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Abstract

Long-term disposal of nuclear waste is a problemthe wor | d 6 s energyc | e ar
industry. The preferred option for the UKr Intermediate and HighLevel Waste

(ILW & HLW) is for longterm emplacement in a Geological Disposal Fydi(6DF),

which requires a robust safety case based on thetknng behaviour of the waste.

This workinvestigates one aspect of the leiegm behaviourthe dissolution of the

waste in highlyalkaline conditions, ithe case of the formation of a highétkaline

plume within the GDF by the interaction of groundwater with cementitious materials.

Dissolution experiments wemgerformedon a range of glass compositions with
varying CaO ad MgO contents and B/Al ratiad® analyse thie effectson glass
dissolution at higipH. Ca and Mg are expected to be present in the &Fin UK
HLW, andare knownto significantly affect glass dissolution. The effect of varying
B/Al ratio is relevant to the comparison of natural glagB¢al = 0), with nuclear
waste glasse@B/Al ~ 11 10). Magic-Angle Spinning Nuclear Magnetic Resonance
(MAS-NMR) spectroscopy wagerformedto identify the effects of composition on
glass structureDissolution experiments were alg@rformedon eisting glasses
pertinent toJK nuclear waste dispostl determine their performance.

The addition of CaO and MgO, in replacement fop®Javas found to lead to a
decrease iVB units, due to the inability of the divalent &and Md¢"* cations to
chargecompensate for twtf B tetrahedra each. The increased strength of this effect
in the Mgcontaining glasses suggests that Mg may be behasgiran intermediate
oxide. Increasing the ratio of B/Al in aluminoborosilicate glasses was found to lead to
an increase in the proportion ¥B units.

Glassdissolution resistance was founddmrrelate withreplacement of N&® for
CaO and MgO. Gaontainng glasseslisplayed &higher dissolution resistance than
those containing Mgdue to a combination of structural and solution factors
Increasing the B/AI ratio of the glasses led to a decrease in dissolution resistance,
believed to be due to the greatesistance of Si O i Al bonds to hydrolysis
compared to Si O7T B bonds. The leachant cati¢gGa or K)was found to have a
significant effect on dissolution behaviour.

The International Simple Glass (ISG) was fountebave differentlyo MW-25%

(UK simulant HLW glass) in Gaich, highpH solutions, suggesting that it is not
helpful as an analogue for the dissolution of UK nuclear waste glasses. The dissolution
of alaboratorymadebasaltic glass was found to be partially comparable to that of
natural basaltic glasses, indicating that care must be taken when comparing the
dissolution resistance of natural basaltic glasses with nuclear weasteeg)l
Significant localisatiorof elements in alteration layers during dissolution, e.g. Zr for
ISG, suggeds that the mechanism of dissolution in these experiments was coupled
dissolutionreprecipitation.
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1. | nt roducti on

The UK Governmentos 2014 White Paper, ent i
Di sposal 6, outlines i ts doeasianofénteimediatege ol ogi c a
Level Waste (ILW) and High.evel Waste (HLW), to be the final option for the UK
(excluding Scdand) nuclear waste legaflj. Colocation refers to the emplacement

of the two waste categories within the same facility, but in separate vaults. The safety
case for the repository is based on the mhdtirier concept; a set of engineered and
natural barriers woikg in concert to ensure the isolation of the waste from the
environment. One of these barriers is the buffer nataround the waste canisters
which separates the waste from the host geology, acting as a buffer for radionuclide
migration In the case of the ILW vaulg highpH cementitious buffer containing a
significant amount of portlandite (Ca(Ofi)s proposedwhereas for the HLW vault

it is likely to be a clay materidUK HLW (from Magnox and oxide fuel reprocessing,

but excludingsome spent nuclear fuel and exotic fuels), is being immobilised within

a mixedalkali borosilicate glass (the MW base glass). The immobilisation of
problematic ILW waste streams, in addition to decommissioning wastes, through
vitrification is also being @nsidered2]. With groundwater ingress into a repository
inevitable on extended timescales;looation of the wastes may therefore result in

the interaction of a Gech, alkaline plume, witla pH potentially greater than 12.5,

with the glass wasteform®revious studieg]i [7] have shown that the dissolution

rate of silicate and borosilicate glasses increases as the pH moves from neutral to more
alkaline An increased rate of dissolution may result in a greater release of
radionuclides to the repository attulis,eventually into the geosphere and biosphere

It is therefore of great importance to obtain a clearer understanding of the performance
of nuclea waste glasses in highblkaline conditions (pH of 1R 14), as well as the
mechanisms of dissolution, and which elements play important roles, in such
conditions.

Ca and Mg are known to play important roles in the glass dissolution process, and
areimpos t ant el ements in the specific case of
vitrified HLW from its Magnox reactors contains 5.6 wt.% M{f). As previous
workers[9]i[12] have suggested a link between Mg and a reduction in the glass
dissolution rate, the confirmation or refutation of this link is important to our

understanding of the dissolution of UK nuclear waste gla3$ese are also similar
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claimed links between (8], [13] and B[3] and changes in the dissolution rate of
borosilicat glasses, which were investigated during the course of this project.

Much of the work performedn the dissolution of nuclear waste glasses has
concerned either: French nuclear waste glag8ed9], [10], [12], [14], [15] or
American nuclear waste glas4&$, [16]i [18]. Whilst France and the US also use
borosilicate glass as an immobilisation matrix, there arerdiffees between the base
glass and waste stream compositions of these countries compared to those in the UK,
as well as in the likely conditions of dispostius, although useful in the general
understanding of borosilicate glass dissolution, the outcofm@sich of the reported
research do not necessarily apply directly to the specific issues facing the UK. This
project aimed to improve this situation,
vitrified HLW product,MW-25%,and G73, proposed as an iminilisation matrix for
some UK ILW[2].

To fully understand the dissolution behaviour of these glasses, there are two
parameters that must be considered: i) the intrinsic resistance of #e tgla
dissolution, which is dependent on its structure and composition; and ii) the formation
of secondary phases, such as alteration layers and crystalline precipitates, which is
dependent on the composition of the glass and the chemical conditioneafctiamnt.

For longterm dissolution expected within a geological disposal facility (GDF), the
formation of secondary phases is expected to dominate. This is especially true when
considering dissolution in higbH conditions; several authors, including KlaH et

al. [19], Gin et al. [20] and Debureet al. [21], have observed the formation of
significant alteration layers on glass in alkaline;r€h conditions after time periods

of less than one year.

Research conducted in this project was performed to assess: the variations in
structure and durabilityof glasses in the N@® A C a0/MB0s&SiO; and
NaO A Mg DAKB,0:5i0, systems; the durability performance of UK nuclear
waste and reference glasses; the formation of alteration layers and secondary phases
on glass samples during dissolution in Rk canditions, anchow these alteration
products #ect the dissolution behaviour of the glasses.

In Chapter 4, the variations in structure of glasses in the
NaO A C a,0MB0O:Si0, and NaO A Mg £DAB.0:8i0, systems were
investigated through the use of Nuclear Magnetic Resonance (NMR) spectroscopy.

Static dissolution testdilising the PCTFB protocol carriecut on the glasses in the
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NaeO A C a0MB03Si0; and NaO A Mg €DA¥B,03/5i0, systemsare described

in Chapter 5, with the formation and composition of alteration products investigated
by Scanning Electron Microscopy (SEM), Energy Dispersiveay Spectroscopy
(EDS) and XRay Diffraction (XRD). Chapter 6 investigated the dissolution
performance of UK ntlear waste glasses and reference glassiisjngt both the
PCT-B protocoland the MCECL1 protocol. The formation and composition of alteration
products were investigated through SEM, EDS, Transmission Electron Microscopy
(TEM) and micrefocus XRD.

By combining dissolution studies on UK nuclear waste glasses with those on series
of simple glasses and structural studiesha simpleglasses, this work aims to
increase the knowledge base on the dissolution of nuclear waste glassescim Ca
high-pH conditons, such as those that might be found in a UK Geological Disposal
Facility.
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2 . Li terature Revi ew

2.1 Geological Disposal of Nuclear Waste

2.1.1 Introduction

Since the advent of nuclear fission as a sofmcenergy production in the 1950s,

many countries have implemented nuclear programmes as part of their energy
portfolios, e.g. the U.S.A., the K, Japan, France, Germany,.eAs a result of this

each of these countries now has a legacy of nucleae wastluced over the last 60

years. There is a general consensus amongst the governments of these nations that a
long-term plan is needed for this legacy. The favoured strategy for many of these
governments is that of geological disposal, i.e. the placeofemiclear waste in a

facility 5007 1000 m underground

2.1.2 Geological Disposal in the United Kingdom

In 2003, the U.K. Government set up the Committee on Radioactive Waste
Management (CoRWM) in order to review the options for managing its radioactive

waste inventory safely. CORWM released its recommendations in a report to the

government in July of 200[22]. This report identified geological disposal as being

the bestlond er m sol ution to the U.K.0s radioactiwv
long-term storage. Due to the risks of war, ¢eigt actions, loss of institutional control

or severe environmental change associated withtiemg storage, the committee felt

that geological disposal represented the lowiskt option, in terms of non

proliferation of radioactive material and theetgfof the public.

Il n 2014, t he U. K. Government 6s Depart ment
(DECC) released a white paper entitled o661 m
Framework for thelong er m management of hi ghHd.r acti vit)
This papesets otithe framework for the government to manage its higher level waste
(intermediatdevel waste (ILW) and higievel waste (HLW)) inventory in the long
term through geological disposal.

Among the proposals put forward was the idea eflisposal of ILW andHLW.

Co-disposal involves the emplacement of ILW and HLW within the same fadihity.
safety case for the repository is based on the fhaltier concept; a set of engineered
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and natural barriers working in concert to ensure the isolation of the waistehie

environmen{23], [24]. These barrierare, from the waste outwards:

Wasteformi acts to reduce the rate at which radionuclides can be leached
from waste UK HLW is vitrified in a mixedalkali borosilicate glass and

UK ILW is encapsulated in cement.

Waste containeri facilitates ease of handf and transport of radioactive

waste. Both HLW and ILW wasteforms are stored in steel containers.

Overpack T waste containers wild.l be placed
containers, 3 or 4 waste containers to an overpack container. The purpose

of the overpak is to prevent the waste containers from coming into

contact with water in the repository over long timescales. These overpack

containers will likely be made from thick steel, or from a corrosion

resistant metal or alloy, such as copper. Each overpadaicen is

referred to as a waste package.

Buffer/Backfill 1 fills the space between the waste packages and the host
rock. Its purpose is to protect the waste packages from the chemical and
physical processes occurring in the surrounding geology. Itakylik be

a clay or claylike material, such as bentonite, for HLW, and likely to be

a highpH cementitious material, such as Nirex reference vault backfill
(NRVB) material, for ILW.

Host Geology1 the environment surrounding the repository. This is

depemlent on the location of the repository.

The first four barriers are engineered barriers, while the host geology is a natural
barrier. The potential use of a highl cementitious backfill could lead, through water
ingress into the repository, to an alkaliplume forming that could come into contact

with vitrified HLW. The potential imptations of this are covered ie&ion 2.3.3.
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2.1.3 Glass as a Nuclear Waste Matrix
Vitrification is the process of transforming a material into a glass. One application
vitrification is the immobilisation of waste. Waste is immobilised through the creation
of a vitreous wasteform which contains the waste as part of its structure, thereby
rendering it passively safe, i.e. safe to be left in its current state witherfenence.
The first investigation into using glass for the immobilisation of nuclear waste
occurred in Canada in the 1950s. Subsequently, a pilot vitrification plant was
established at Chalk River Nuclear Laboratories (CRNL) in Ontario, in order to
estalish the feasibility of large scale production. This facility produced blocks of
radioactive glass between 1958 and 1P8§]. Eventually, in the 1970s and 1980s,
France, the U.S. and the U.K. made the decision to begin vitrifying theilehigh
wastes in borsilicate glasses, due to their increasingly large inventories of defence
and civil nuclear wastdg].

The choice of borosilicate glass for vitrification was made for reasons of cost, ease
of processing, waste retention and durab{l&§]. If durability was the sole motivator
for the choice, then pure silica glass would be ideal due to its high cheanatal
physical durability. However, this durability comes at a cost; its glass transition
temperature is 1200 °C, meaning that temperatures of around 2200 °C are required for
the glass to homogenise and fine (removal of bubbles). These temperatures are not
feasible on an industrial scale due to the associated high emsisthe ease of
volatilisation of important species, such asi3§. While numerous oxidg&.i 20,
NaO, K20, CaD, MgO, BaO etc.) can be added to silica to create glasses with
reasonable prassing temperatures, they have a large deleterious effect on the
chemical durability of the product. However, the addition of barddeto a silicate
glass to form a borosilicate glass leads to a significant reduction in the melting point
of the glass taround 110aL300 °C, depending on other additives, whilst maintaining

a high chemical durability.

2.2 Glass Structure

2.2.1 Silicates and Alkali/Alkaline Earth Silicates

As the vast majority of glasses that have been produced through history have been
silicates, theearliestdiscussions about structural theory in glasses concentrated on

vitreous silica and alkali silicates. The first theory of glass structure was thalldeyst
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theory, formulated by Lebedd®27]. This theory postulates that glasses consist of
crystallites which are microscopic, deformed versions of crystals of the same
composition as the gla$&8]. However, this theory has been widely dismissed, in
favour of the d6random negaOwor k theoryd th
In 1932, NorwegiarAmerican physicist, William H. Zachariasen, released a paper

entitled O6The Atomic Arrangement i n GI a
formation[30]. Zachariasen stated that, as the crystallite theory of glass structure fails
to explain all the observed phenomena and propertiestfeous silica, e.g. density
andthermal properties, it could not besatisfactory description of the general atomic
structure of glasses. He proposed that g
threedi mensi onal net work which | acks symmet
four rules that describe the requivents for the formation of a glass:

(1) Each oxygen atom is linked to no more than two cations

(2) The number of oxygen atoms surrounding each cation must be small

(3) Oxygen polyhedra must share corners, not edges or faces

(4) At least three corners of each oxygen polyhedron must be shared
Rule (4) only applies if the network is required to bdirBensional. The first three
rules give rise to a glass structure as shown in Figure 2.1. Antéi@hedron, as
described by the rute, i's |l abell ed. The characteri st
composed of several of these tetrahedra bonded together. These rules were developed
for glasses made from simple oxides, so three more rules have been devised for more
complex glasseiR8]:

(5) The sample must contain a high percentage of network cations which

are surrounded by oxygen tetrahedra or triangles

(6) The tetrahedra oriangles share only corners with each other

(7) Some oxygen atoms are linked to only two network cations, and do

not form further bonds with any other cations
Zachariasends rules were formulated to
formation, butthey are the basis for many glass structural models today, which are
grouped under the tef28h O6Thher dware nodtowtodr & tt e
in any model of glass structure is controversial, as there is only a finite range of angles

that can exist between M®&etrahedra within an M&structure.
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MO, \ g™ Cation, M
tetrahedryn f:/
F it :

Figure 2.1. Proposed structure of a simple oxide glass in two dimension:
Adapted from Zachariasd80].

