving the area to be lifted out. The sample was subsequently tilted
to 58 o and horizontally milledrigure 314c demonstrates how the FIB sectiwas fused to the
tungsten needle tip to allow it to be moved to the TEM grid, where it was secured with a further
application of tungsterFgure 314d). Figure 314e andf demonstrate that the FIB section was
methodically thinned.

FIB lift out samples were examined using a cold field emissiorchliitd~3300 highresolution

transmission electron microscope TEM/STEM/SEM with an accelerating voltage of 300 keV at

Oak Ridge National Laboratory, which has the capability to generate simultaneous secondary

electron and STEM images. EDX was performed gisirBruker XFlash silicon drift detector

(SDD) attached to the HF3300 TEM/STEM/SEM for elemental mapping of the thin FIB section.

This was utilised to determine the composition and structure of the altered layers. The SAED

patterns require post processlanasi s using | mage J and a ARadi al Pr
profiles can be plotted by measuring the distance from the centre pixel to each ring in the

diffraction pattern. The values are converted from pixel to nm and the intensity normalised prior

to applying a fifth order polynomial.

3.3.4. Porediameterdetermination, TEM image processing

Image 3was used to measure the average giam@eteusing TEM images obtained as desatibe

above. The TEM images were processed with a fast Fourier transform (R¥épabka filter to

exclude features larger than 100 pixels and smaller than 3 pixels; the aim of this step was to
achieve an even brightness across the image and to reduce noise to ensure better results when
thresholding. Black and white inversion highligthtgores in white for size analysis against the
image scale. The images kigure 315 andFigure 316 depict the image processing steps used

to collate the pore size diameter of the gel listed Chapter 4.

2lmage J is an open source image processing program, utalised for the analysis of scientific images
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Figure 315Image processing steps to acquire average p@meter measurements of MB\glasses from TEV
image; the scale bar is first removed from the image, a FFT bandpass applied, threshold applied and
step is particle size analyser.
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Figure 316 Image processing steps to acquire average pore diameter measurements of LBS glasses fi

image; the scale bar is first removed from the image, a FFT bandpass applied, threshold applied and
step is particle size analyser.
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3.3.5. Thermal AnalysisThermoeGravimeter Analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical technique applied to measure the mass loss of
a sample as a function of temperature. A small quantity, ~40 mg, of the finely ground sample is
placed inside the instrumennder a controlled atmosphere (usually),Nhe temperature is
gradually ramped up and thermal events associated with mass loss are rdooreeample,

dehydration which is observed over a distinct temperature range.

For TGMS analysis, a PerkinElmeryfs 1 thermogravimetric analyser was uskd cured
cement samples of NRVB and BAEC (Figure 3.2 and 37). The temperature ranged from 20D

to 1000 °C with a heating rate of 10 °C/minute under nitrogen atmosphere. A Hidbish
mass spectrometer (HPRGIC EGA) was used to record the mass spectrometric signalsdor H
and CQ.

The amount of carbonate in the cured samples was determiredciating the difference in
the cerivative TG %for the calcite peak and using that to determine the wt % of gpfe@ent
in the sample. The amount of carbonate is determine by the precipitation of €atcite system

using geochemical modelling.

3.3.6. Inductively Coupled Plasma Spectroscopy

Inductively coupled plasma spectroscopy (ICP) is an elemental analysis technique that allows for
identification and quantification of elements present iqaidi sample by measuring the emission
spectra. Figure 37 is a schematic diagrm of the process described belowisaare excited by

plasma that is generated when argon gas is ionized due to high frequency electricity creating an
electromagnetic field at the end of the torch where argon gas was expelled. The liquid sample is
vaporised by a nebuliser before it is passed through the plasma torch and becomes atomized and
ionised. Atoms are excited through two main processes: by imedaatiering of an electron from

an atom 1), according to Equation 3.6; and by the radiate@ombination of an ion*) with

an electron, which leads to the emission of photbws &ccording to Equation 37,

Q000" Q Eqgn. 3.6
0 Qo0 * D Egn. 3.7

Optical and radial windows allow for a broad spectrum of wavelengths to be collated for each
element. The signal passes through the optics to the spectrometer, where it is passes through

chargecoupled devices (CCDs) and the identification of elementisesilthe characteristic
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emission peaks for each element. The intensity of the emission peaks is related to the quantity of
elementpresent t i s at the userod6s discretion to select a

solution data.

Waste Effluent

Plasma Torch .
Axial . Transfer Spectrometer

Radial , Opt|cs

Au (5mg/L) (aq) Processing

Figure 317 Schematic diagram of IGPES processés

Argon Gas—»

Nebuliser
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Experimental ICPOES Parameters used in this Thesis:
Chapters 4 to 8:

An ICP-OES must be calibrated to obtain reliable results. Miétment calibration standards
were prepared using high quality Fluka elemental standards of krowmacentration
(10,000mg L) diluted in a nitric acid solution where appropriate (note high concentrations of Si

will precipitate out in nitric acid, so an alternative acid is required).

Two sets of standards were made: (1) the first contained Al, BC&aK, Li, Mg, Na, Zn, S,
diluted with 1% ultrgpure nitric acid at a concentration of 250, 100, 10, and 1-tn@he second

set of standards contained Fe, Si, Zr and Ru, which were diluted using UHQ water. The final
concentrations were 25, 10, and 1 imbfor Fe, Zr and Ru, and 250, 100, and 10 migdr Si.