Athough Zachariasends model, dubbed the 6Cont

model, readily explains the structure of vitreous silica, an extension was proposed by

Warren in 1941 to describe the structure of alkali silicates (although it can also be

applied to dtaline earth silicateg)31]. This is known as the Zachariaséfarren

model, and it postulates that the alkali cations randomly occupy the spaces within the

rings of tetrahedra in the glassidqure 2.2).As monovalent alkali cations (A) are

added, each one causes a bridging oxygen (BO) bondd$i Si) to become a s

bridging oxygen (NBO) bond ($iO’). These NBOs are charfpalanced by the alkali

cations, for example:

Sii Oi Si+NaOY 2(Sii O) + 2Na (Equation 2.1)

Due to this effect on the glass network, alkali and alkaline earth metals are known as

network modifiers. In 1981, Greaves &-amrkers proposed a modification to the
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ZachariasetWar r en model , dubbed the 6émodified
EXAFS dateobtained on alkali silicatg82], [33]. In the MRN, the glass structure is
comprised of two separate, interlinking, regionsps u bl at t i ces 0 ; a ne

comprised of network formers, and intetwork regions containing the network
modifying cations. Figure 2.3 shows a tdionensionaillustration of this for a glass

of approximate composition 283(G203)., where A is a network modifying cation,

and G is a network former. There are two types of oxygen site in this model; a site
bonded to two glass forming cations (a bridging oxygemd, & site bonded to one
glass forming cation and two glass modifying cations (abradging oxygen). This

mo d e | of structure utilises Smekal 6s i de
mixing, i.e. when both covalent and ionic bonds are prgSdit In this case, the
bonding in the network regions msostly covalent (solid lines inigure 2.3) and the
bonding in the intenetwork regions is ionic (dashed lines). This theory of glass
structure is supported by nuclear magnetic resonance (NMR) data obtained by Voigt
et al.[35] as well as data from molecular dynamics simulations carried out by Huang
and Cormack36].

Bridging
Oxygen, BO

Non-Bridging
Oxygen, NBO

Figure 2.2 Structure of an alkali silicate in@® as described by the
ZachariasetWarren model. Adapted from Warrgsi].
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cation, A
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-\j
=3 Network
=4 .
Glass 2 Region
Former, G 3

Inter-network
Region

Figure 2.3 Two-dimensional representation of a modified random networ
(MRN) in the model glass 203(G20z).. Adapted from Greavd83].

2.2.2Borates,Borosilicates and Alkali/Alkaline Earth Borosilicates

The structural theories for silicate glasses cannot be applied to borogjlasses, as
boron can exist in both-8oordinate trigonal'{B) units and 4coordinate tetrahedral
(VB) units within the glass network, whereas silicon only exists ircaotdinated
state {VSi).

To understand the structure of borosilicate glasses, it is helpful to consider the
structure of borate glasses.brief overview is presented her®cusing on alkali
boratesputfor a more thorough treatment, see teeiew by Wright[37]. The first
structural model of borate glasses was developed byrAb@52[38], and had three
rules:

i) Tetrahedral¥B units cannot be immediate neighbours

ii) Trigonal "'B units cannot be bound to more than YiBetetrahedral unit

iif) NBOs only occur on trigondl B units
However, this model predicted pealiluesof the fragion of fourfold coordinated
boron {VB) which were too low and were at too low values of added alkali fraction.
Beekenkamp therefore proposed thi{g%9, Rul

e

i i)
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but, despite this, the model still predictéB fractionvalues which were too low. In
1986, Gupta proposed a model which sugge:
violated[40]. To do this, he proposed the Randoair RModel, which has three rules:

i) VB units occur in pairs joined by an unconstraiff@li O VB bond

i) No VB i VB pair can be bound to another such pair

i) NBOs only occur on trigond!' B units
These models all assume that borate glassiscontain structural units. However,
there ismountingevidence to suggest that superstructural units, that is, units made up
of more than on#"V B structural unit with no internal degrees of freedom with respect
to bond and torsion angles, arethepnar yi t Qubl dcksdé [4lfAbor at e
model of borate glass structure based on superstructural units was first proposed by
Krogh-Moe in 1962[42]. The primary difference between this model and that of
Gupta is that in the Gupta model, thi& i O i VB pair bonds are uncstrained,
whereas thé'B i O 7 VB bonds within superstructural units have fixed bond and
torsion anglesThe KroghMoe model predictghe borate structure through the
relative proportions of boroxol (thré&B units interlinked, BOs), tetraboraté6 "'B
and2'VB units, BO16) and diboratg¢2"'B and 2VB units, BiOg) superstructural units,
and uses the Zacharias@rarrenrules (see &ction 2.2.1), which are applied to the
superstructural units rather than individll@ and" B units.In 1978, Giscom utilised
KroghMoe 6 s pr edi ct i ofhosateglass dtractuf4s]. ldowever,dhes|
model has two main issues:

i) It assumes that pure vitreous@ is composed entirely of boroxol rings,

but evidence from NMR spectroscopy and neutiiéfragtion suggest that this

IS nd the case

i) It involves the substitution of NBOs fdYB units in diborate groups, but

this would also require the inclusion 8B units to maintain the correct

stoichiometry
In general, it appears that models taking into account superstructural units are required
to fully describe borate glass structure.

Some of the early work on a structural model for borosilicate glasses wiasl car

out on NaO i B2O3 7 SiO; glasses by Yun and Bray in 19784], which was then
corrected by Yun et al. in 19795]. Dell, Bray and Xiao then furthered this work to
form the theory known as the D&lay model, which was applied to all single alkali
borosilicate§46]. This model states that for a constant K ratio (pJB[B203]), the
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glass structure passes through 4 distinct regions with increasing R raf@]/{BAOs3]

where M is an alkali ion). The four regions are:

1) R < 0.5: The alkali ions cause-cdordinated''B to become 4

coordinated’B. The ratio ofVB/("'B + 'VB) is equal to R.

2)0. 5 OwmaxRRu&= 1R + 1/16K): The additional alkali ions cause
the formation of reedmergnerite groups, which are boron tetrahedra with
each oxygen bridging to a silicate tetrahedron (formula =
Y2(N&O.B203.8Si(%)).

3 RuaxO R pi@RoiR 1/2 + 1/4K): All the additional alkali ions go to
creating norbridging oxygens on the silim tetrahedra of the

reedmergnerite groups.

4)Rp1 O R ps@RosR 2i K): ((K - K/4)/(2 + K)) of the additional alkali
ions combine with diborate groups (mist of 2!'B groups + 2VB groups)
to form borate unitsvith two norbridging oxygens (pyroborate groups).
The (K + K/4)/(2 + K)) remaining alkali ions combine with
reedmergnerite groups.

As the number of foucoordinated boron groups increases igiars 2 and 3, the

connectivity of the network increases. This leads to an increase in the glass transition

temperature. However, as the number of foamrdinated boron groups reaches a
maximum in region 3, and then decreases in region 4, the conneatithiy network
decreases to its original level.

In more recent years, the D&fay model has been criticised a number of times,
e.g.by Sen[47] and Martens & Milleiwarmuth[48]. The general consensus seems
to be that the DelBray model gives a good description of the structural changes in a

borosilicate with the addition of alkali ions, but that the alkali cations are more

randomly distiuted between the borate and silicate networks than is assumed in the

model[49].



27

2.2.3 Aluminosilicates and Alkali/Alkaline Earth Aluminosilicates
As with borosilicates, structural models for silicates cannot be applied to
aluminosilicates aaluminium can be present in thrégferent forms; 4coordinate
VAl, 5-coordinate’Al and 6coordinate”' Al

The role of Al in the glass structure dependent on the glass composi{iad].
The conventional view of this is that for a binarg@d1 SiO» glass, Al is only present
in 6-coordinated octahedral sites, and thus acts as a network modifier, produeing non
bridging oxygens (NBOs)28]. However, when alkali or alkaline earth network
modifying cations are added to the glass, they act to conveftAhectahedra into
VAl tetrahedra which are singlsharged anions. Each alkali cation can produce one
VAl tetrahedronwhile, theoreticaly, each alkaline earth cation can produce two such
groups. In this model, for a given value of K (§i820s), there are three distinct
regions of network formation when the ratio of alkali oxide to alumin®{R>0s),
R1, or the ratio of alkaline earthinle to alumina (RO/AIs), Ry, varieg[51]:

1) R1 <1, R < 0.5: A fraction (R, 2R:) of the Al ions are present in
tetrahedral sites, while the other fraction,i((R1), (17 2Ry)) are present

in octahedral sites.

2)R1=1, R =0.5: All of the Al ions are present in tetrahedral sites, and

all of the alkali/alkaline earth cations are used in this process.

3)R1>1, R > 0.5: All of the Al ions are present in tetrahedral sites, and
the excess alkali/alkaline eartations go to creating NBOs on the silica

tetrahedra.

As the R ratios increase from zero, the network connectivity of the glass will increase,
as the number of networkodifying Al octahedra reduces. The network connectivity
will reach a maximum atf 1or R, = 0.5, and will then decrease with increasing R,
due to the formation of NBOs by the excess alkali/alkaline earth cations.

The conventional view of aluminosilicate structure is challenged by data reported
by Stebbins & Xu, who found NBOs present i€aAlLSi»Os glass (R = 0.5) using
NMR [52]. However, Huang & Behrmafb3] and Cormier et al[54] have also

presented data that suggests that Al is only present in tetrahedra in calcium
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aluminosilicates, so there should be no NBOs associated with the presence of Al. It is
possible that the NBOs reported by Stebbins and Xu are associated with the silica
tetraheda rather than the Al tetrahedra, as they suggest, reconciling these different
datasets.

2.2.4Aluminoborosilicates and Alkali/Alkaline Earth Aluminoborosilicates

As well as borosilicate and aluminosilicate glassdsminoborosilicate glasses
containingboth intermediate oxides are relevant to nuclear waste glasses, e.g. France
HLW glasses are aluminoborosilicateasd the wast®aded UK glasses also contain
Al203. One important feature in the structure of aluminoborosilicates is that
tetrahedral Al units are preferentially chargeompensated biyl.O (generally NgO)
andMO (where M = Ca, Mg, Ba, Sover tetrahedral’B units, as discovered by
Yamashiteet al.[55], [56]. As such, when [N£] < [Al20g], all available sodium is
used in chargeompensating forVAl tetrahedra, but the deficiency in sodium
concentration leads to the presenc&Aifunits, which are coordinated to three non
bridging oxygens and two bridging oxygens, and thus act as network modifiezs.
[NaxO] > [Al O], all of the aluminium is cirgecompensated and presentAl
tetrahedra, and the excess sodium is used in the ebanggensation of"B
tetrahedra, or the generation of NBOs on silicate or borate tetrafetjrarhe
proportion of'VB units to the total boron content, known ag has been shown to

correlate well with r/(I r), where[55]:

— [Nazo' Alzoa]

= Equation 2.
[Nazo' AI203 + Bzos] ( q 2

Thus,r/(17 r) can be simplified to:

r'= [Nazo N Alzos]

(Equation 2.3
[B,0;]

This provides evidence that tNél tetrahedra are preferentially chargempensated

over'VB tetrahedra.
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2.3 Glass Dissolution

2.3.1 Introduction

The dissolution behaviour of glass has been a topic of interest for scientists for over a
hundred years, not least because of riearuniversal application of glass as the
material of choice for many pieces of standard laboratory equipment, such as beakers
and measuring cylinders.

Studies of the dissolution behaviour of glasses have typically involved exposing
the glass to an attaicky solution, to obtain data from commercially, or scientifically,
important glass compositiofs8]i [63]. The test methods used generédllyinto one
of two categoriesstatic and dynamic. In a static dissolution test, e.g. the Materials
Chamcterisation Center (MCC) test[64], the sample to be tested is placed within a
reaction vessel with the attacking solution, leachant and lept sealed for the
remainder of the &. In a dynamic test, such as SinBlass FlowThrough (SPFT)

[65], the leachant is passed through the reaction vessel at a constant rate, so that the
solution within the vessel is consthnteplenished. In both categories, parameters
such as sample composition, duration of test, composition of leachant, and

temperature can be adjusted.

2.3.2 Dissolution in Aqueous Solutions
The dissolution of glasses in aqueous solutions is a complex, and nairfddystood,
process. Many parameters are known to affect the chemical durability of glasses in
aqueous solutions: glass composit{@h [12], [66]; composition of the attacking
solution[13], [67]; temperaturd7], [68]; pH [3]T[5]; and samplesurfaceareato-
attackingvolume (S/V) ratid69]. As the area of glass dissolution is so wide, and as
glass compsition has an effect on glass dissolution, only the dissolution of nuclear
waste glasses (and analogues), particularly -bara aluminosilicates, will be
discussed here.

The research done on the dissolution of HLW glasses has been distilled into a five
stage phenomenological description by several previous Wodkg71]. A schematic

for this description is shown in Figure 2.4. The five phenomenological regimes are:

Stage I: lon exchange (or interdiffusion) of alkali ions

Stage Il: Hydrolysis of the silicate network
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Stage lll: The ratedrop regime
Stage IV: The residual rate (also saturation) regime
Stage V: Precipitation of alteration products, possibly leading to resumption of

dissolution

Stages | and 1l together are referred to as the initial rate regime. In mueiste
glasses, which contain alkali ions, ion exchange with positisledyged species from
the aqueous solution {Fand HO") leads to preferential leaching of the alkali ions
from the glas$72]:

[ BOR+HY [ BOH+R (Equation 2.%

or

[ BOR+HO'Y [ 7 OGH+R +HO0 (Equation 2)5

whereR is an alkali ion. Mostauthors think that Equation 2i§ more likely, e.g.
Gelder & Fearrj73]. This process is also referred to as interdiffusion, as the flux of
alkali ions out of the glass is opposed by the flux of the positive species from the
solution into the glass. A general theory for this process was outlined by Doremus
[74]. Interdiffusion results in hydrolysis of the silica network, which also takes place

through direct water attack:

[ BT Si [ "¥ [OHSH + 1[0 S(Equation 2.p

[ BOT Si [0 +Y HI OB i + ilOH SEquation 2.y
The OH ions are formed to chardmlance the alkali ions released into solution,
which leads to an increase in the pH of the solution, if the solution is static. The non

bridging oxygen from Equation 2dan tlken react with another molecule of water:

[ SO +HO Y i OB+ OH (Equation 2.3
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producing another hydroxyl ion that can hydrolyse another siloxane[bdhdOnce
each of the four bonds on a Sitetrahedron have been hydrolysed, then a silicic acid
monomer, Si(OHy) is released into the solution. This process results in congruent

dissolution of the glass.

Interdiffusion

N

| ] \") \Y
rft): rst Residual or final rate Resumption of
Rate A alteration

Hydrolysis

Drop / B
/' —— Na

Species

Si

oncentration of leached

End of alteration Possible phase

(theoretically) precipitation

\c

Y

Initial Rate |
Time

Figure 2.4 Schematic of fivestage phenomenological description of nucle:
waste glas dissolution. Adapted from Utton et Hl70].

The initial rate of dissolution, before the solution is modified by ions leaching into
it, is the maximum rate of dissolution for each glass. In a static system, with no
replenishment of the attacking solution, the rate of alteration decrddsgss the

rate drop regime (8ge lll). There are two main theories that purport to describe this:

1) The increase in silicic acid activity in the solution, due to the congruent
dissolution of the glass matrix, reduces the chemical affinity for further
dissolutionji,e.a t her mo dy nsatna tce 60 sitse aalgyhi eved.
thermodynamic equilibrium canhbe achieved in a glasslution system

as the glass itself is not thermodynamically st@lEg.

2) The formation of a gdayer on the surface of the glass acts as a kinetic
barrier to further ion exchange of species between the glass and the
solution[59], [60], [71].
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It is also possible that the rate drop is due to a combination of these effects. There are
researchersvho favour the chemical affinity theory, e.g. Jantzen efld] and
Grambow[76], whilst others, such as Rajmohan g6&l and Chave et g13], prefer

the protective gel layer theory. Gin et al., state that baibgsses are important, and

that they are coupldd4]. Abraitis et al. state that the silicic acid activity is the main
influence on the rate, but only at high pH, due to its effect on Si release through
network hydrolysis which is dominant at high pHp]. Recently, lcenhower and
Steefel reported dissolution experiments where an increase in Si added to the solution
led to a norlinear decrease in the rate of dissimn, which is not consistent with
current models for glass dissolution using chemical affif@i%}. So far, there is no
general consensus on tisisbject.

The residual regime is the fourth stage of this description of glass dissolution.
Dissolution continues at a very low rate, several orders of magnitude below the initial
rate. This stage is tieid with the rate drop regime, as it occurs whire system
reaches -sa ad #the abdeyt ween t he di sdimiingti on proc
processes.

In stage V, saturation of leached species in the solution can lead to the precipitation
of miner al phases, refer reemdsuggestedbgGirodal t er at i o
Mestre that the precipitation of these phases pulls elements from the alteration layer
on the surface of the glass, leading to a degradation in its protective capabilities, and
hence a resumption of a higher rate of altergéidnThis theory is also endorsed by
Frugier, who again suggested that it is the competition between the formation of a
protective gel layer and the formation of the secondary precipitates which is
responsible for an increase in the alteration ja#. Work by Gin et al. has also
shown that préapitation does not necessarily occur for every glass composition; out
of 10 compositions studied, only 3 had formed secondary precipjiatpsOut of
these 3 samples, two (CJ1 and CJ8) had been significantly altered, thditgher
was more durable (SON68). Whether this was due to the effect of the precipitates is
not clear. This compositional dependence was also noted by Curti et al., who studied
the dissolution of the UKG®625%,sandnfriahdas t nucl ea
simulant nuclear waste glass, SON68, over 12 years, and found that the MW produced
many more secondary crystalline phases, and was more significantly altered, than the
SONG8 glas$77]. This is attributed to the presence of Mg in MW, which is replaced
with Ca in SONGS.
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This model of glass dissolution is not the only one in the literature. Getshbr
[61] and Hellmanret al.[78] proposed a model based on congruent dissolution of the
glass matrix, followed by superssgation of the leachate with respect to solid phases
in an interfacial region next to the glass surface, which leads to the reprecipitation of
glass components from solution. This im&agism is discussed further ie@ian 2.34.

A recent advance in describing the dissolution behaviour of nuclear waste glasses
is the Glass Reactivity with Allowance for the Alteration Layer, or GRAAL, model
developed by Frugier et 4l1]. This model has been developed through analysis of
the dissolution of SON 68, the inactive simulant of French nuclear waste glass, and
was created in response to discrepancies in the literature with regards to the
mechanisms relating to the rate drop and residual rate regimes (Stages Ill & IV in
Figure 2.4. The GRAAL model depends on a set of simplified hypotheses, namely:

1 The amorphous alteration layer can be divided into 3 parts: the glass
hydration zone, the Passive Reactive Interphase (PRI) and the gel zone
depleted in networkorming elements. Howevgonly the PRI, which acts
as a limiter to diffusion, is described by the model.

71 Diffusion of water and hydrated and solvated glass constituents in the PRI
are described by a single apparent diffusion coefficient.

1 A thermodynamic equilibrium is used to debe the reactivity of the PRI
with the leaching solution.

As of the present day, the GRAAL model has been primarily applied to the French
SONG68 and R7T7 glass€g9]i[81]. Further work is required for it to be validated

against a range of glass comjiosis.

2.3.3 Dissolution at High-pH

It is commonly known that the dissolution of silicate glasses (and borosilicates) has a
dependence on the pH of the attacking soluf&8j, [51], [72], [82] In general, as

the pH moves away fromB, the dissolution rate of the glass increases. For example,
Figure 2.5 shows the Si release for a Magnox glass (UK HLW simulant) at 18 + 4 °C,
over a pH range of R 12 (figure adapted from Abraitis et &]). Si release is an
indicator of the overall disdution rate of the glass, as Si loss from the glass implies
network hydrolysis, and thus, dissolution of the glass matrix. Below pH 6, the release
rate rapidly increases, as it does above pH 7, although not as rapidly. Fhis pH
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dependence has been showndaange of nuclear waste glasgg$[5], [7], as well

as other compositions not earmarked for waste immobilisggjpiB3].
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Figure 2.5 Si release rate from Magnox glass at 18 + 4 °C, over a pH rang
12. Adapted from Abraitis et db].

As mentioned in &ction 1.1.2, there is a risk of UK HL@lass coming into contact
with a highpH solution, due to possible implementationméikalinecement backfill
within the proposed Geological Disposal Facility (GDF). At high pH, there is a greater
concentration of hydroxyl ions in the attacking solutiteading to a greater rate of
network hydrolysis, and thus matrix dissoluti@i]. In this case, one would expect
to see congruent dissolution of the glass, as is reported by Pierd@eaatl Abraitis
et al.[5]. However, Utton et al. recorded incongruent dissolution at higf8phHNo
reason is given for this result the work, but it is likely that all elements are being
leached equally, i.e. the leaching is rs@lective, but some of the elements are being
consumed by the gel layer or secondary precipitates, drawing them out of solution.
One important factor in the gholution of nuclear waste glasses at +pghis the
precipitation of secondary phases. The solubility of many mineral phases decreases
significantly with increasing pH, and so these secondary phases are a common sight
in experiments of this nature. Seveddferent types of secondary phase have been
observed in higipH experiments, from calcium silicate hydratesS€l) [21], [84]
and calcium aluminium silicate hydrates-ACS-H) [85], to Mg-bearing smectites

[84] and crystalline Mg silicateR1], [81], [86]. Along with these observations of
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secondary precipitates, a resumption of alteration after reaching the residual regime
(discussed below) was observed by Uttbale Ferrand et al. and Fleury et [84]i
[86].

Obviously, it is desirable to keep the dissolution of vitrified wastes@Dg as
low as possible. However, Gin & Mestre reported total alteration of a sample of
SONG68 at pH 11.5 after only 240 dayd. These experiments were carried out at
elevated temperature (90 °C) and with a high S/V ratio of 5060which are both
significantly higher than one would expect in repasittonditions. As mentioned in
Section 2.3.2, the authors suggest that the precipitati aluminosilicate minerals is
responsible for the degradation of the gel layer that led to a high rate of dissolution
even after the residual regime had been entered. Although Utton[3t &liace et
al. [7] and Abraitis et al[5] have carried out dissolution tests at high pH without
observing the same extensive alteration, it is very difficult to companerdsults to
those of Gin & Mestre, due to differences in test method, duration, temperature, pH
and S/V. Gin and Rib¢B7], following on from[4], altered SON68 powder in pH 11.5
solutions until the formation of precipitates and resumption of rapid alteration, then
the pH was artificially dropped to 9.5, whereupon the aluminosilicate precipitates
dissolved back into solutioand the alteration rate greatly decreased. Fournier et al.,
in their review of the resumption of alteration in nuclear waste glasses, note that this
pH-dependence exists across many different investigati®@®3. The three
investigations which previously saw a resumption of alteratititof et al., Ferrand
et al. and Fleury et al.; see abousgd leachants with a pH > 10.5, which is a threshold
supported by the data analysed in the review by Fournier et al.; precipitation of these
secondary phases does not seewctur at lower pH value\ particularly relevant
factor in this mechanism ihe presence of Al in the system. Depending on the
concentrations of Al and other elements in solution, the Al can sorb to silanol sites,
precipitate as surface aluminium oxyhydroxides, or precipitate as zeolites. Whilst the
first two options lead to a dezase in silica solubility, and hence a decrease in glass
dissolution rate, the precipitation of zeolites has been systematically linked to the
resumption of an increased rate of dissolution. This is suggested to be due to the
consumption of Si and Al frorthe glass alteration layer by the zeolites, as zeolites
are more thermodynamically favourable than a peorjgtalline gel phase. This
illustrates the importance of analysing the performance of vitreous waste forms in

conditions, in this case highH, tha are thought possible in a given disposal scenatrio.
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Previous works by Andriambololona et [89] and Utton et al[3] have shown
results that suggest that the presence of Ca, in the glassabatiion, at pH 12.acts
to reduce the dissolution rate of some glass compositions. A similar role for Ca in
solution at pH 9 was reported by Chave €flal]. However, while Utton et al. suggest
that this is due to the formation of @ah precipitates that act as a protective layer,
Chave et al. attribute this to Ca incorporation into thdayadr of the glasCorkhill
et al. postulated that, rather than the Ca concentration in solution being key, it is the
synergy between Ca and[$9]. Above a certain Ca concentration, all Si leached from
the glass precipitates as calchsiticatebased phases, whereas below this critical
level, Si remains in solution after leaching. These results have relevance to a possible
UK disposalscenario, as the high pH cement is likely to contain significant amounts
of Ca(OHj). Utton et al. al so reported an Oincub
dissolution rate before the onset of the initial rate, for their lab simulant glass. This
was suggsted be due to the formation of a sHoréd calcium borate phase, which
acted as a protective layer on the glass. If true, this may pose a problem for dissolution
measurement, as B is often used as a dissolution tracer, precisely because it is not

incorporated into the alteration layer or precipitated phfges

2.34 Gel and Alteration Layer Production

During the dissolution of glass a gel (or alteration) layer forms. The mechanism for

this formation in nuclear waste glassis under debate. At present there are two

theories purported to explain the formation of alteration layers. The first of these

centres around the diffusion of mobile species (alkalis, alkaline earths, boron, etc.)

from the glass surface, a processtertnatbel k al i sat i omaccordirité s pr oc e e (
with Equations 2.4 and 2.feaving a porous silica gel layer, which can recondense

in-situ to form a layer which can act as a partial barrier to further diff§@@n The

recondensation process can be aidethb presence of divalent cations, such & Ca

and Md*, through the following reactions:

[ BO+R*Y [ iQiR (Equation 2.9

[ BOTR"+01Si [,0+Y Hi OSRTOiSi I
(Equation 2.1D



37

[ BT RiOiSIl Y TOiSSii [?+20HKR
(Equation 2.1}

Where R’?* aresingly- and doublychargedalkaline earth cationgL3]. Firstly, an
alkaline earth cation links with a negafiecharged silano(Equation 2.9 The
resulting positivelycharged complex then attracts another negatiolefrged silanol,
which causes the two silicate species to be linkechbydivalent cation (Equation
2.10. However, this arrangement is unstable, resulting in jetien of the cation
and two hydroxyl ions and the formation of a siloxane group, increasing the
connectivity of tie gel.

The second hypothesis, as postulated by Geisler[6Ldand Hellmann et aJ90],

is a mechanism based on dissolution and repretgitgsee Section 2.3.2Jhe glass
network dissolves congruently, leading to an increase of the glass elements in solution
in the vicinity of the glass. This results in the solution becoming supersaturated with
respect to solid phases, which th@ecipitate onto the surface of the glass, forming
the alteration layer. Evidence exists in support of both of these mechanisms:

1 The diffusionbased model is supported by Th@®éFlight Secondary lon
Mass Spectrometry (TOEIMS) measurements of alteratitayers, which
show depth profiles of elements in the alteration layer which are consistent
with diffusion processed 3], [91].

f Dissolution experiments with a leachant contairfii® showed that the Si in
the alteration layer wadSi, suggesting that it originated in the glass, which
also supports diffusion over dissolutiogprecipitatiorf20].

1 Dissolutionreprecipitation is supported by eneffijiered transmission
electron microscopy and atepmnobe tomography of silicate glass alteration
layers showing nanometszale changes in elemental depth profiles not
consistent with a diffusiochasednodel[92].

 Experiments utilising an®O-enriched leachant that was added midway
through a leaching experiment on3%i-enriched glass yielded isotopic
profiles in the alteration layer that are inconsistent with a diffubesed
model[93].

1 The observation of banding in alteration layers on archaeological and nuclear

glasses, which is thought to be due to local fluctuations in solution chemistry,
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is more consistent with a dissolutiogprecipitation model than a diffusien
based ong94]i [96]
Both mechanisms appear to explain the results of specific experiments. The
mechanism of alteration layer formation is dependent on the conditions involved in
dissolution. The dissolutiereprecipitation model applies when hydsily is the
primary mode for dissolution, i.e. higiH and lowpH, whereas the diffusion model
is prevalent where diffusion is the dominant dissolution reaction, closer to neutral pH
[20]. It might therefore be expected that the experiments carried out in this

investigation would show evidence of a dissolutieprecipitation mechanism.

2.35 Natural Glasses as Analogues for Nuclear Waste Glass Dissolution

One of the primary issues with the study of the dissolution of nuclear waste glasses
with regards to theibehaviour during geological disposal is the very long timescales
that are involved. These could be as long as 1 million years, and it is not possible to
even approximate these timescales in a laboratory. As a potential solution to this, it
has been suggeed since the late 1970s that natural glasses can be used as analogues
of the dissolution behaviour of nuclear waste glasses over geological tim¢a¢tles

[104]. Glasses proposed as analogues have generally fallen into one of two categories:
rhyolitic glasses with high silica content (> 65 wt[#3], [105]; or, more commonly,
basaltic glasses, which are aluminosilicdfieq, [103], [106] [109]. The consensus

in the literature appears to libat basaltic glasses are valid analogues for the
dissolution of nuclear waste glasses, however there are few investigations with direct
comparison of basaltic and nuclear waste glasses. One exception is Teclj&bgt al.

who saw comparable dissolution behaviour in the laboratory between a basaltic glass
and SON 68, a French simulant waste gl&se significant difference between
aluminoborosilicate nuclear waste glasses and bagédsses is that natural basaltic
glasses contain no boron oxidEurther investigations are needed, with direct
experimental comparison between basaltic glasses and nuclear waste glasses, in order
to fully understand the similarities and differences ssdiution behaviour of natural

glasses compared to nuclear aluminoborosilicates.

2.3.6 State of Knowledge of UK Nuclear Waste Glass Dissolution
The dissolution behaviour of UK nuclear waste glasses has not been the sudgect of

extensive studpsFrenchnuclear waste glass However, a number of studidgve
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been carried oubn various aspects of UK nuclear waste glass dissol{@on5],

[11], [19], [77], [84], [110][112]. Abraitis et al.[5] looked at the dissolution of
Magnox waste glass as a function of pH and silicic acid activity, and found a
significant d@endence on dissolah rate with pH. They sugget$tat the mechanism

of dissolution depends on pH, with protpromoted hydrolysis of B O and Ali O

bonds, hydration and ion exchange processes being prevalent at low pH, and
hydrolysis of siloxane bondbeing the ratdimiting step at higkpH, leading to
congruent dissolution of the glass network.

Curti et al. studied the relative dissolution performance of-BB&% (referred to as
OMWG6), an inactive si mul aomparedofSONGR,thelL W v i
French equivalent, in pure water at*@ They found that the MW glass dissol\ad
a rate around 10 times hightian that of the SON68 glass. They postulated that this
was due to the presence of Mg in the MW glass leading to the fornoAecondary
clay minerals which enhanced the dissolution of the glass by consuming silica from
its network. Two further investigations were carried out by Curti et al. into the
speciation of Na, Mg, Ni and Cs in the altered MW sarfid@and Cé&"** speciation
of the sample and its relevance to the behaviour of Pu during diss¢L&RInin the
former, they found that Mg was retained in Jgigectite clays formed during
dissolution, and that there was significant retention of both Ni and Cs in alteration
layers. In the latter investigation it was found that thé"@e the glass became
patially reduced to C¥ when leached, and that this‘Cwas associated with the Mg
smectite precipitates. They compared the redox behaviour in thggBFtonditions
of the leaching experiment with that of Pu, and found that theviRwld be unlikely
to be reduced in these conditions, suggesting th&ti€eot a good surrogate for Pu

Harrison et al[110] investigated the dependence of the dissolution behaviour of
nuclear wate glass with wast®ading. Theylooked at wastéoadings of two types
of waste, Magax and Blend, between 25 and 38 wt.% for Magnox and deswl7
and 38 wt.% for Blend. Theglso looked at varym the amount of oxide waste to
Magnox waste in the Blend from 752b6% to 25%75%. They found that, in general,
the chemical durability of the absincreasedwith wasteloading, and that the
durability of the Blenecontaining glasses increasetth increasing oxide waste to
Magnox waste ratio.