The analytical samples were acidified using ultrapure El@or to analysis to prevent

precipitation in the ICFOES tubing and to stabilise the elements in solution.

For solutions of such higlenic strength, two further steps were required in the GES setup

to improve the reliability of the measurements: firstly, a ceramic torch must be used to extend the
lifetime of the equipment (a standard silica glass torch would corrode quickly witante
waters); secondly an internal standard of 5 Mg\l solution was analysed concurrently with all
samples and standards. Internal standards improve the accuracy and precision of the results
obtained, the 5 mgLAu standard is introduced into the odiber with samples and blanks, the

Au emission intensities are measured and ratioed to the initial internal standard reading. The
values obtained for the samples can then be corrected by this ratio, therefore compensating for

introduction efficiencies ansample matrix effects’
3.3.7. Geochemical Modelling

In Chapters 6 and 7, geochemical modelling was performed using the geochemical modelling
software, PHREEQC version 3jlising the Hatches database. Thermodynamic data for brucite
(Mg(OH),) was manually added to the databédsta was obtained from thé NL database)

The concentration of elements measured by@ES was input into the PHREEQC software to
calculate the garation indices of phases present in the database. The information obtained
through geochemical modelling was complementary to SEM, EDS and XRD to identify alteration

products.

In Chapter 5 the geochemical modelling was performed by Sanheng Liu at SCKTGBH
different models were applied to simulate the experimental dissolution results: (1) an-affinity

based model where congruent dissolution is driven by the undersaturation of the solution with
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respect to silica; and (2) a diffusion model that describesi f fthwosighalterationlayer
di ssolutiono, i.e. when the alteration products (

limit solute transport, decreasing the dissolution rate.

The affinity model is given in Eqn 3.8, where dm/dt is the witthe glass dissolution in ¢'d
Ao (m?) is the initial glass surface area, m (g) andg) are the current and initial mass of glass,
[Si] is the silica concentration in the solution in mmadldnd [Sis] is the saturation concentration

of silicawith respect to a silicaontaining phase in mmoliL

Qa e S, o YQ Eqn. 3.8
go 0 g ! MOPr g
The i d ithfofighadtaratiomlayerd i s sol ut i ono mo d e | i s gi ven i n

accompanied by Egn. 3.10, which describes @belution of elemental concentration under
diffusion-limited dissolution. In these equations(@mol L) is the concentration of an element

i, Ao (m?) is the initial surface area of the glass, V (L) is the solution volunfdimensionless)

istheweipt percent of el e m#éisthe densitymnfthe blass; @gtdd)ss, | ( mg
and M (mg mmot') are the diffusion coefficient and the atomic weight of an element, and t (d)

is the time.
o 5 & - © Egn. 3.9
Qo a “0
) b7 4 -, 00 Eqgn. 3.10
(0] - — W -
w &

In applying Egns. 3.9 and 3.10 to model glass dissolution it is necessary to assume that a
dissolution front progressed proportionately to the square root of time into the pristine glass and
that the region behind the d@ution front was completely dissolved into solution (assuming
congruent dissolution). It is further assumed that precipitation {ocomdensation in the case of
amorphous silica) of secondary phases back onto the glass surface compensated fot thfe retrea
the glass surface, leading to the formation of an alteration layer with a thickness that increased
with the square root of time. Thus the size of the glass sample did not change with time, only the
size of the inner unreacted core (the glass) desgase isovolumetric substitution). This is

similar to pseudomorphic replacement processes that commonly occur in geochemical
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reaction$**° additionally, it was assumed that when the solution becamesatamated with

respect to certain secondary species, they were precipitated out of solution.

Egns. 3.8 and 3.9 were implemented into the BHRC geochemical code as a kinetic reaction,
however, to ensure a good fit to the experimental data, it was necessary to impose specific
equilibrium controls on the reaction. Firstly, to ensure a good fit for Ca concentrations, the
solution was consideretd be in equilibrium with €S-H (in an ideal solid solution with end
member Ca/Si ratios of 0.8 and 1.6). Secondly, philligsjta K-containing zeolite, was assumed

to be in equilibrium with the solution; this ensured a good fit for the Al solutionattatdelped

to improve fits for K. To accurately model the Si data, it was also necessary to assume equilibrium

with a K-bearing alkaksilica gel.

The solution data were modelled according to Eqnsi 30, by implementation in Phreeqc
using the Thermchimie database at SCK.CEN.
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Chapter 4. Dissolution of Vitrified Simulant Nuclear Waste in

Synthetic Cement Waters

4.1. Introduction

To better understand the lotgrm behaviour of nuclear waste glass iceaentrich disposal
environment, synthetic cement waters have been utilised. As described in Chapter 2, many
previous studies have examined the effect of highly alkaline solutions on glass dissolution
mechanisms using simplified solutions of NaOH, KOH @agdOH). However, few studies have
investigated the role of cementitious leachates, which have a complex chemistry, containing
multiple elements other than Na, K or Ca. A hardened paste of Portland cement is a porous
medium thepore water chemistry is gdendent upon the solubility of the solid phases within the
cement matrixThe evolution of pore water during cement leaching is well known; the first stage
will be dominated by highly soluble alkali hydroxides (NaOH and KOH) creating a pH.8f >

In the £cond stage the pore solution chemistry will be controlled by the dissolution of Ga(OH)
and in the third stage-6-H gel, in particular, the Ca:Si ratio of that gel, will determine the pore
solution chemistry. The pH is expected to reduce to around P10 hese values are also
dependent on the type of groundwater in which the cement will leach; both UK and Belgian
disposal concepts, where cement pore waters will come into contact with diitsiéiste, are
considering disposal in a clay geologshich is the focus of this Chaptéfithin the UK a clay

geology is one of a possible three options for the host rock in a geological disposal facility.

The synthetic cement waters used as leachinganethis study have compositions that assume

that a bulk cement specimen, upon contact with a clay groundwater, would generate solutions
similar to those expected for Portland cement at three stages in time; young cement water, evolved
cement water and-G-H fluid (old cement watety. The Belgian nuclear research organisation,
SCK.CEN, developed a flothrough local equilibrium model, to define the near field porewater
compositions for the Belgian supercontainer concept in a boom clay rep@8tforit was
assumed that the pore water and the selected hydration products of cement (see Chapter 3) were
in chemical equilibrium. As a function of time, effective components of thereten were
gradually eluted by the incoming Boom Clay pore water, which resulted in the evolution of the
pore fluid composition. The resulting compositions, given previously in Chapter 3 (Table 3.4),
were applied in this study. While these are represeatgpecifically of the Belgian Boom clay,

the groundwater composition is also relevant to other clay geologies, including those in the UK,

as outlinedn Table 41.
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Table 41 Clay ground water compositions from the UK published by the British geological survey (BGS) ar
Belgium by SCK.CEN.

Clay ground water composition

BGS SCK
Species Concentration Units
Na" 1.87 15.6
K* 0.33 0.2
ca* 2.11 0.06
Mg?* 0.84 0.06
Si 0.35 0.1
HCOs 2.80 14.4 mmol Lt
CI 1.55 0.7
SQu 1.92 0.02
Al 3 x108 2 x10°
Fe 0.10 3 x108
pH 6.7 8.5
Eh 237 -274
Temp 124 16 °C

BGS'* Clay ground water chemistry from the
Palaeogene of the Thames Basin UK
SCK!?°Boom Clay pore water

This Chapter describes the dissolution mechanisms and kinetics of HLW and ILW UK simulant
nuclear waste glasses, Magnox wagéss (MW25) and laboratory borosilicate simulant (LBS),
respectively, in four cement leachates: Young Cement Water; Young Cement Water with added
Ca; Evolved Cement Water and; Old Cement Water. The reader is directed to Appendix Il for the
detailed solubn compositions. Data are shown for a three month leaching period, from
experiments utilising glass powder and monoliths attGO(RWM, per. Comm). Aqueous
geochemical analysis and concurrent surface investigation of altered layer formation are

described.
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4.2.

Results (MW25and LBS in synthetic cement water

systems)
4.2.1. pH
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Figure 41 pH(RT) measurements for blank solutions of synthetic cement waters, a268lIM\BS glass
powder exposed for 112 days, the dashed line highlights the target pH and is a feature to guide the

The pH(RT) of all solutions remained above @B throughout the experiment (Figure 4.1)
indicating that they were free frogarbonationby atmospheric C® In young cement water
solutions (YCW and YCWCa}he blank and sample pH values were similar indicating that the
cement wateractedas a buffer throughout the experiment. The average pH for the duration of
the experiment for YCWCa waiH(RT) 13.01+ 0.48 and for YCW was pH(RT) 13.500.43.

As expected, the pH of the evolved and old cement water solutions (ECW and OCW) was lower
than that of the young cement water solutions; the target pH for ECW and OCW was 12.5 and
<12, respectivelyand the average pH over the duration of the experiments was measured as
pH(RT) 12.30+ 0.50 and pH(RT) 11.56 0.26 for ECW and OCW, respectively. On day 70, a
drop in pH was observed in the YCW and OCW systems; this is likely an outlier since both the
blank and samples are anomalously low, and the data collected after this sampling point are in
accordance with the expected trend. The two different glasses exhibited similar pH values in each
of the solutions.
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4.2.2. Dissolution Rate Determination fddW25and LBS glass

The dissolution rates were determined using the normalised mass loss of B and Lis Bftemn
usedfor this purpose since itot retainedn any of the glass alteration produétsHowever,

studies by Depierretal ®* and Utton et af? indicate that B mape retainedy the formation of

a secondary Ghoratephase, such as colem@n{CaBsO11-5H,0) identified by Backhoug® at

the glass solution interfaé®.This suggests that in @mntaining, high pH solutions, it is
preferable to use an alternative tracer element; however, since Li is not present in all glasses
investigated in this thesis, the normalised mass loss of boron is also reportedsisteccy
throughout. The normalised initial dissolution rates ¢N&® m? d?) for both B and Li, were
determined using a linear fit, for all solutions and glasses studied here, are dntliredole 42

and Figures 4.2 to 4.5. It shoute notedthat the transition time for each condition into the
Afaffdonttryol |l edd nor mal iasgendd?dd., siee theidissoltmrate e gi m
slows due to the buitdp of soluble species in solution, from the glass) is different, thus the time
points between which the initial rate was calculated, is also stHtedfigures in Section 4.2.3

show that the normalised mass loss of B, Li,M8J, Al and Na are not equal under any of the
experimental conditions, indicating incongruent dissolution. The curves and trends observed for
the normalised mass loss of B and Li are similar, however Li was released more rapidly into
solution than Bsuppating the previous hypothedisat this element may be involved in alteration

layer formation.