Several more recent studies have focussed on the alteration of UK nuclear waste

glasses at higpH [3], [19], [84]. Two studies by Utton et al. investigated the
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dissolution behaviour of proposed UK ILW glasses in a saturated Galgadhant

[3], and the formation of alteration products during the dissolution of these glasses
[84]. The former work found that the leaching rate was lower than expected which
was explained through the ext of Ca in solution (see 2.4.3). It also found that the
durability of the wastdoaded samples was higher than for the base glasses, in
agreement with the findings of Harrison et al. The latter study by Utton feuad

that Mg and Ca tended teliound in distinct alteration phases, and generally were
not found in a mixed phase. Ca was found in calcium silicate hydreé&eH)Jphases,
whereas Mg was found in a smectite clay, postulated to be saponite
(Ca.2dMg,FeXk((Si,Al)4010)(OH)2:n(H20)). They found that Zr, Fe, and Mg
accumulated in the alteration layer along with Ca and Si @sgkl amounts of Al.

The high $V experiments saw eesumption of alteration (see@ion 2.4.3) after
around 56 days, which is likely due to the formation of thesstaltine precipitates
which consume Si from the alteration layer and glass network, enhancing dissolution.
Corkhill et al.[19] reported an incubation period during dissolution which they linked
to the ratio of Ca to Si in solution; Si was not seen in solution until the Ca/Si ratio was
<2.

2.4 Summary

The dissolution behaviour of glasses is still not fully understood.méchanisms of
dissolution, the mechanisms of formation of alteration layers and the effects of many
elements on the dissolution behaviour of glasses are still the subject of significant
debate. The complexity of the dissolution of a thermodynamicallyastedile
material, possibly consisting of 30 different oxides, cannot be overestimated. This has
been seen on many occasions in the literature, when seemingly similar experiments
with similar samples yield wildly different results. This investigation aingrovide

more clarity in this area, witbarticular regard to thasbolution of UK nuclear waste
glasses at highH, the mechanisms of dissolution at higH, and the effects of

elements such as Ca, Mg, Al and B in these conditions.
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3. Experi ment al Met hod

3.1 Sample Production

3.1.1 GlassMaking

Two general categories of glass compositions were produced for testing and analysis
in the course of this workpur compositions selected from the literature, and a set of
simpler glass compositions containingtd 5-oxidesi hence forward referred to as
0si mpl el dgsigaed specsidally for this project. The literature glasses are as

follows:

MW-25%-Thi s gl ass is a simulant of the UKOS
of an alkali borosilicate base glass (MW) loaded with 25 wt. % simulated

Magnox waste, 1i.e. waste coming from the I
is high in magnesium and aluminium. This compos was chosen for

this project due to its relevance in regards to UK wasteformsgiBss

was produced at the University by melting of appropriate amounts of

MWO.5Li base glass frit (MW frit with half the usual amount of Li) and

WRW17 calcine (an inaiwe simulant of HLW calcine), provided by Dr

Mike Harrison of NNL, who is the industrial supervisor for this project.

International Simple Glass (ISG) i This composition has been
developed by the International Glass Corrosion working group as a
reference glass for dissolution experiments. It is a mbadkali
borosilicate based on the French R7T7 base glass. This composition was
chosen to provide a frame of reference for the other glasses. A 500 g ingot

of this glass was provided by the working group.

G737 This glass was designed at the University of Sheffield as a potential

immobilisation matrix for ILW[2]. It is a barium silicate, which for the

purposes of this project has been wdsseled with 35 wt. % of simulant

Owaste permutation B0 from Hinkley Point /£
(ion exchange (IEX) resin, active effluent treatment plant (AETP) sludge,

pond water treatment plant (PWTF) sludge and sand pressure filter (SPF)
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sand)[2]. The G73 base glass frit and the waste permutation B material

were provided by Dr Paul Bingham.

Basaltic Glass (BAS)i This is a synthetic version of a natural basaltic
glass, a calciuaron aluminosilicateas producedy Techer et al.106].

The reasons for this glass being chosen are twofold; firstly, there is a
significant amount ofiterature[98], [103], [105], [108]on the use of
natural basaltic gkses as analogues for nuclear aluminoborosilicate glass
dissolution, and secondly, borosilicate glasses containing alumina have
been found to have a greater chemical durability than those not containing
alumina. The sample for this project was melted ftbm batched raw

materials.

The melting/processing conditions are showfatle 3.1, except for ISG which
was provided by an external source. Table 3.2 gives the nominal compositions for
these literature glasses. Analysed compositions are given in Cbapte

The MW-25% glass was produced by mixing the appropriate amounts of MWO.5Li
frit and WRW17 calcine to obtain a 25 wt.% waktading of the simulant calcine.
This mixture was then mixed by hand for approximately 2 minutes. This mixture was
placed in aralumina crucible antheated to 1050 °C in a muffle furnace. Once the
batch had reached 1050 °C, it was transferred to -#o#mbng furnace and kept at
1050 °C for 4 hours, with stirring of the melt occurring for the last 3 hours, using an
aluminastirrer. After 4 hours, the melt was poured into alprated iron mould, and
then annealed at 500 °C for 1 hour. The temperature of the furnace was then reduced
to room temperature at the rate of 1 °C fiand the glass ingot was removed when

this was ompleted.
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Table 3.1. Melt conditions for the M\A25%, BAS and G73 glasses.

Glass MW -25% BAS G73
Melt Temp. (°C) 1050 1550 1200
Melt Duration /h 4 4 8
Cooling Rate(°C min-t) 0.5 1 1
Anneal. Temp.(°C) 500 670 550
Anneal. Duration /h 3 1 1
Furnace Type Electric Gas Electric
Stirred Yes No No

Table 3.2. Nominal compositions of the four literature glasses in mol. %.

Oxide MW -25% BAS G73 ISG
SiO2 50.02 53.66 51.45 60.10
B20s3 15.80 T 2.22 15.97
Al203 3.17 9.48 0.38 3.84
Fe2Os 1.37 4.44 2.91 T
Na2O 8.72 2.81 5.61 12.65
Li2O 8.88 2.19 7.76 T
CaO T 12.64 11.03 5.73
MgO 7.85 12.79 0.40 T
BaO 0.26 T 18.14 T
ZrO2 0.80 T T 1.72
P20s5 T 0.05 0.01 T
SrO 0.19 0.23 T T
MnO T 0.14 T T
K20 T 0.13 0.02 T
TiO2 T 1.45 T T
Cs0 0.24 T 0.03 T
TeO2 0.07 T T T
Other 2.65 T 0.04 T
Oxides
Total 100.02 100.01 100.00 100.01
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The G73 glass was produced by batching appropriate amougilisa{SiQ, Loch
Aline sand), aluminium hydroxide (Al(Okl)SigmaAldrich reagent grade), barium
carbonate (BaC¢) SigmaAldrich >99%), iron (ll, 11l) oxide (FeOs, SigmaAldrich
>99.9%), boric acid (EBOs, SigmaAldrich 99.9%), sodium carbonate (PGOs,
SigmaAldrich 99.9%), lithium carbonate (}€Os, SigmaAldrich ACS reagent),
calcium carbonate (CaGOSigmaAldrich 99.9%). To this base glass mixture was
added 35 wt.% of waste permutation B, a simulant of wet intermediate level waste
(WILW) from the Hinkley Point A nuclear power statighl3]. The simulant was
dried in an oven at 90 °C for 24 hours before mixing with the glass Bdtehmelt
was @rried out for 8 hours at 140C. However, this did not produce a homogeneous
product (by visual examination), so a second batch was made using the same
conditions, and then both batches were milled together. This mixed batch was
remelted at 1400 °C for Bours, producing a homogeneous product. After this, the
melt was poured into a ptesated iron ingot mould and allowed to cool until it could
sustain the ingot shape. It was then transferred to a furnace for annealing at 550 °C for
1 hour, before the tenepature was reduced to room temperature at 1 °C.rfline
ingot of glass was then removed from the furnace.

The BAS glass was produced by batching the appropriate amounts of siliea (SiO
Loch Aline sand), aluminium hydroxide (Al(Ok)SigmaAldrich reagent grade),
iron (Il, 1) oxide (FeOa, SigmaAldrich >99.9%), sodium carbonate (MGOs,
SigmaAldrich 99.9%), lithium carbonate (}€Os, SigmaAldrich ACS reagent),
calcium carbonate (CaGQOSigmaAldrich 99.9%), magnesiuraxide (MgQ Sigma
99%), anmonium dihydrogen phosphate (hpPQs, Alfa Aesar), strontium nitrate
(Sr(NGs)2, Sigma >98%), manganese oxide (MnSigmaAldrich >99%), potassium
carbonate (KCGQs, Alfa Aesar >99%) and titanium dioxide (TiOSigmaAldrich,
>99%) The batched reagents we then mixed by hand within a sealed bag for
approximately 5 minutes. The resulting mixture was placed in an alumina crucible and
pre-heated overnight to 110C. It was then transferred to a gas furnace at 2000
The temperature was increased from 1%0@ 155C¢°C in increments of 20C every
2 minutes. The temperature was increased in this fashion due to the lag between the
temperature controller and the temperature within the furnace. Once the furnace
reached 1550C, it was held at this temperatuoz 4 hours. At the end of the 4 hours,
the melt was poured into a pneated iron ingot mould. Once the glass had cooled

sufficiently, the stilthot ingot was transferred to an annealing furnace. The annealing
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furnace was set at 67T, held there for almour and then ramped down to room
temperature at 1C min>.

The 3 to 5-oxide glasses fall into 4 different series; MBS, NMxBS, NCABXS
and NMABXS. The melt condities for each glass are shown iable 3.3, and the
nominal composition®r these series are shown iable 3.4. Analysed compositions
are given in Chapter ,4Table 4.1 The NGBS and NMBS series are base
20N20 A 1,0:85SiQ glasses, with the N® replaced bk = 5 and 10 mol. % of
CaO and MgO, respectively. Initially, gkess withx = 15 mol. % were also planned,
but they could not be produced without significant phase separation. These two series
werestudied in order to ascertain the impact of the addition of CaO and MgO to the
dissolution rate of the Nborosilicate bas glass. The NCAES and NMABKS series
are base 10N®A 1 0 Ca ¢DAGESI@ land 10NaOA 1 0 Mg O&ASSIG|
glasses, respectively. In both series, th€Als replaced bx=5 and 10 mol. % B3
in order to study the effect of the addition of B to the glass on the dissolution rate.

All of the simple glasses were batched by mixing the appropriate amounts of the
sodium bicarbonate (NaHGOSigmaAldrich 99.9%), calcium carbonate (Ca&O
SigmaAldrich 99.9%), magnesium carbonate hydroxide hydrate
(CaMgs012-HoMgO2-5H20, SigmaAldrich 99%), aluminium hydroxide (Al(OH,
SigmaAldrich 99.9%), boric acid (EBOs, SigmaAldrich 99.9%) and silica (Si&

Loch Aline sand). The batch was then mixed by haraddealed bag for approximately

5 minutes. In the cases of NC5BS, NC10BS, NM5BS and NM10BS, as much batch

as would fit was then placed in a platinum crucible, which was then placed in an

electric furnace at the required temperature. Once the batch vbhdanmeduced due

to melting, more batch was added and the crucible returned to the furnace, with the

process repeated if necessary. The batches were kept at the required temperature for 4

hours, with a platinum stirrer used for the last 3 hours. The melts then poured

into a bucket of water, producing a o6fritéo.
using an alumina crucible rather than a platinum one.

The NCABS and NMAKS series were batched in the same fashion as the
NCxBS and NMBS series. After mixing, as much of each batch that would fit was
placed in an alumina crucible. These crucibles were then heated t¢@1fi0an
electric furnace, before being transferred to a gas furnace atC1T0e rest of each
batch was placed itme crucibles at this point. The gas furnace temperature was then

ramped to the required melt temperature at a rate 8€C28very 2 minutes. Once at
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the appropriate temperature, the crucibles were kept in the furnace for a further 4

hours. At the end ohe 4 hours, each of the glasses was fritted in a bucket of cold

water.

All glasses were analysed by-rdy Diffraction (XRD) (see Section 3.6) to

determine whether they were amorphous. The data are shown in Appendix A.

Table 3.3 Processing conditionsrfgroduction of simple glasses. The
NCABXS, NMABXS and NCOBS samples were melted in alumina crucibles
other samples were melted in Pt crucibles.

Melt Melt  Anneal. Anneal. ool Rate
Glass Temp. Durat. Temp. Durat. Stirred
(°C)  (Hrs)  (°C) (Hrs)  (°C min%)

NCOBS 1400 5 620 1 1 Yes
NC5BS 1350 5 600 1 1 Yes
NC10BS 1400 5 600 1 1 Yes
NM5BS 1300 5 550 1 1 Yes
NM10BS 1300 5 550 1 1 Yes
NCABOS 1550 4 N/A N/A N/A No
NCAB5S 1550 5 N/A N/A N/A No
NCAB10S 1450 5 N/A N/A N/A Yes
NMABOS 1550 4 N/A N/A N/A No
NMAB5S 1550 4 N/A N/A N/A No
NMAB10S 1550 4 N/A N/A N/A No
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Table 3.4. Nominal mmpositions (mol. %) fosimpleglasses.

Glass Na2O CaO MgO Al203 B20s3 SiO2

NCOBS 20 0 T T 15 65
NC5BS 15 5 T T 15 65
NC10BS 10 10 T T 15 65
NM5BS 15 T 5 T 15 65
NM10BS 10 T 10 T 15 65
NCABOS 10 10 T 15 0 65
NCABSS 10 10 T 10 5 65
NCAB10S 10 10 T 5 10 65
NMABOS 10 T 10 15 0 65
NMABSS 10 T 10 10 5 65
NMAB10S 10 1 10 5 10 65

3.1.2 Preparation of Samples for DissolutiofExperiments
Two types of samples were used for dissolution experiments; powdersBPCT
experiments) and monoliths (MCCexperiments). Powdered samples were produced
by first crushing the glasses (if not already in frit form) in a benchtop vice. The drushe
glasses were milled using a Tema T100 Disc Mill. Small amounts of glass were placed
in the sample holder, and the mill was turned on fbri31seconds, depending on the
particle size of the unmilled glass. The milled glass was then sieved using 7%and 15
pum steel sieves to obtain the 1495 um particle size fraction. A magnet was passed
over the milled samples to check for any iron contamination from the vice and mill.
The powders were then washed in order to remove any adhered fines. They were first
rinsed 3 times in ultrhigh quality (UHQ) water produced by a Millipore Dire@t
(UV) 3 water purification system. After this, the powders were cleaned ultrasonically
in UHQ water for 5 minutes, 4 times. They were then washed ultrasonically in
isopropanofor 5 minutes, 3 times, placed in an oven at 40Go dry for at least 1
hour and then stored in a desiccator until use.

Monolithic samples were produced from glass ingots. The ingots were first

sectioned using a Buehler IsoM&000 precision saw. Frorhdse sections, coupons
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were cut to the required size (approx. 10 x 10 x 5 mm) using a Buehler fsodthet
speed Saw with a Buehler Series 15 LC wafering blade, lubricated with Buehler
IsoCuf fluid. The coupons were then ground to a standard finish usBgehler
EcoMet 250 Pro, with Buehler P800 SiC abrasive paper.gitnendcoupons were

then ¢eaned ultrasonically for 5 min UHQ water. They were cleaned ultrasonically

in isopropanol for 3 péods of 5 min with fresh isopropanol used for each period.

After cleaning, the coupons were stored in a desiccator until required.