Table 42 Rates (g Md?t) of MW25and LBS based on NBf B (top) and Li (middle), errors were calculate
based on the standard error of the gradient.

Initial Rates Boron), NRo, g nt2d?!

Glass YCWCa YCW ECW ocw
MW?25( (6.97 +1.1) x16 (5.11 £ 0.1) x16 (0.62 + 0.01) x1G
LBS (7.98 £ 0.7) x16¢ (4.52+ 0.3) x10? (1.84 +£0.1) x16¢
Initial Rates Lithium ), NRo, g nt2d*
Glass YCWCa YCW ECW ocw
MW25| (17.68 + 5.1) x1G (7.39 £ 0.1) x16 (0.94 +0.1) x16¢
LBS (27.8 £ 6.8) x1¢¢ (12.75+0.1) x16 (3.55 + 0.3) x1¢
YCWCa, 628 days YCW, 0-32days ECW, MW-@2 days & LBS 28 days
Affinity -controlled dissolution rateBpron), NRa, gnéd?

YCWCa YCW ECW ocw
Mw25 | (1.77 £0.03) x1G | (1.43 £ 0.03 )x1G (0.45 +£0.01) x16 | (0.38 £ 0.04) x1G
LBS (3.73+0.01) x1G | (1.88 +£0.02) x1? (0.51 £0.02) x16 |(0.35 +0.01) x1G
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Glasses leached in the YCWCa solutiéig(re 42) exhibited the greatest initial dissolution
rates (NR) based on Ng with values of(6.97+ 1.12) x 1& g m2d* for the MW25 glass, and
(7.98+0.69) x 1¢? g n2d* for LBS determined between 1 and 28 dble 4.2) Thisis somewhat
higher than the initial rates obtained by Utton étiala saturate€€a(OH} solution forMW25

and LBS; after the same time period, the reported dissolutates were found to be
(3.8+0.3)x 102gm2d?! and (3.5+ 4.8) x 1¢? g mi?d* for MW25 and LBS, respectively. The

initial rate values of Utton are more compagathiith those obtained here for YCW; normalised
initial ~ dissolution  rates were (5.#0.10)x 102gm?2d* for MW25 and

(4.52+ 0.3)x 102gm2d? for LBS, as shown inFigure 43. Once MW25 glass dissolution
proceeded into the affinity controlled rate regime, a three times reduction in the dissolution rate
compared to the initial rates for YCWCa and YCW was obseiM®8.experienced a two times
reduction in the dissolution rate upon entering the affinity controlled rate regime. Foi\uah

and LBS glass, the affinity controlled rate occurred sooner in YCWCa than YCW, 28 d compared
to 32 d.

MW YCWCa o T { O LBSYCWCa )
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Figure 42 Normalised mass loss of B froltiw25 (LHS) and LBS (RHS) in YCWCa, displaying ri
equations. Errors calculated from the standard error of the slopes.
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Figure 43 Normalised mass loss of B fravtw25(LHS) and LBS (RHS) in YCW, displaying rate equatic
Errors calculated from the standard error of the slopes.
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The average pH of the ECW solution was pH(RT) 128050. With a reduction in pH relative

to the young cement solutions, the normalisetiaindissolution rate would be expected to

decrease because silica is less soluble at pH values close to'ffeBtgrire 45 shows the initial

normalised disolution rate oMW25, calculated from a linear fit between 1 &%, to be lower

in ECW than that in the young cemeeathates, giving a value of (0.59.01)x 102g m2d™.

The linear fit for LBS in this solutiomvas appliedbetween days 3 and 28iving an NR of

(1.84+0.1) x 10? g nt2d™. Glass exposed to young cement waters and ECW proceeded to the

affinity controlled rate regime, reducing the rate of dissolution by at least half. The normalised

affinity controlled rate of dissolution in ¢hOCW §igure 44) was the lowest observed, this is

likely due to a reduction in pH and changes in the solution chemistry. The classic rate drop regime

(signifying the onset of affinitgontrolled dissolution) was not observed in this data set, however,

evidence from SEM ER shows the formation of precipitate phases on the surface of a gel

alteration layer indicating that solution saturation was achieved, despite the linearly increasing

dissolution trend. Possible explanations for this behaviour will be discussed furttzderin
sections. The affinity controlled rates were (0t3804)x 102gm2d! for MW25 and

(0.35+ 0.01)x 102g nm2d* for LBS, as calculated over the duration of the experiment.
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Figure 45 Normalised mass loss of B fradW25(LHS) and LBS (RHS) in ECW, displaying rate equatic
Errors calculated from the standard error of the slopes.
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4.2.3. Normalised Mass Loss fddW25and LBS glass

Figure 46 descibes the normalised mass loss of elements WtW25 and LBS glasses leached

in YCWCa. The normalised mass loss of B showed a continual increase, making it difficult to
identify the indivdual stages of glass corrosion. A plateau was not observed, but instead a steady
increase in dissolution rate occurred between 84 and 112 d, from+2®88 g m? to
4.81+0.11g nm? for MW25, and from 4.43t 0.08 g n?to 7.59+ 0.58 g n¥, for LBS these

trends indicate the possibility of a rate resumption. Uebal reported the Nk of MW25

glass in saturated Ca(OH) be ~0.5 gm, which is a factor of 10 lower than observed here in
YCWCa. Lithium followed a similar trend to B, however tdiW25, a plateau was observed

for NL; between 70 and 112 d, this was not seen for LBS.