3.2 Dissolution Testing

3.2.1 Product Consistency Test B (PGB)

The product consistency test (PCT) is a static leaching test designed for the assessment
of the durability of nuclear, hazardous and mixed waste glasses, and multiphase glass
ceramics. It uses powdered samples and is defined by ASTM Interndtiddal

There are two variations of PCT, A and B. P&Ts a #day test at 90 °C, with very
specific requirements of particle size distributi@achant composition and test vessel
material. PCTB allows for a range of temperatures, durations, particle size
distributions and test vessel materials. FEIE the test method that was used in this
project, and was carried out tre four literature glss compositions, as well as on the
simple borosilicate and aluminoborosilicate series.

All tests were carried out in@ositive pressurglovebox where the pressure was
maintained by an Nflow (Figure 3.1), to prevent carbonation of the leachants and
hence reductions in pH. Each test was carried out &C50 a 500 mL HDPE vessel,
with 400 mL of leachant and an appropriate amount ofi 18® um powder (20 23
g, varying with glass density) to produce a gisgsdace are#o-leachanvolume of
1200 + D0 nit. The powdered glasses were prodliasing the method detailed in
Section 3.1.2. Two leachants were used; saturated Ca(€iition and 0.021/0.21
M KOH/KCI solution, which were prepared to give approximately the same pH value,
in order to isolate the change in cation as the only variable to affect the dissolution
rate. The pH of a saturated Ca(@Hplution at 50 °C is appxamately 11.6. To
achieve the same pH using KOH/KCI requires a 0.021/0.21 M solution. KClI is added
to the solution in order to buffer the pH. The Ca(®lpachant was produced by
adding an excess of Ca(QHjowder (>0.92 g 1) to UHQ water in a HDPE vedse
Unlike the UHQ water for the MCQ experiments (seeeftion 3.2.2), the UHQ water
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for the PCFB experiments did not havexldubbled through it prior to the addition of

the hydroxidelt was shaken vigorously in order to achieve full dissolution of the
Ca(OH), and allowed to sit for several hours in order for the excess Ca{@sbttle

to the bottom of the vessel. The KOH/KCI solution was prepared in the same manner
as the Ca(OH)solution. The concentrations of KOH and KCI used in the solution
were 118 g ! and 15.66 g L, respectively. The preparation of all leachants was
carried out in a glovebox with a nitrogen atmosphere in order to prevent carbonation,
and hence a reduction in pH. Before the start of the experiments, the HDPE vessels
were cleard using the method outlined in the ASTM standard. For the tests using the
Ca(OH)Y leachant, an Advantec USY ultrafilter unit filled with a slurry of Ca(OH)
powder and UHQ water, was added to the test vessel in order to maintain the pH of
the leachantThe experimental setups for the PCT experiments are shown in Figure
3.2.The test vessels were placed in a LT Scientific GBB%ven in the glovebox at

50 °C. For each glass composition, duplicate tests were run, as well as two blanks.

Figure 3.1.Image of glovebox with Picylinder used for higipH dissolution
experiments.
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Figure 3.2.Schematic diagrams of experimental setup for PCT experime
using KOH/KCI (left) and Ca(OH)right) leachants.

For analysis, 5 ml aliquots of the solution were taken at designated intervals; 1 day,
3,7,14, 28,56 and 112 days. Before and aftereim®val of each aliquot, the vessels
were weighed to determine the amount of solution which had been lost or removed.
This was taken into aount in terms of a change ir\S The 5 ml aliquots were
removed using a FinnPipette F1 variatt#dume pipettor, ad then filtered using a
0.22 em polyethersul phone (PES) syringe
cool, before 4 ml was removed and acidified with 1 vol. ¥#&%itric acid, and
analysed by Inductiveioupled Plasma Optical Emissiopegtroscpy (ICP-OES,
see @ction 3.3). This determined the release rates of elements from the glasses. The
last 1 ml of filtered solution was used for measuring the pH of the leachate. After the
final aliquot was taken, the remaining solution was disposed otharglass powder
dried in the oven in the glovebox. Théags powder was analysed usingRdy
Diffraction (XRD), to identify any secondary precipitatéScanning Electron
Microscopy with Energy Dispersive-May Spectroscop{SEM-EDS) was also used

to look at the morphology and composition of the precipitates.

3.2.2 Materials Characterisation Center Test 1 (MCGL1)
The Materials Characterisation Center Test 1 (MQds a static leaching test

designed for the assessment of the durability of monolithic wasteforms for the disposal
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of radioactive waste. It is defined by ASTM Internatigi@dl]. The standard specifies
that the test should have afswweareato-leachamvolume (V) ratio of 10 £ 0.5 m

1and a temperature of 40 °C, 70 °C or 90 °C, but allows for a variety of leachant
solutions and test durations.

The tests in this project were carried out at 50 °C, with a Ca(@dyhant, a
monolith surface area of 400 + 20 rhand a leachant volume 004nl (giving the
requiredS/V). The vessels used for these tests were Savillex 60 ml perfluoralkoxy
(PFA) Teflon standard jars, with 53 mm closures and 46 mm support screens. Figure
3.3 shows a schematic diagram of the experimental setup. These testamiedeout
within the glovebox shown in Figure 3.1 (as with the PCT experiments). The glass
compositions that were used for these tests were the four literature glasses, and the
monoliths used were preparesing the method described ircdion 3.1.2.

In order to prepare the Ca(Ot$plution, nitrogen is first bubbled through the UHQ
water for >24 hrs to ensure the removal of2Cthis solution was then transferred to
the glovebox, where an excess of reagent grade Ca(@#der was added. The
water/powdermixture was then placed in the oven at the required temperature
overnight to let the undissolved Ca(Qlgpwder settle at the bottom of the container.

Each monolith was placed onto a PFéflon basket in a vessel, with 40 ml of the
Ca(OHy) solution, addedvith a FinnPipette F1 variabMolume pipettor, with 10 ml
FinnPipette tips. The lids of the vessels were replaced, and the vessels placed into the
LT Scientific OP39UF oven at 50 °C for 30, 90, 180, 360, 540 or 720 days. Two tests
were run for each ohe four glass compositions for each test duration, along with two
blanks.

Once the tests were finished, 5 mL aliquots of leachate were taken. 4 mL of this
were acidified with 1 vol. % 69 % HN{and analysed by IGRES, whilst the
remaining 1 mL was useaif pH measurement. The altered coupons were gently
rinsed with ~ 2 mL UHQ water, in order remove any remaining Caf{@lkthout
washing off precipitates. Each altered coupon was mounted in epoxy resin, ground to
a P1200 grit finish on a Buehler EcoMet 250 o , then polished using
diamond paste, and analysed using scanning electron microscopy (SEM), to obtain
morphological data on precipitates and measure the thickness of the alteration layer,
and energy dipersive xray spectroscopy (EDSin order to obtain data on the

elemental composition of the precipitates and alteration layer.
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Figure 3.3 Schematic of experimental setup for MQC
dissolution tests.

3.3 Inductively-Coupled Plasma Optical Emission Spectrometry
(ICP-OEYS)

Inductively-Coupled Plasma Optical Emission Spectrometry {@ES) is a
technique that can be used to measure the coatientof elements in solution, down

to low levels (~ 0.1 ppnL15]. This type of spectrometer uses an argon plasma torch

to atomise and ionise the sample. This causes the atoms to be excited, through two
main interactions; inelastic scattering of an electron off the atbnfequation 3.1)

and the radiativeéecombinatiorof an ion,M*, with an electron (equation 3.@)15]:

e+tM- M +e (Equation 3.1)
M*+e- M +hn (Equation 3.2)

This leads to the emission of photohsgwith wavelengths that are characteristic of
each element, with the intensity of the emission recorded being propottotine
amount of the element present. A schematic of a standar@ E3Psetup is shown in
Figure 3.5. Before introduction to the instrument, samples must first be in solution
and acidified. The sample introduction system consists of a peristaltic pungt, whi
pumps the sample anch &u standard solution into a nebuliser. The Au standard
solution is an internal standard used to correct for any systematic issues in the
instrument. In the nebuliser, the sample and Au standard are mixed with Ar gas to
form a liquid aerosol. The aerosol is fed into the plasma torch which atomises and

ionises it. The signal from the excited sample is carried from the torch through a radial
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route and an axial route. This signal then passes through the transfer optics to the
spectroneter itself. The spectrometer collects the signal through clrangaed
devices (CCDs) and calculates the concentration of each element by measuring the
intensity of the characteristic emission peaks. This information is then dotput
computer. In ordeto generate accurate results, the instrument must be calibrated
before use[116]. This was done by using a set bfstandards with known
concentration®sf the elements to be analyséw order to do this, higlhyuality Fluka
elemental standards (B, Abi, Na, Ca, Mg, Zr, Ba, Fe, and a R&arth multiple
standard) were purchased from SigAldrich, and used to make the calibration
standards. Using the software on the computer, a calibration curve can be produced
which the instrument then uses to proglaccurate data.

The elemental concentration data collected from the@ES, measured in ppm,

were subsequently converted to normalised mass loss values, using:

NL = (C'—Cs'b) (Equation 3.3)
3 =
5 \

where:NL; is the normalised mass loss for eleménin g m? C; is the average
concentration of in solution in the duplicate tests, in mg'LCip is the average
concentration of in the blank tests, in mgl; x is the mass fraction @fin the glass
monoith; Sis the surface area of the glass monolith, fp amdV is the volume of
leachant, in M Using normalised mass loss values makes comparisons between the
releases of different elements from the samples possible, and also allows the surface
area to volume variation of the tests to be taken into account. The normalised mass
loss values were pited against time for each of the glasses. The uncertainty in the
normalised mass losHlL;, for each element, was calculated through the following

equation:

(Equation 3.4)

where:,, is the relative uncertainty in;Cthe concentration of element,in the
leachate; . is the relative uncertainty il , the average concentration of element,

i,inthe blanks; angd ,, and, are theelative uncertainties ir, the mass fraction
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of elementj, in the glass, She surface area of the glass sample, and V, the volume
of the leachate, respectively. Relative uncertainties were calculated by dividing the

absolute uncertainty in the measurement by the value of that measurement, e.g.

In addition to thenormalised mass losses, mass loss rates aso calculated. An
apparent initiarate was calculated from the gradient of the dissolution data from 0
days, to either 1, 3 or 7 days. The greatest possible number of datapoints was used,
with the caveat thahey must follow a linear trend. For most samples this wés 3
datapoints (up to 3 or 7 days), but for some glasses this was only possible for 2
datapointsApparent residuahass loss rates were calculated from the gradient of the
dissolution data betvea the last 3 or 4 datapointiepending on thknearity of the
fit, i.e.147 112days or 28 112 days for PCT experiments, and 18020 days or
36071 720 days for MCElL experiments. t s houl d be noted that
are not true initial ad residual rates. Calculation of true initial rates would require
dynamic dissolution experiments (e.g. SinBlss FlowThrough), whereas true
residual rates would require experimental proof that the samples had reached the
residual dissolution regim&he uncertainty in these rates was estimated at 15%.

All of the ICR-OES analysis in this work was carried out using a Thermo iCAP
6300 instrument. Analysis was carried out on all efahquots taken from the PET
B and MCC-1 experiments. Before use, thergdes were filtered using 0.22 pm
filters, and acidified with 1 % v/v 69% HNQas described inestion 3.2.1. This
analysis was carried out in order to determine the leach rates of different elements

from each glass.
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Figure 3.5 Schematic of a standard IGPES.
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3.4 Electron Microscopy
Microscopes are an essential piece of equipment in innumerable scientific, and other,
fields, from microbiology to materials science and many more. However, the
resolution of an optical system fisndamentally limited by the wavelength of the
source, per Rayleighdés criterion:
/ .
q :1-2205 (Equation 3.5)
whered is the angular resolution of the system in radiaxis,the wavelength of the
source and is the diameter of the aperture of the lens. The specific case for a
microscope is given by:
122/
R=———
2NA
whereR is the spatial resolution of the system & the numerical aperture of the

(Equation 3.6)

lenses, igiven by:

NA=/Asing (Equation 3.7)
whered is the refractive index of the medium between the lens and the objedt and
is half of the angular aperture of tinécroscopeU. Given that it is difficult to exceed
valuesof 1.45 and 0.95 for thdA of the condenser and objective lenses, respectively,
and that the shortest wavelength for visible light is around 400 nm for violet, this gives
a resolution limit of approximately 200 nm for optical microscopes. Many objects of
interest, e.g. atomic structures within materials, are smaller than this so a higher
resolution technique is required. Due to the wpadicle duality of electrons, they
can be used as an alternative to photons in microscopy systems. The wavelength of an
electron is given by the De Broglie equation:

_h (Equation 3.8)
p

wherehi s P11 anc k 0 pis therealaitisaicnmomeatandof the electron. By
accelerating electrons through an electric field, one can attain wavelengths tens of
thousands of times shorter than for visilight photons. For example, an electron
microscope using an accelerating agk of 10 kV produces electrons with a
wavelength of approximately 12 pm. This enables even very small objects to be

resolved. There are two main types of electron microscopy; scanning electron
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microscopy (SEM) and transmission electron microscopy (TEM).

3.4.1 Scanning Electron Microscopy (SEM)
Figure 3.6 shows a schematic of a scanning electron microscope (SEM). The principle
of a scanning electron microscope is as follows:
1) The el ectron source, or 6el ectron gul
acceleated towards an anode through a voltage difference of between 0.1 and
50 kV.
2) The beam of accelerated electrons is then shaped by a set of electromagnetic
lenses, which focus the beam onto the sample.
3) The beam can be rastered across the sample, usingaisan
4) As the beam of electrons hits the sample, they interact, both elastically and
inelastically, to produce backscattered electrons, Auger electromay X
photons and secondary electrons.
5) The backscattered electrons, secondary electrons aagisXarecollected by
detectors arranged around the sample.
6) The signal from the detector is then amplified and converted into an image on
a monitor; different images can be obtained by using signals from different
detectors.
As mentioned, the primary electron beaam interact with the sample in a number of
different ways. This is illustrated by Figure 3.6. The part of the sample which is
penetrated by the primary electron beam is called the interaction vildifleSome
of the primary electrons are scattered thiottd@. 80 ° (backscattered electrons (BSE))
and are collected by detectors near to the beam aperture. The number of backscattered
electrons generated by each incident electron is dependent on the atomic number of
the particular region of the sample; a higgdeneans more backscattered electrons,
and a lowerZ means fewer. Thus, using BSE imaging, one can obtain data on the
relative Z values for different regions. Primary electrons that are scattered less
strongly, but still escape the sample, are known asnskecy electrons (SE).
Secondary electrons only escape from within the sample from a relatively small
region, due to having lower energy than BSE. This means that greater spatial
resolution can be achieved in images usindXB]. The primary electrons are also
susceptible to inelastic scattering within the sample, generating radiation, most of

which is reabsorbed within the sample. Howevera¥sare not readily reabsorbed,
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and so these can be detectBais will be expanded upon ire§tion 3.4.3.
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Figure 3.6. Schematic of a scanning electron microscope. Adapted fron
Goodhew et g|118].

SEM was used to analyse altered and unaltered glass samples in this work. BSE images were
collected in order to gain formation on the structure of any alteration layers formed, i.e.
whether the layer consisted of a single band, or several. SE images were collected in order to
determine the depth of any alteration layer present. For SEM analysis, monolithic samples
were frst mounted in an epoxy resin. They were then ground using P1200 SiC abrasive paper
to produce a flat surface. Each sample was then polished usiran@,1 um diamond paste

for 5, 10 and 30 minutes, respectively, using isopropanol as a lubricant. [Bhegsamples

were coated with a layer of carbon using an Edwards Speedivac coating unit, in order to
facilitate the flow of electrons from the sample to ground. This is to prevent issues with

6chargingé, where

el ect r oplesaubing issues withgontoast t h e

sur f
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and image stability. After carberpating, a conductive silver paint was used to electrically
connect the top and bottom surfaces of the resin mount (Figure 3.7, picture of finished
sample) Powdered samples were attackeddhesive carbon tabs on aluminium stubs
(Figure 3.8), in order to look at any alteration products formed on the outside of the
particles. Powdered glass samples were also mounted in resin and ground and polished
in order to examine crossections of thearticles (Figure 3.9). It should be noted that
alteration layer thicknesses were not measured for any glass particles. This is due to
the potential biasing of the thickness measurements by the random orientation of the
particle surfaces with respect thet electron beammages were taken using 2
Microscopes; a Hitachi TM3030 desktop microscope and an idplett F, using
voltages of 5 15kV and a working distance of%mm (Hitachi) or 10 mm (FEI).

Silver DAG

Altered

Monolith (G73) Epoxy Resin

Figure 3.7.Image of altered monolith of G78jounted in epoxy resin and
prepared for analysis by SEEDX.
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Figure 3.8.Particles of altered NM5BS glass attached to adhesive carbon t
an aluminium stub for SENEDS analysis.
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Figure 3.9.Particles of three altered glass mounted in epeginrfor cross
sectional SEMEDS analysis.

3.4.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) utilises the same techniques and

phenomena as SEM, but the electrons are detedtdtlaéy have passed through a

very thin sample, rather than being detected after being scattered from the sample

surface. Figure 3.10 shows a schematic of a TEM. A TEM operates as follows:

1) Electrons are produced by an electron source, as with an SEM, albeit with
generally higher potential diffences (50 k\V ~ 1 MV) [118]

2) The accelerated electron beam is focused onto the sample by a condenser lens.

3) After the electrons pass through emple, they go through a further set of
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lenses: the objective lens, the intermediate lens, and the projector lens. The
projector lens guides the beam onto a set of image collection apparatus.
4) The first image collection method is a fluorescent screen veltimivs the user
to view images generated by the TEM in real time. Below this is a slot for
photographic film, for the collection of electron diffraction patterns. The final
detector is a CCD camera for the collection of digital electron images.
It is alsopossible to attach array detector near to the sample, in order tdéoper x-

ray spectroscopy (see&ion 3.4.3).
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Figure 3.1Q Schematic of a transmissi@hectron microscope. Adapted from
image at
http://intranet.tdmu.edu.ua/data/kafedra/internal/histolog/classes_stud/en/stomat
/ptn/1/01%20Microscope.%20Microscopic%20equipment.%20Histologic%20te
chnique.%20Cytology.%20General%?20structure%200f%20the%20cell.%20Sup
erficial%20complex.htm.
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The use of trasmitted electrons requires that the sample be very thin, on the order
of microns or smaller. This can be achieved by several methods: Chemical or
electropolishing, mechanical polishing, and-tmeam milling[118]. Due to the fragile
nature of the altered glass monoliths that were studied in this project, only the latter
method was used, and so will be the only method discussed here. Samples were
prepred using an FEI Quanta 200 3D focused ion beam (FIB) microscope. The
microscope uses a gallium source, to which an electric field is applied to create a very
fine tip, generating a narrow beam of ‘Gans. When the beam impinges on the
sample, it causesputtering, leading to the ejection of sample material. By scanning
the beam across the surface, trenches can be cut into the sample, allowing small pieces
to be removed. These pieces are further thinned using thedam, until they are
electrontranspaent and are ready to be examined in a TEM. SEMly samples,
prepred by the method detailed ie@ion 3.4.1, were placed in the FIB microscope
and TEM samples were prepared in this fashion. TEM analysis was carried out on a
FEI Tecnai 20 at 200 kV.

3.4.3 EnergyDispasive X-ray Spectroscopy (ED$

A complementary technique to SEM and TEM is endligpersive xay
spectroscopy (EDSThis utilises the xays produced within the interactionlume,

as mentioned in &tion 3.4.1, to obtain elemental #ph distribution and
concentration data. When a primary electron enters the sample with the correct energy,
it ejects an electron from the 1s shell of an atom. This causes an electron from a higher
shell (2p) to drop down into the resulting hole, relegsinphoton with an energy
equivalent to the energy difference between the two electron HEls This energy

falls within the xray range, and is @hnacteristic of the element of tladom which

emits the photon. ED®as carried out in conjunction with SEM imaging using a
Bruker Quantax 70 spectreeter on the Hitachi TM3030. ED&as collected over a
range of times, from 5 minutes for preliminary invgations, up to 10 mutes for
detailed mapping. ED$lata were obtained in order to gain information on the

chemical composition of the alteration layers formed on different glass samples.
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3.5 SolidState Nuclear Magnetic Resonance Spectroscopy (SSNMR)
Nuclear magnetic resonance spectroscopy (NMR) is a technique which exploits the
electromagnetic properties of nuclei in order to provide information on their chemical
environment. Each nucleus has an associated intrinsic spin, denbiesispin leads

to the production of a nuclear magnetic momentgiven by[120]:

. 1]

— (Equation 3.9)

whereg is the Landé splittingactor, e is the charge of the electron in coulombss
the reduced Pl anc kmis thepootos mass tn an axterrhlly s
applied, static, magnetic fiel8p, the magnetic moment can exist in a range of states
depending on the orientatiofthe moment with the external field. The component of
g parallel to the field has valuesmfk wheremranges from | to +l in integer steps.
The energy,E, of a magnetic moment in an external magnetic fi@ldcan be
calculated by:

(0] ¢ D (Equation 3.10)
Thus, energy of thetth state of the nuclear magnetic moment is:

(] L (Equation 3.11)

which can be simplified to:
(] e i) (Equation 3.12)

wheredis the magnetogyric ratio, equal to—. The energy difference between two

adjacent states is given by:
DE =>B (Equation 3.13)
which means that radiation with frequercyBvould excite the transition between the
two states. For nuclear moments, this frequeresyih the radio frequency (RF) range
(1P i 10° Hz) [120], and so many NMR experiments are carried out by irradiating
samples with RF radiationithin a magnetic field, and then measuring the resonance
response from the sample.
The total energy of a system exhibiting nuclear magnetic resoranee,is the
sum over various different contributions:
Ewr = E; + Eqe + Es +E; + Ep + B, (Equation 3.14)
where: Ez is the contribution from the Zeeman effect (Equation 3.E2};is the
contribution from the interaction of the spins and the appliedE3I5 the shielding

effect, which modifies the Zeeman contributi@;is the contribution from indirect

a
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spin couplig; Ep is the contribution from dipolar spin coupling; aig is the

guadrupolar spin couplingl21]. The latter four cotributions depend on the

orientation of the spins in the magnetic field, and thus for solid samples, where the

molecules are mostly static, these contributions are large and lead-hodagening

in the resonance spectra. In order to isolate the shgelthntribution, which gives

information on the chemical environment of the nuclei, these contributions can be

averaged out by spinning the sample atanangle@ 846 t o t he external m
field, knoeawnglaes sffRipngniicn g6

All spectroscopy was carried out on powdered glass withteleasize fraction of
757 149 um. Solidstate NMR spectra were obtained at the EPSRC UK National
Solid-state NMR Service at Durham University. The nuclei studied WBré’Al and
295,

The spectra were collected using a Varian VNMRS operating at 128.301 MHz for
118, 104.199 MHz for?’Al and 79.438 MHz for*°Si. 1B and ?’Al spectra were
collected with a 4 mm (rotor outer diameter) probe, whiléY8iespectra used a 6 mm
probe. Spinning rates were 11 kHz téB and?’Al, and 6 kHz for®®Si. All spectra
were acquired using a pulsequire experiment. Recycle delays were 5 s-18y 0.2
s for 2Al and 120 s for?Si. The !B, 2’Al and ?°Si spectra were referenced to
BF/OE®, 1M ag. Al(NG)sand neat tetramethylsilane (TMS), respectively.

The 1B multiple-quantum (MQ) MASNMR experinent was carried out on the
Varian VNMRS operating at 128.295 MHz with a 4 mm probe spinning at 12 kHz.
The data were referenced to 8BEb. The ?’Al triple-quantum (3Q) MASNMR
experiment was carried out on a Bruker Avance Il HD operating at 140 MHzawit
1.9 mm probe spinning at 15 kHz, with frequencies referenced to 1M ag. A¥NO

The data obtained were used to analyse the structure of the glasses through
identification of the fractions of different silicate, @ecies, the proportions B
and"VB structural units, and theoordination environment of Al.

The peaks seen in NMR spectra of glass samples are composed of contributions
from a range of different chemical environments within the glass. This varies with the
isotope being studied, and #te fitting procedure is isotopgependent. All of the
peakfitting was performed using the DMFit software developed by Mastiai.

[122]. All of the spectra in this study were normalised to a peak height of 100.
29Si MAS-NMR spectra can provide important information on the structure of

silicate glasses. It is often possible to differentiate between differspeQes (i.e.
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silicate tetrahedr with different numbers of bridging and nbridging oxygens), e.g.

Qs and Q, and thus a measure of the connectivity of the network can be obi&eed.
spectra are also sensitive to the neamegjhbour species bonded to the silicate
tetrahedra, e.g.i$ O1 Si compared to Si O1 Al. However, due to the disordered
nature of glasses there are a wide range of different Si environments contributing to
the spectra different Qspecies, different nearest neighbours, a range of bond angles
and length$ and so it can be difficult to ascertain which parts of the spectrum are due
to which contributions. The spectra were fitted with Gaussian peaks. The central peak
was fitted with either one or two Gaussian peaks, which correspond to asymmetric
(Peak 1) andysmmetric (Peak 2) contributions. Asymmetric contributions come from
Qs tetrahedra and Qetrahedra that are connected to onesiboate tetrahedron, e.qg.
Q4(1B, 3Si) or Q(1Al, 3Si), henceforth referred to as(®). Symmetric contributions

come from Qtetrahedra linked to only other silicate tetrahedra, &4 %)). Spinning
sidebands were also fitted with Gaussian peaks, and their position was used to fix the
position of the asymmetric contribution peak (it was placed in the centre of the two
sidebanls). In this case, the position of the asymmetric peak was fixed but its
amplitude and width were allowed to refine, and the position, amplitude and width of
the symmetric contribution peak were allowed to freely refine. Where spinning
sidebands were notisible, all parameters were allowed to refine freely. It was
difficult to obtain unique fits of the NCAES and NMABS spectra due to the
presence of both B and Al causing a further blurring of the distinctions between
different contributions, and so decahwtions of these spectra are not reported here.

Example fits are shown in Figure 3.l spectrafits can be found in Appendix.B
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Figure 3.11.2°Si MAS-NMR example fits: A) NC5BS Glass with spinning
sidebands; B) NC10BS glass without spinning sidebands.

Due to the quadrupolar nature '8B (spin > %), fitting of'!B spectra is treated

significantly differently to that fof°Si spectra. In the speatin this study, there are

two primary contributions to the spectra: one fféBiunits (BQ tetrahedra) and one

from "B units (BQ units). For the borosilicate glasses, each of these is the sum of

two separate contributions, as shown in Table 3.5. Thgsignments are based on

those used by Parkinson et [l23], as the glags studied are similar, particularly

with regards to Kvalues. Evidence for the presence of tB sites was seen in the

1B MQMAS-N MR

Sspectrum

for

NM10BS, VBwhagr e

suggests the presence of a secd¥Bdcontribution (Figure 3.12). However, although

a

these peaks are assigned in order to lend robustness to the methodology of the fit, the

primary data extracted from these spectra are the overall contributioné' Band

VB species, due to complicationdth the fitting of aluminoborosilicate glasses. For

the aluminoborosilicate glasses, two peaks were used to fl&fentribution, while

either one or two peaks was used for & contribution, depending on which was

able to produce an adequate fior all samples, the two peaks fitted to thB

contribution were Qas¥2 curves. The parameters for these curves were: amplitude,

pos
and

ition,
t he

apodi sation

of

t he

asy mmegj royvalupsawere fveed a&t r0.28( it all other

parameters were allowed to refine. The peaks fitted tdV8econtribution were

Gaussian profiles. Their amplitude, width and position were allowed to refine.

Example fits of-'B spectra are shown in Figure 3.E8s for the other spectra can be

t heogpetical

60s hc
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found in Appendix A.

Table 3.5Peak assignments &8 MAS-NMR spectra on borosilicate glasse:

[123]
Coordination Peak Assignment
VB Peak 1 VB (1B, 3Si)
IVB
VB Peak 2 VB (0B, 4Si)
'B Peak 1 Symmetric {'B(O11)3)
1l
B
'B Peak 2 Asymmetric ('B(O12)2(0))

(ppm)
1 VB contribution

o2  PrimaryVB
environment

Secondary VB
40 environment
B contribution

VB spinning
sideband

25 20 15 10 5 0 -5 -10
F2 (ppm)

Figure 3.12.11B MQMAS-NMR spectrum for NM10BS. A shoulder in th&
contribution suggests a second&§ environment.
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A) B)
ng
Vg g Peak 2
Peak 1 Peak 1 Vg
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Figure 3.13.11B MAS-NMR example fits: A) NM5BS Glass with twtB
peaks and twd/B peaks; B) NMAB10S glass with twibB peaks and on¥B

The ?’Al spectra fits were attempted using either one or two peaks, with the
primary peak corresponding tYAI and the other corresponding t@Al. These
contributions were simulated using peaks which utilised a simplified version of the
Czjzek moel. The Czjzek model was developed by Czjzek et al. in order to be able
to model contributions from quadrupolar nuclei in amorphous solids during
Mossbauer spectroscoj$24]. The implementation of this model to MAGVR
spectroscopy of amorphous solids[l125]s detail ed
The peaks utilise six parameters: amplitude, position;\Width at HaltMaximum
of the chemical shift Gaussian distribution (FWHM CS), apodisation of the lineshape
(EM au), quadrupolarc o u p | ) ragd the 3critical exponent of the Czjzek
distribution, d. d was fixed at 5 for each peak, but the other parameters were allowed
to refine. However, it was not possible to obtain reasonable fits ¢fahspectra.

The onepeak fits were undé to simulate the spectra appropriately, and although a
two-peak fit was able to recreate the experimental spectra, the peak positions did not
correspond to known contributions. Thus, fits of the spectra are not presented in this

work.

3.6 X-Ray Diffraction (XRD)
X-ray diffraction is an analytical technique where a beam-@ysis incident on a
sampl e, causing them to be diffracted by t he

Law states that:
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n/ =2dsing (Equation 3.15)

where & is the wavelength of the-pays, d is the spacing between adjacent
crystallographic planesglis the angle of incidence of therays andhis the diffraction
order. By varyingd, and measuring the number of electrons being diffracted through
that anglethe structure of a sample can be elucid§it@8é]. It is most associated with
the study of crystalline materials, where the structure produces characterikc pea
depending on structure type and composition. It generally provides less information
on amorphous materials, such as glass, and so has been used in this work as a crude
indicator of whether the glass samples were amorphous d¢biifsaction patterns
for each glass are shown in Appendix. When a sample is amorphous, no sharp
peaks are observed. However, as the detection limits for crystalline phases are high (~
5wt. %), this isan indicator, rather than a definitive measurement of amorphousness.

XRD was used to analyse the structure, of powdered samples of each glass, i.e.
whether the samples wererdy amorphous. It was also used in an attempt to detect
any crystalline phases that precipitated during the alteration of the samples through
PCT-B experinents. The diffraction spectra were collected using a Bruker D2 Phaser
di ffractometer, with Cu KU1 radi 265 on ( &

°2d, and a working voltage of 30 kV.