Silicon was released readily froliW25 over the first21 d, at which point the rate decreased
somewhat but, overall, the Nlcontinued to increase until the end of the experiment. There was

a continual steady release of Si from the LBS glass throughout the course of the experiment,
and no rate drop periodas observed. After 84 d, grains of LBS exhibited a thicker alteration
layer thanMW?25 (see Section 4.2.5).

The NLa was greater foMW25 than for LBS; aluminium was observed to increase in solution
until 14 d for LBS and 21 d faviW25, after which time tb concentration decreased in both
solutions. EDX maps (Section 4.2.4. i.) indicated that the altered layer was rich in Al compared
to the pristine glass, suggesting this to be a sink for soluble Al. Thgwds very low for both

glass compositions, as sated by EDX mappingHigure 414), which revealed an enrichment

of Mg in the altered region compared to the pristine glass.
Since the YCWCaolution is mainly composed of NaOH, the WErom the glass was difficult

to calculate due to high background levels of Na in solution. Nonetheless, both glasses were

observed to release Na into solution continuously.
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Figure 47 showsthe normalised mass loss of elements f\MWW 25 and LBS glasses exposed to
young cement water (YCW) without the addition of Ca; the initial dissolution rate was somewhat
lower in this stution than in YCWCa discusseadbove (Table 42). The NLs increased until 56

for both glass compositions, after which point it became fairly eohsgiving an Nk at 112 d

of 3.37 £ 0.05 g Mand 2.51 + 0.04 g rhifor MW25 and LBS, respectively. The Nlwere quite
different to those for B and there was a greater amount of Li released from LBS thamitasn

The maximum NL values were 6.27 +.04 g m? and 9.09+ 0.31 g n? for MW25 and LBS.

Silicon was released from both glasses continuously throughout the experiment, and LBS released
a greater amount of Si thaW25, reaching a maximum Nj.at 56 d of 5.1% 0.07gm?2 In
comparison, thenaximum NLs; for MW25 was 1.65+ 0.07 g n¥ at 70 d.

As can be seem Figure 47, the NLy followed different trends foMW25 and LBS;MW25
increased initially from 1.2 0.1 to 1.8+ 0.02 g ¥, followed by a decrease to 1.24.02 g n?

until the end of the experimenthile for LBS, there was continued removal of Al from solution
(excluding the data point at day 56 which is an anomaly); the EDX data associated with these
samples show Al present in the alteration produeigufe 417 & Figure 434). The NLug was

very low for both glass compositions, but showesteady increase from day 1 to 84 for both
MW?25 and LBS.

The NLna values were found to be within the same range as the results obtained in YCWCa
solution. TheMW?25 and LBS values were similar until 56 d, after which time the values
decreased, indicatindpat either Na dissolution had ceased, or that Na was being removed from
solution. EDX mapping revealed a depletion in Na relative to the pristine glass, supporting the
former hypothesissgeFigure 417 & Figure 434).
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In the ECWsolution Figure 4.8 thesolution chemistry showed a steady release of B from the
glasses, although the final value of dNkas lower forMW25 than for LBS, giving values of
(3.83+0.01) x 16 g n1? and (8.57 + 0.9) x1bg ni?, respectivelyThe NL; showed a similar
trend to that of B for both glass compositions, with greater overall releases of
(7.58+ 0.8)x10 g m? and (9.38t 2.1) x10* g 2 for MW25 and LBS.

The NLs; was three orders of magnitude lower thiaait obtained in YCWCa and YCWF{gure

4.6 andFigure 47). There was a significant difference between the two glasses MWR5
demonstrating an extremely low BdIL of (0.013+0.06)x 101gm?, compared with
(2.21+ 0.36)x 101g mi? for LBS, on day 112. EDX mapping suggests an enrichment in Mg in
the alteration layer oMW25, which may be the cause of the low fNkalues; this will be
discussed further in Section 4.2.4. iii. Td@ncentration of Mg in solution was very low, however,
the NLvg increased for both glasses until it reached a plateau at around 7Q tioNLtheMW25
glass increased over the first 28 d, before decreasing and then increasing once again. EDX
mapping (Sectiod.2.4 and 4.2.55howed no enrichment of Al in the altered zone, thus the
apparent decrease in solution may be a result of the concentratiorclusi@do the detection
limit of the instrument. The maximum MLobtained foMW25 was (1.86t 0.1) x 10 g m? at

84 d and (1.8% 0.02) x 1¢* g m? at 50 d for LBS.

The NLvaincreased for both glass compositions, reaching a plateau at around 288 favhile
a plateau was not observed MW25.
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Corkhill et af' observed an incubation period for Si dissolution inrich solutions. They
proposed that high Ca concentration in solution prevented the release of Si,imveevenough

Ca had been removed from solution, Si dissolution was favoured. The LBS glass sample dissolved
in ECW exhibited a similar delay in the release of Sidlation Figure 48), which was correlated

with the decrease in Ca concentration, showRigure 49. After 28 d, the Ca concentration
dropped to 14.65 *+ 2.0 mg-1 suggesting that Ca was incorporated into a hydrated amorphous
silicate layer in this glass, in agreement with EDX mdfigufe 420c). Converselyfor MW25

glass, the concentration of Ca in solution decreased much more slowly; by 28 d it was
240+ 19mg Lt and by the end ohe experiment it reached 40t%.8 mg L. It is postulated

that the high Ca concentration over the first half of the experiment ledtielCarecipitates on

the surface of the glass restricting the dissolution of the glass hence the very low Siexpise

the pH of the solution remaining at ~ pH(RT) 123.5. This is in agreement with SEM

micrographs and elemental analysis discussed later (SectionFgRire 420).

500

o mw

A Blank
@ LBs

400

300

200

Ca Concentration, mg L™

100 +

Time, days

Figure 49 Ca concentration in the BlankjWw25and LBS solutions of ECW. Errors were calculated us
the standard deviation of triplicate IEGBES measurements.

The normalised mass loss data W25 and LBS exposed to OCW awitlined in Figure 410.

A continuous increase in the amount of B was observed during the experiment, with the maximum
occurring at 112 d at Njvalues of 0.7& 0.03 g n? and 0.36t 0.02 g n? for MW25 and LBS,
respectively. The N&.values folMW25 and LBS have greater dation from one another from

84 d onwards. The NL was in good agreement with the AL

Silicon exhibited a similar trend in OCW as ECW (with §lizalues significantly lower than in
the young cement water compositions). However, in OCW, thgdfiboth glasses were similar,
albeit LBS was a little higher thamMw25, with NLs; values of 0.1} 0.001gm? and
0.37+0.04gm2at 112 d foMW25 and LBS, respectively. Very little Mg or Al was released
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from either glass; the Nly remained near zero for the duration of the experiment (the data point

at 84 d is, within error) and the solution chemistdidated that < 0.1 g %Al was releasedA

greater amount of Na was released from LBS M#/25, with NLna values of (2.5% 0.21) gm

for MW25 and (3.6t 0.31) g n? for LBS.
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4.2.4. Alteration Layer and Secondary Phase FormatiorMM25glass

Figure 411 showsthe XRD patterns for unreact®&W25 glass, andMW25 subjected to each of

the four synthetic cement water solutions investigated, for 84 d. Analysis of pkisAi28 gives

rise to an amorphous diffraction pattern in addition to crystalline,RRDF 06040-1290),
which is known to readily crystallise frothe glass after meltigf. After leaching in YCWCa,

it was possiblgo discern diffraction peaks for calcite (Cag;®DF 00001-0837) and €S-H
(CaOSIiGH.0), PDF 08033-0306) and after leaching in YCW;:&H and portlandite (Ca(Oki)

PDF 006004-0733) were observed. Leaching in ECW resulted in the formation of portlandite,
C-S-H and SiQ (PDF 0:082-1573), while leaching in OCW resulted in the formation of calcite
only. Since the detection limit of XRD for phase identification is low, and it is difficult to observe
phases present in concentrations of < 3 wt %, further asdlysnicre and nanescale techniques

was performed to better understand the chemical composition and physical nature of the alteration

layers.
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The altered layer thickness of tMWW25 glass increased in all solutions except for the YCW
solution, which rapidly (after 7 d) formed a 5 pum thick layer. This remained constant in thickness
until 84d (Table 43). This suggests that solution saturation may have occurred very rapidly in
this solution and that either no further alteration occurred, or the layer was continually dissolving
and reorganising for the duration of the experimenavbbut continued boron and lithium release
would suggest the lattekW25 glass dissolved in young cement waters (YCWCa and YCW)
exhibited thick alteration layers, whiMW25 glass exposed to evolved and old cement waters

had much thinner alteration layees showrin Table 43.

Table 43 Average total altered layer thickness determined by ~ 50 line measurements on 8 grains.

Average Tot al Layer Thicknes
Time, days | MW25 YCWCa | MW25_YCW MW25_ECW MW25_OCW
7 159 + 025| 479 + 059| 049 + 0.04| 062 * 0.10
21 306 + 031| 312 + 0.33| 049 + 0.04| 061 = 0.08
56 409 + 071| 290 + 037| 086 + 0.32| 111 = 043
84 462 =+ 0.43| 393 £ 057| 240 =+ 0.58| 132 « 0.37

Using the initial dissolution rate for B, discerned from Figures in Section 4.2.2, it was possible to
calculate the expected altered layer thickness according to Equation 4.1, malisguingtion
that the glass alteration layer has the same density as the glass.