3.8 Geochemical Modelling using PHREEQC

The PHREEQC geochemicabatelling package was created by Parkhurst and Appelo
[127]. Version 3 of thesoftware was used in this work. This software was used to
calculate the saturation indices of various phases in the leachates during glass
dissolution, in order to ascertain whether their formation was possible during the
dissolution experiments. The comteations of the elements in the leachate, as
measured by ICFOES, were inputinto PHREEQC, which then calculated the
saturation indices of a range of phases present in the thermodynamic database used,
in this case the Lawrence Livermore National LabogatbENL) databaseA full list

of phases included, along with the thermodynamic constants used, is shown in
Appendix E. Where mentioned in the text, other starting elemental concentrations
were also usedlhese saturation indices were then used to infaientification of
phases precipitating during dissolution, in support of other techniques, such as SEM,
EDS and XRD.
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4. Structural Analysi s
Composi ti opAsn gdye NMNeagg incn i
Nucl ear Magneti ¢ ResonN
NMR) Spectroscopy

4.1 Introduction

Magic-Angle Spinning Nuclear Magnetic Resonance (MRBIR) spectroscopy was
performed on the simple glasséehe normalised compositions of these glasses,
analysed by HF digestion and Inductiv€&gpupled Plasma Atomic Emission
Spectroscopy (ICRAES), along with their densities (measured by gas pyconometry),
are shown in Table 4.The analysed compositions were found to be generally similar
to the nominal compositions of these glasses (see Table 3.4), within an error of ~12%.
However, there were a fexceptions to this:

1 The analysed ADs content of NCOBS was 3.60 mol.%, compared to a
nominal content of 0.00 mol.%. This was likely due to contamination from the
use of an alumina crucible.

1 The MgO content of NM5BS was 3.18 mol.% compared to a nomiha o4
5.00 mol.%. This could be due to the volatilisation of MgO from the melt, or
due to thermal updrafts in the furnace blowing away some of the magnesium
carbonate precursor, which had a very small particle size.

1 The analysed CaO content of NCAB5S w&a81 mol.% compared to a
nominal content of 10.00 mol.% he reason for this discrepancy is unknown,
but could be due to a batching error, or other human error.

1 The analysed ADs content of NMAB10S was 9.45 mol.% compared to a
nominal value of 5.00 mol.%his could again be due to human error.
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Table 4.1.Normalisedcompositions of simple glasses in molar %, based o
analysis by HF digestion and IG&ES. Glass density values from gas
pyconometry.

Al O3 BOs; CaO MgO NaO SiO, Total Density
(mol. (mol. (mol. (mol. (mol. (mol. (mol. (gcnm?®)
%) %) %) %) %) %) %)

NCOBS 3.60 15.09 0.05 0.00 19.66 61.60 100.00 2.497
NC5BS 0.00 16.10 5.36 0.00 16.09 62.46 100.00 2.510
NC10BS 0.00 16.28 10.59 0.09 10.35 62.68 100.00 2.497
NM5BS 0.00 16.66 0.06 3.18 16.22 63.88 100.00 2.472
NM10BS 0.00 16.38 0.14 11.35 10.40 61.73 100.00 2.415
NCABOS 14.63 0.00 10.11 0.22 10.93 64.11 100.00 2.515
NCAB5S 11.08 5.31 531 0.18 11.01 67.11 100.00 2.471
NCAB10S 4.57 11.35 11.02 0.08 10.79 62.04 99.85 2.495
NMABOS 13.89 0.00 0.31 9.13 11.36 65.30 100.00 2.487
NMAB5S 11.25 5.59 0.18 9.21 11.01 62.76 100.00 2.410
NMAB10S 9.45 9.82 0.14 891 9.92 61.76 100.00 2.382

4.2 Results

4.21 B MAS-NMR

4.21.1 NCxBS Glasses

The!'B MAS-NMR spectra for the NXBS glasses are shown in Figure 4There are

two general trends observable in these data: 1) The peak corresponding’® the
contribution at aroundl1.5 ppm became more asymmetric as the CaO content
increased, and shifted to more positive valug<(ppmfor NC10BS); 2) The wide
region between 2 and 16 ppm, which correspond&t@ontributions, increased in
intensity with increasing CaO content. These trends are borne out in calculated
contributions from each of the four different environments tottheetspectrérable

4.2). The ptal "B and'VB contents were corrected to account for loss of intensity
from the"B contributions to the spinning sidebands, which does not occur f§Bthe
contributions[128]. This correction took the form of a 4% increase to 't
contributions. The former trend appears to have been due to a decrease in the amount
of VB tetrahedra that are linked to one otf{@tetrahedron and three Si@trahedra
(VB(1B, 3Si),"VB Peak 1), compared toB tetrahedra which are linked to four SiO
tetrahedra'(B(0B, 4Si),"VB Peak 2). The forméYB environment can be assigned to

danburite superstructural units, while the latter environment can benedsig
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reedmergnerite superstructural ufit®3]. This could suggest thatdreasing the CaO
content of the glasses led to an increase in boron clustering. The second trend was due
to a decrease indNthe ratio ofVB units to total B units. This decreased with CaO
content, from 0.59 + 0.01 for NCOBS, down to 0.46 + 0.002 forlDES.

NC10BS

) —
A N

Relative Frequency (ppm)

Figure 4.1.'B MAS-NMR spectra obtained on M8S glasses.
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Table 4.2.Calculated peak contributions from deconvolution$'BfMAS-NMR
spectra from N&BS samples. Errors are taken from the standard deviation

deconvolutions repeated 5 times.

Total"B TotalVB
Sample Peak  Peak Area % N
(corrected) (corrected)
"BPeak1l 19.8+0.3
"B Peak2 17.6+1.2
NCOBS 41.4+15 586+15 0.59+0.01
VBPeakl 54.1+24
VB Peak2 8.4+0.9
"BPeak1l 18.0%0.7
"BPeak2 22.0+1.6
NC5BS 440+ 1.0 56.0+1.0 0.56+0.01
VBPeakl 52.7+1.4
VBPeak2 7.3x0.4
"BPeak1l 25.8+0.6
"BPeak2 24.5+0.9
NC10BS 54,2 +0.2 45.8+0.2 0.46 +£0.002
VB Peak1l 38.9+0.7
VB Peak2 10.9+0.5

4.21.2 NMxBS Glasses

Figure 4.2shows theé''B MAS-NMR spectra for the NMBS glasses. These glasses
exhibited the same trends as theXBS glasses: an increase in the asymmetry and
relative frequency of th& B peak, and an increase in tH& contribution to the
spectra withncreasing MgO content. Table 4Bows the calculated contributions of
each of the four B environments to the d&p& As with the N&BS glasses, N
decreased with the addition of alkaline earth oxide, from 0.54 + 0.006 for NM5BS to
0.37 £ 0.02 for NM10BS.
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NM10BS
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/——fj & NCOBS

20 10 0 -10 -20

Relative Frequency (ppm)

Figure 4.2.1'B MAS-NMR spectra obtained on NMBS glasses.

Table 4.3.Calculated peak contributions from deconvolution$'BfMAS-NMR
spectra from NMBS samples. Errors are taken from the standard deviation

deconvolutions repeated 5 times.

Peak Area Total "B Total VB
Sample Peak N2
% (corrected) (corrected)
"BPeak1l 22.3+0.3
"B Peak2 19.8+0.3
NM5BS 46.1 £ 0.6 539+0.1 054+0.01
VB Peak1l 46.7+0.2
VB Peak2 11.4+0.1
"BPeak1l 31.3+3.0
"B Peak2 26.9+5.1
NM10BS 62.2+1.2 36.9+£24 0.37x£0.02
VB Peak1l 29.0+3.0
VB Peak2 12.8+0.8

4.21.3 NCABXS Glasses

Figure 4.3shows the!'B MAS-NMR spectra for NCAB5S and NCAB10S (N.B.
NCABOS does not contain any®z). The calculated contributions of the different B
envronments are shown in Table 4Zhe NCABS5S spectrum was fitted with oMB

peak, corresponding tYB(1B, 3Si), as it was not possible to obtain a reasonable fit
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with two VB peaks. Two observations for these spectra were: sljndteased
significantly with increasing B/Al ratio, frofh.12 £ 0.01 for NCAB5S t0 0.39 £ 0.001

for NCAB10S; 2) The'VB contribution shifted towards more negative relative
frequencies with increasing B/AI. The latter trend could be due to an increase in the

amount ofVB(0B, 4Si) units in the glass.

NCAB10S

NCAB5S

20

Relative Frequency (ppm)

0

-10 -20

Figure 4.3.1'B MAS-NMR spectra obtained on NCAB5S and NCAB10S.

Table 4.4.Calculated peak contributions from deconvolution§'BfMAS-NMR
spectra from NCARS samples. Errors are taken from the standard deviatiol

deconvolutions repeated 5 times.

Total"'B TotalVB
Sample Peak  Peak Area % N
(corrected) (corrected)
"B Peak1l 43.2+1.2
"B Peak2 40.3%1.7
NCABS5S 87.5+0.8 125+0.8 0.12£0.01
VB Peak1 16.5+0.8
VB Peak 2 N/A
"B Peak1l 35.1+23
"B Peak2 22.1+24
NCAB10S 61.1+£0.2 38.9+0.2 0.39 £ 0.001
VB Peak1l 37.8+0.6

VB Peak 2

51+05
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4.21.4 NMABXS Glasses

The B MAS-NMR spectra for NMAB5S antiMAB10S are shown in Figure 4.4
(N.B. NMABOS contained no #3). As with the NCABS5S spectrum, the NMABSS
spectrum was fitted with only on¥B peak. The calculated totdlB and VB
contributions to thes spectra are shown in Table .4Bhe contributions from
individual peaks are not reported due to lack of consistef the fits. However, there
was appropriate consistency in the oveld and'VB contributions. As with the
NCABXS glasses, an increase in With increasing B/Al ratio was observed, from
0.09 + 0.004 for NM\B5S to 0.14 + 0.01 for NMAB10S.

NMAB10S

NMABSS

I T T T T T T T T T T T T T T ™

20 10 0 -10 -20
Relative Frequency (ppm)

Figure 4.4.1'B MAS-NMR spectra obtained on NMAB5S and NMAB10S.

Table 4.5.Calculated total' B and'VB contributions from deconvolutions Y8
MAS-NMR spectra from NMARS samples. Errors are taken from the stand:
deviation of deconvolutions repeated 5 times.

Sample  Total""B (corrected) Total VB (corrected) N2

NMABS5S 91.2+04 88+04 0.09 + 0.004
NMAB10S 85.8+0.7 142 +0.7 0.14+£0.01
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4.2.22°Si MAS-NMR

4.22.1 NCxBS Glasses

The?°Si MAS-NMR spectra for the N&BS glasses are shovim Figure 4.5 As the
CaO content increases, the frequency of the centre of the spectra moves towards lower
values, as shown by the dotted lines in the figure. Thepgasitions for the centre of
each spectrum ar87.92,-99.84 and102.38 ppm for NCOBS, NC5BS and NC10BS,
respectively. This suggests that the proportion of symmetric speciesy(08, @Si),
increases with increasing CaO content. The calculated camnbufrom the
asymmetric (@ + Qu(X)) and symmetric species {Qare shown in Table @. This

also suggests that the fpaction of the glasses increases with increasing CaO content,
from 024 + 0.03 for NCOBS to 038 <+ 0.01 for NCI10BS.

NC10BS

NCOBS

-50 -70 -90 -110 -130 -150
Relative Frequency (ppm)

Figure 4.5.2°Si MAS-NMR spectra obtained on N8S glasses. The dotted
lines mark the peak of each spectrum.
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Table 4.6.Calculated total asymmetric §@ Qa(X)) and symmetric (@
contributions from deconvolutions &5i MAS-NMR spectra from N&BS
samples. Errors are taken from the standard deviation of deconvolutions rej

5 times.
Sample Total (?3 + Q) (Wl Total Qq4 Q4 Fraction
sidebands)
NCOBS 76.3+2.6 23.7+2.6 0.24 +0.03
NC5BS 69.3+0.7 30.7+0.7 0.31+0.01
NC10BS 61.8+0.9 38.2+0.9 0.38 +0.01

4.22.2 NMxBS Glasses

Figure 4.6shows the®®Si MAS-NMR spectra for the NMBS glasses. The spectra
exhibited the same trend as the X#8S; a decrease in the relative frequency of the
centre of the spectra with increasing Mg@ntent. The positions of the centre points
were-99.87 ppm andl05.79 ppm for NM5BS and NM10BS, respectively, compared

to -97.92 ppm for NCOBS. This again suggests that the proportion of symmetric
species (OB, 4Si)) increased with increasing MgO comte The calculated
contributions of the asymmetric and symnegpecies are shown in Table 4lhe

Qa4 fraction of the glasses increases with MgO content, as suggested by the relative
frequency shift, from 0.35 + 0.01 for NM5BS to 0.41 + 0.02 for NM10BS.
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NM10BS

NCOBS

-50 -70 -90 -110 -130 -150

Relative Frequency (ppm)

Figure 4.6.2°Si MAS-NMR spectra obtained on NMBS glasses. The dotted
lines mark the peak of each spectrum.

Table 4.7.Calculated total asymmetric §@ Qa(X)) and symmetric (@
contributions from deconvolutions &%5i MAS-NMR spectra from NMBS
samples. Errors are taken from the standard deviation of deconvolutions re|
5 times.

Total Qs + Qua(X) (W/

Sample Total Fraction
P sidebands) Q Qs

NM5BS 65.4+0.9 34609 0.35+0.01

NM10BS 594 +2.1 406+2.1 0.41£0.02

4.22.3NCABXS Glasses

Figure 4.7shows the®Si MAS-NMR spectra for the NCABS glasses. The general
trend was for a negative shift in the relative frequencies of the spectra peaks with
increasing B/Al ratio. The positions wef8.13,-94.82 and99.68 ppm for N@GBOS,
NCABS5S and NCAB10S, respectively. This suggests an increase in the proportion of
symmetric species (0B, 4Si)) present.
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NCAB10S

NCABS5S

NCABOS

-50 -70 -90 -110 -130 -150
Relative Frequency (ppm)

Figure 4.7.2°Si MAS-NMR spectra obtained on NCAB glasses. The dotted
lines mark the peak of each spectrum.

4.22.ANMABXS Glasses

The2°Si MAS-NMR spectra for the NMARS glasses are shown in Figure 4Tde
trend observed was the same as for the NKSAasses; a negative shift in the relative
frequency of the spectra peaks with increasing B/Al ratio, with peak qaogitons

at -95.65, -97.55 and-99.97 ppm for NMABOS, NMAB5S and NMAB10S,
respectively. This suggests an increase in #4{é%)) contribution to the spectra with

increasing B/Al ratio.
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NMAB10S

NMABSS

i NMABOS

-50 -70 -90 -110 -130 -150

Relative Frequency (ppm)

Figure 4.8.2°Si MAS-NMR spectra obtained on NMAS glasses. Thaotted
lines mark the peak of each spectrum.

4.232"Al MAS -NMR

4.23.1 NCABXS Glasses

The ?’Al MAS-NMR spectra for the NCABS glasses are shown in Figure 418
general, the spectra were fairly similar, but two trends could be observed: 1) the
relativefrequency of the peak of the spectra decreased with increasing B/Al ratio; 2)
the peak became narrower with increasing B/Al ratio.

Due to the difficulty in fitting theé’Al MAS-NMR spectra, a triplguantum (3Q)
MAS-NMR experiment was carried out on NCAB®MS order to determine the
coordination of the Al. The spectrum for this is shown in Figut8.4 he data suggest
that Al was only present in tetrahedral coordination in this sample. As the NCABOS
1D MAS-NMR spectrum had the most intense (@int with NCAB5S) at lower
frequencies of the NCABS series, andAl contributions would be expected to be
found around this lovirequency tail, this suggests that the Al in all of the three glasses
was present a¥Al. As well as the large primarlf Al contributionin the 3QMAS
spectrum (58 27 ppm F1, 70 -20 ppm F2), there appear to be three other features
in the spectrum: a small peak ati223 ppm F1, 85 70 ppm F2; a slightly larger
peak at 34 26 ppm F1, 80 60 ppm F2; and a shoulder in the primary dbuotion
at 49 ppm F1, 55 ppm F2. This suggests that there are four diffekeanvironments

contributing to this spectrum.
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—— NCABOS
" ——— NCAB5S
/ ———— NCAB10S
- - - - NCABOS peak position
- - - - NCABSS peak position
- - - - NCAB10S peak position

90 70 50 30 10 -10
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Figure 4.9.2’Al MAS-NMR spectra obtained on NCAB glasses. The dottec
lines mark the peak of each spectrum.

i R /“‘ e Sl _ . ppm
[ F1

[ -10
Total VAl

contribution

Primary
contribution | 4
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Figure 4.10.2’Al 3QMAS-NMR spectrum obtained on NCAB glass.
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4.2.3.2 NMABXS Glasses
Figure 4.11shows the’Al MAS-NMR spectra for the NMABS glasses. As with the
NCABXS glasses, the spectra are quite similar, although there is a systematic negative
shift in the relative frequency of the spectra peaks with increasing B/Al, and also a
narrowing of the peaks with increasing B/Al.
As the lineshapes are very similar to those for the NKSAGlasses, it is likely that

the Al in these glasses is also in prednantly tetrahedral coordination.