Egn. 4.1
 Gh D Shh b | OF QR0 ¢ & GO 000 L.
0 Wawo iR® ! 00t [ QDM & [Oh a0 el

The calculated thickness was shown to be less than the measured values in all solutions except
OCW where the calculated value was overestimated by 40 %. It is expected that the measured
values should be more than the calculated values sincelth#ation only accounts for elemental

losses from the glass and does not consider that elements are removed from the hyper alkaline
leachate and incorporated into the alteration layer increasing the thickness. The opposite trend
was observed in OCW anadwld indicate that the glass was not dissolving at the initial rate for

the entire duration of the test. It is not considered that these data are indicative of rate resumption
(where the gel layer is dissolved) since the gel showed no signs of elemplatibdend because

the average thickness values increased from H@®2>m to 1.32+ 0.3>m between days 7

and84. Furthermore, secondary phases were identified by Hdre4.25) indicatingthe glass

was in the affinity controlled rate regime.
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Figure 412 Calculated and measured total altered layer thicknes$Mdf25glass powder after 84 days i
YCWCa, YCW, ECW, OCW.

SEM images of thiW25 glass grains dissolved in all of the synthetic cement solutions show
altered layers with little or no damination of the altered layer, indicating good sample
preparation FFigure 413). Despite the samples having ~20 nm of carbon coat, carbon paint and
copper tape to reduce charging, some charging was observed even(atkidwenergy. The

glass grains dissolved in YCWCa and YCWRigure 413 a and c) showed a thick altered layer.
The contact between the altered lagad the epoxy resin was sharp however, in the ECW, this
was not the case, and an irregular layer was observed partially surroundingFjopires 413e,
highlighted with a yellow line). This is suggestive of the mass precipitation of secondary phases
in ECW that was not observed in the other solutions. By comparison with the PhD thesis of
Backhouse (201Mthis region is likely composed of &H precipitates; EDX spot maps confirm

this and give a Ca:Si ratio of 1.93. OCW had the least altered glass grains, the average total
altered layer thickness after 84 d was 1.32 + &3 {Table 43). A dense layer was not identified,
merely a small change in the grey scale indicating a change in the topological profile.

At highermagnification Figure 413D, d, f & h) the morphological differences in the alteration
products formed as a result of each solution can be seen more clearly. Young cement waters
(YCWCaand YCWFigure 413 b and d) had an alteration layer comprised of two regions: the
first was a thick gel layer ~46m wide for YCWCa and ~ 4.6m on theYCW sample, the second

was different in the two solutions; composed of aggregates of precipitates in the YCWCa solution
and fibrous or very porous phases in the YCW solution. In both cases the second region was
~ 1.5um in thickness. Glass exposed@GW (Figure 413f) showed three distinct regions: i) the
region closest to the pristine glass appeared to be less dense when compared to the other parts o
the layer; ii) the thick outer region appeared to be more dense; and iii) the outer rim which was a
thin dense band on the outside of the whole alteration 1425 dissolved in OCW solution
(Figure 413nh) exhibited the thinnest alteration layer of all the solutions, with a complex

morphology (described further below).
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Figure 413 Secondary electron micrographsMiV25glass grain after 84 d leaching; a & b YCWCa, c
d=YCW, e &f=ECW, g & h =0CW, images a, d, f, and h are at x10,000 magnification and the [
glass is located on the left of each image.
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i.  MW25exposed to YCWGCalution

A dense gel |l ayer was observed wit Higirewe, r egi ons;

and a | ess dense out #re altaresl gegian fLayera band 2 centbingtl)2 o .

was depleted in Na and Si relative to the pristine glass and significantly enrichetiahl& 44).

Degite the semguantitative nature of these measurements, the very high alkali content (17 at %
K) implies that this layer is a4dch alkali silica gel, with the source of K being from the solution.
Elemental spot map3 éble 44) of the surface layers indicated that Layer 2 was composed of C
S-H precipitates with a Ca:Si ratio of 0.58. This is within the accepted Ca:Si rang&-6f, C
which has end menals with a Ca:Si from 0.5 to 2%%, In contrast, Layer 1 had a much lower
Ca:Si ratio, of 0.13, and also contained significant quantities of K, Al, Mg and Na. The Mg content
in the Layer 1 was higher than in theS& layer; this is in agreement with N data for this
solution(Figure 47), whichshowed an initial release and subsequent plateau.

Table 44 SEM F50 EDS spot maps associated with Figure 4.14, giving the average elemental comg
(at %) of each alteration layer on the surfaceMdiV25after 84 d leached in YCWCa.

Element Na Mg Al Si S K Ca Fe Other

at %o Spot 9 1322+ 0.66|6.68 =0.33|13.97=0.00|51.18=2.56 - 0.33=002] 7362037226 0.11|1.25=1.83
Avg at% Layer 1(2)| 3.06=2.01|7.13=£0.62|13.79=0.23143.06 = 0.10 - 1741+ 0.94| 562:0.67(2.79+ 0.05|1.59+2.38
Avg at% Layer 2(6)| 5.91=1.79|2.57+3.73/10.23=0.79|40.59 = 3.35|1.32+ 0.10{15.15+ 4.28|19.91£6.58(1.22= 1.90|0.61 £ 1.37
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A focused ion beam (FIB) section was prepared frol&/25 glass gran, across the boundary
between the glass and the alteration layer. The bright field and dark field TEM images shown in
Figure 415 indicate delaminatin of the altered layer from the pristine glass. The gel was
approximately 1.9¢im thick with an average podtgameterof 2.57nm (see Chapter 3 for image
processing methods to determine porosity and associated error analysis) and a thin band of
precipitat on the surface ~ 550 nm thick. Selected area diffraction (SA&dNsis Figure 416)

revealed that the gel and precipitate were amorphous, however, it cannot be ruled out that the
electron beam amorphized fine precipitates at the surface of the glass. The EDS data shown in
Figure 4.16 provides insight into the composition of the regittresgel and precipitates were
composed of elements indicative of an alkali silica gel, with an alkali(s) to silica ratio
([Na,K,Ca]:Si) of 0.45 and 0.40, respectively. Both the gel layer and precipitate were enriched
with Mg relative to the bulk glass, thi ~3 at % and ~12 at % more Mg than in the glass,
respectively. Additionally, the precipitate contained a significant quantity of Fe (4.6 at %).

Atomic % Bulk glass|Alt region[Precip region Bulk glass
1. Bulk glass Na,0 8.7 35 35
Gd,0, 0 0.1 0.3
. MgO 9.8 12.6 22
AlLO, 7.6 84 7.7
Sio, 57.7 49.2 45.1
ClL,0 0 0.1 1
T K,0 0.3 10.9 117
2 Alt region ’ CaO 9.1 7.5 29
¥ Cs,0 0.5 0 0.4
> BaO 0.1 0 0
La,0, 0.2 0.4 0.1
Ce,0, 0.5 0.8 0
Pr,0, 0.2 0.4 0
T p e Nd,0, 0.9 14 0
3 Precip region N~ % Cr,0, 0.1 0.2 0 "
| ’ Sm,0, 0.2 0.2 0 s
° Fe,0, 1.8 2.1 46
NiO 0.4 0.6 0
2 um ‘ St0 04 0.2 0.1
710, 0.9 1.2 0.3
Mo,0, 0.4 0.1 0.1

Figure 416 MW25FIB section postissolution in YCWCa, SAED and EDS given in atomic % for elen
detected in specific regions of the FIB section.
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ii.  MW25exposed to YCW solution

Magnox waste glass exposed to YCW without the addition of Ca exhibited corrosion products of
a similar morphology and elemental distribution M8/25 glass exposed to YCWCa. The
micrographs inFigure 417 showthe thick uniformed alteration layer surrounding the pristine
glass.

Using elemental mapping at higher magnification, three distinct layers woleserved
(Figure4.17).Layer 1 appearedense, enriched with K from solution (8.87 at %), relatively Si

rich (although somewhat depleted with respect to the pristine glass) and depleted in Na relative
to the pristine glass. This composition is suggestive ofrechiKalkali silica gel. Layer 2 as

~0.52um in thickness and could be distinguished by an enrichment in Mg content (Table 4.5).
Layer 3 contained Al , Ca, K, Na and Si an
precipitation.

Table 45 SEM F50 EDS spot maps associated with Figure 4.17 average elemental composition,
each alteration layer on the surfaceMW?25after 84 d leached in YCW.

Element Na Mg Al Si S K Ca Fe Zn Other

Avg at% Layer 1 (13)|11.12=4.60|8.93=2.97(11.57=1.6843.13=12.05/3.10=0.16| 8.87=12.56| 5.86 =£1.56|2.67=049(441=046(0.17=0.41
Avg at% Layer 2 (16) | 7.00=3.63(9.32+1.55|11.62+2.42|37.58=3.98 [1.28=0.06|17.55=1.89 | 5.07=0.83|2.78=0.91|6.24=1.91|0.35=0.55
Avg at% Layer 3 (17) | 5.89=1.49(4.54+4.35|13.09+£0.20|4221=1.22 |1.05=0.05|18.14£2.26 | 8.38 £4.32|1.35=0.85|3.76=1.44|0.33=0.52
at % Spot 20 6.54=0.33|1.99=0.10| 0.32=0.02[40.62=2.03 - 21.63=1.08 |12.12=0.61|0.70=0.04[0.00=0.00|1.33=0.07
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Figure 417 SEM EDS analysis &fW25grain exposed to YCW for 84 d; a) BSE image with labels indice
alteration layers and spots at % listed in Table 4.5, b) spectra associated with spots on Fig a, ¢) elementa
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A FIB sample was taken from W25 glass grain embedded in epoxy for TEM analysis.
Delamination of the alteration products can be observed in the bright and dark field images of the
FIB section Figure 418). A gel ~1.68 pum thick was observed on the surface of the unaltered
glass, upon which a precipitate layer 0.46 um thick resided. The precipitate appeared to have
similar morphology to that seen in the YCWCa solutiéigire 415), however, theliameter of

poresin the gel wagienerally smalleat 1.29nm. The glass and alteration products were found

to be amorphous in nature asatenined by SAED, shown Figure 419 (although amorphization

of the precipitates by the electron beam cannot be ruled out). The elemental daEDffom
measurements indicated that the gel was composed of an alkali silica gel that was rich in Mg. The
precipitate phase was significantly enriched in Mg (17 at % above that in the bulk glass) and,
similarly to theMW?25 exposed to YCW, was also enrichedrig, at 2.2 at %. Mgich alteration
products were not observed in the XREgure 411), but tracesvere identified in the SEM EDS.

:
Figure 418 MW25FIB section postlissolution in YCW, bright and dark field images of the section
high magnification images of the gel and precipitates

Figure 419 MW25FIB section postlissolution in YW, SAED on areas of interest and EDS at % of
glass, alteration region (gel) and precipitation region
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