NMABOS

NMABSS

NMAB10S

NMABOS peak position

NMABS5S peak position
NMAB10S peak position

90 70 50 30 10 -10

Relative Frequency (ppm)

Figure 4.11.2’Al MAS-NMR spectra obtained on NMA& glasses. The dotte
lines mark the peak of each spectrum.
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4.3 Discussionof Results

Table 4.8shows a summary of the results from tHB8 and 2°Si MAS-NMR
spectroscopy, as well as pertinent data from the glass composaisnsoted in
Section 4.1, the CaO content of NCABS5S is around half of the target value (5.31
mol.% compared to 10.00 mol.%). Therefore, the variation in composition between
NCABS5S and the rest of the NCAE series is not simply the B/Al ratio, and as
such, thedata from this glass should be considered carefully. This might have a
significant effect on the trend for tA&B data (Figs. 4.13 & 4.14ps only NCAB5S

and NCAB10Scontain boronHowever, the overall trends in th&i and?’Al data

should not be significantly affesd.

Table 4.8.Summary of results frorh'B and?°Si MAS-NMR spectroscopy.

CaO MgO B/A| VB Fraction FreF;G.}IéG’Si Qs
(mol. %)  (mol. %) (Na) Peak Fraction

(ppm)

NCOBS 0.05 0.00 419 059+0.01 -97.92 0.24+0.03

NC5BS 5.36 0.00 0.56+0.01 -99.84 0.31+0.01

NC10BS 10.59 0.09 0.46 £0.002 -102.38 0.38+0.01

NM5BS 0.06 3.18 0.54+0.01 -99.87 0.35%0.01

NM10BS 0.14 11.35 0.37+0.02 -105.79 0.41+0.02
NCABOS 10.11 0.22 0.00 -93.13
NCAB5S 5.31 0.18 0.48 0.12+0.01 -94.82
NCAB10S  11.02 0.08 248 0.39+0.001 -99.68
NMABOS 0.31 9.13 0.00 -95.65
NMABS5S 0.18 9.21 0.50 0.09+0.004 -97.55
NMAB10S 0.14 8.91 1.04 0.14+0.01 -99.97

4.311'B MAS-NMR
The addition of alkaline earth oxides (MO) to the glasses in placexqf enerally
resulted in a decrease in fractior'd units (Ni). Figure 4.1Zhows thé" B fractions
for the NGBS and NMKBS glasses as a functiontbe ratio of the measured content
of MO to the measured content of J(MO/NaO). The decrease MB fraction has
two possiblecauses:

f the C&" and Md" cations are not able to chargempensate for twd/B

tetrahedra each
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{ the C&* and Md" cations are more strongly associated with the silicate
network than the borate network

As C&*and Mg* are divalent cations, they can theoretically chaig@pensate for
two BOy tetrahedra each. However, this requires each cation to be widinity of
two such tetrahedra, or the cations will chacgenpensate for fewer than 2 tetrahedra
on average, decreasing the fractionV& units. Similarly, if a smaller proportion of
alkaline earth cations are associated with the borate networlpacedhto the
proportion of Na cations, fewer cations will be available for the chazgmpensation
of VB units and hence AWill decrease. However, if the proportion of modifier cations
associated with the silicate netwaricreasedan increase in the mber of non
bridging oxygens (NBOs) and hence an increase in the proportions afitQ
increasing CaO and MgO would be expected. This was not observediithAS-
NMR data fo these glasses (seeec®on 4.32). This suggests that the former

explanations more likely.

0.65
1 NCxBS
0.60 NMXBS
0.55 | e y=-0.1278x+ 0.5927
- 1 R? =0.9833
£ 0.50
(8]
©
o 0.45
=
0.40
y=-0.1937x+ 0.5822
0.35 RZ = 0.9984
0,30||||||||||||||||||||||||||||||

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Measured MO/Na,0O Ratio

Figure 4.12."B fraction as a function of measured MO#Raatio for the
NCxBS and NMBS glasses.

The depression of Nwith MO content was greater for the Mgfntaining series
than for the Cacontaining series. A potential explanation for this is that some of the
Mg in the glass is present in tetrahedral coordination. Mg is known to be able to exist

in four-fold coordiration in glasses, whereas this is not the case f¢LZH. Mg in
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four-fold coordination would not be available for chamempensation of B units,
and would thus lead to a lower value of than for the equivalent Ca€bntaining
glass. In addion to this, thes& Mg units would also require chargempensation by
Na" cations[130], further reducing the number of cations available to charge
compensate th&B units.

Varying the BJ/Al ratio of the glassealso led to variations in the relative
proportions of'B and'VB units. Figure 4.18shows the fraction df B units in the
NCABxS and NMABXS glasses as a function of their B/Al rafigure 4.13b shows
the fraction ofVB units in all of the aluminoborosilicate glasses (including NCOBS),
as a function of their measured B/Al ratios. It is clear that an increase in the B/Al ratio
of the glasses resulted in an increase in ti@r fraction. This effect has been
previously dserved by Geisinget al.in glasses along the NaAkSis-NaBSgOs join
[131]. It is likely due to competition between theAl and VB tetrahedra for Na
cations for chargeompensation, as théB MAS-NMR data for the borosilicate
glasses suggest that alkaliearth cations are not as efficient at chacgmpensation
as the N&cations.Based on thé’Al 3QMAS-NMR experiment on NCABO$see
Section 4.23.1) it appears that the vast majority, if not all, of the Al present in these
glasses was in tetrahedrabedination. This implies that th& tetrahedra are charge
compensated preferentially over th8 tetrahedraas suggested by Yamashitaal
[55], [56]. Thus, for the NCAB5S and NMABSS glasses, the vast majority of the ~10
mol.% of NaO is scavenged by the ~10 mol.% ob@4, leaving primarily CaO or
MgO for VB chargecompensation. Howevefor the NCAB10S and NMAB10S
glasses, some of the Mawould remain after thé Al had been chargeompensated,
and so could chargeompensate some of tHe@ units. This can beeen more clearly
in Figure 4.14, where thé"B fractionof all the Bcontaining glassés plotted against
[(Na2O i Al»03)/B.Og], an approximate measure of the proportior 8f units that
could be chargeompensated by Neacations assuming preferentidf Al charge
compensationFigure 4.14b shows the sametaldor the NCABS and NMABS
glasses with the data for NC10BS and NM10BS included, as dnesdfectively the
B20s endmembers of the NCA® and NMABS seriesThis shows that th&B
fraction was lower in the Mg@ontaining glasses than in the Ga@ntaining glasses.
This could again be due to the presencéMt) units leading to a lower overall ability

to chargecompensate th¥B units.



0.45

0.40
0.35
0.30
0.25
0.20

VB Fraction

0.15

0.10
NCABXS

NMABXS
0.00 rr. . ..rrr .., 0 rrr o1& rT

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Measured B/Al ratio

0.05

0.7

0.6
y=0.1336x+ 0.0336

0.5 R? =0.9866

0.4

0.3

VB Fraction

0.2

0.1

0.00 1.00 2.00 3.00 4.00 5.00
Measured B/Al ratio

Figure 4.13.a) VB fraction as aunction of measured B/Al ratio for the
NCABXS and NMABS glasses (lines drawn as a guide for the eyéjBb)
fraction as a function of B/Al ratio for all aluminoborosilicate glasses.
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4.322°Si MAS-NMR
The 2°Si MAS-NMR spectra for the NXBS and NMBS glasses showed that the
fraction of symmetric @species increased with increasing MO content. This can be
seen in both the shift in the peak of the spectra, and in the decoowalithe spectra.
Figure 4.15shows the relative frequency of the peaks of thexBEand NMBS
spedra as a function of the measuadkaline-eath oxideto sodium oxid¢MO/NaO)
ratio, while Figure 4.1&hows the Qfraction, calculated from deconvolution of the
spectra, as a function &iO/NaO. The increase in the fraction of symmetri¢ Q
species cald be due to:

1 A decrease in the number of NBOs in the network, leading to a decrease in Q

species and a commensurate increase; spécies
1 A decrease in the number ofGiB bonds, leading to a decrease uiE) units
and an increase in symmetria @nits

The former mechanism is unlikely, as the overall modifier content of the glasses did
not vary significantly in these series, and tH& MAS-NMR spectra do not suggest
an increase in modifiers associated with those species. The more likely c#tuse of
increase in symmetric {xpecies is a decrease in the fraction afBRspedes. As
described in &ction 4.3.1the!'B MAS-NMR spectra for the NKBS and NMBS
glasses showed a decrease in the fractidhBofinits and an increase in the fraction
of "B units.""B units can only bond to three other units, whefé@sunits can bond
to four. Thus, as the fraction U8B units decreasethere are a lower overall number

of potential SiO-B bonds, and so the proportion ofs(B) units decreases.
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For the vaiation in peakshift with MO/N&0 ratiq the effect of adding MgO was
greater than the effect of adding CaO. This trend was also seen inftheti@n, with
addition of MgO leading to greater increases irfr@ction than the additions of CaO.
This suggests that the mechanism ofr@rease described above might be correct, as
the addition of MgO also had a greater effect than the addition of CaO on the decrease
in the proportion ofVB units in the glass, sibly due to it behaving as an
intermediate oxide, with some netwefileming capabilities.

Figure 4.1/hows the relative frequency of the spectra peaks as a function of B/Al
ratio for the NCABS and NMAKS series. The relative frequency of the spectra
peaks shifted to more negative values with increasing B/Al ratio for both the XEAB
and NMABXS glasses. This is likely to be due to

71 formation of fewer SO-Al bonds due to the decrease in®d content

1 Anincrease in the proportion of symmetrigspecies ver  and asymmetric

Q4(X) species
The former causes a decrease in chemical shift as #@eASbond leads to the Si
nuclei in silicate tetrahedra being more deshielded, and thus results in higher chemical
shifts than would be the case for equivaler©S3i or StO-B bondgq128]. Fewer Si
O-Al bonds would lead to contributions at lower chemical shifts. An increase in the
proportion of symmetric glspecies is likely to be due to the fact that most of the B in
these glass (at least 60%, per Figure 4)1®as present in trigonal rather than
tetrahedral coordination, compared to Al which was mostly present in tetrahedral
coordination. This decrease awerall tetrahedral unit content leads to a decrease in
the number of potential $iOi X bonds (X = B, Al), as trigonal B units can only
bond to three other units, whered®8 and VAl can bond to four. Thus, the
replacement of AD3 by B;Os leads tca decrease in the total number af)Q units

and an increase in symmetria.Q
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Figure 4.17.Relative frequency of spectra peaks as a function of B/Al ratio
the NCABXS and NMAKS glasses.

4.3.3%27Al MAS -NMR
It was difficult to extract significant structural data from th&l MAS-NMR spectra
due to the problems with fitting. However, it appears from both the 1D -MNR
and 3QMASNMR that Al in the NCABS and NMABKS glasses was only present as
tetrahedralVAl units. This suggests that the modifier cations in the glasses,
particularly N&, were preferentially involved in chargempensation fot Al units,
rather than in chargeompensation fot'B units or norbridging oxygen (NBO)
formation on SiQtetrahedra

The 3SQMASNMR spectrum for NCABOS in Figure 4.12 suggests the presence of
3-4 different"V Al environments. These are likely to be due to the number of other SiO
and AlQ, units theV Al tetrahedron is bonded ft32]. The large contribution is likely
to be due td” Al units bonded to four Sigtetrahedra, denotddAl(4Si), due to the
preference of'Al units to avoidVAI i O1 Al bonds (known as the Loewenstein
Avoidance Principl¢133]). The two smaller@aks probably correspond t6AI(3Si),
at 341 26 ppm F1, 80 60 ppm F2; and Al(2Si), at 29 23 ppm F1, 85 70 ppm
F2. The former consists of an Adl@trahedron connected to three Siu@its and one
AlO4 while the latter consists of an Al@trahedon linked to two Si@and two AlQ
units. The cause of the shoulder in the priméAl(4Si) contribution at around 49

ppm F1, 55 ppm F2 is not known, and further experiments would be required to
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ascertain this. As further 3QMASMR experiments were nobke to be carried out
due to equipment issues, it is not known how the proportions of these units vary with
B/Al and between the NCAES and NMABKS glasses.

4.4 Summary

MAS-NMR spectroscopy waperformedon 3- to 5-oxidesimpleglas®sto ascertain

the effect of varying Na/Ca, Na/Mg and Al/B ratios on the structure of adkadline

earth borosilicate and aluminoborosilicate glasses. The key findings of these
experiments are:

1 The addition of alkaline earth oxides (CaO and MgO) to sodiorosilicate
glasses leads to an increase in the symmeirmoQtent of the silicate network,
due to a decrease B content likely caused by the difficulty in CaO and
MgO being able to simultaneously chaigempensate twif B tetrahedra.

1 The effect 6 alkaline earth oxide addition is greater for MgO than for CaO,
likely due to MgO behaving as an intermediate oxide rather than solely as a
modifier.

1 Increasing the ratio of B/Al in alkalilkaline earth aluminoborosilicates leads
to an increase it B content, which is likely due to the competition for Na
cations to chargeompensat& B and'V Al units.

1 Higher values of B/Al lead to the formation of fewer(X bonds due to the
lower proportion of B that is in tetrahedral coordination compared to Al.

1 Al was found to be in tetrahedral coordination, independent of the ratio of
B/Al, or the nature of the alkalirearth present, in the glass

In order to advance the knowledge of these structural effects; NMB experiments

at higher magnetic field strengtiwould be vital. Increasing the field strength from
9.4 T used in these experiments to 18.8 T would significantly increase the resolution
of the spectra and allow easier identification of contributions from different isotopic
environments, e.g. resolvidd!B and!™ B contributions into separate, identifiable
peaks. However, multiple quantum MABVIR experiments would also be required

to fully investigate the contributions from different species, su¢hB{8B, 1Si) and
asymmetric ' B(O1/2)2(0")). Furtrer 2’Al 3QMAS-NMR experiments would enable

the variation of the proportions of differéhAl environments with B/Al and alkade

earth oxide to be analyseBurthermore?Mg and*3Ca MAS-NMR would elucidate
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the isotopic environment of the alkaline ear#tions, providing further evidence of

the structure of these glasses. These experiments were not carried out in this work as
they require access to high magnetic field strength spectrometers, which was not
possible within the timeframe of this investigeti
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5. Effect of Varyl

ng G
on DissolupHon at Hi h

5.1 Introduction
Dissolution experiments utilising the Product Consistency Test B -@ddrotocol

were carried oGQltasocsmestbthe h@$iempri3ed.l ahedt ai | ed i
studied by MASNMR in Chapter 4.

5.2 Experimental Procedure
The glasses were synthesisor obtained as described iecBon 3.1.1, and their
compositionsare dediled in Table 4.1 in Chapter. #rom thesaylassespowdered
samplesvere produced, as detailed ieciion 3.1.2and used in PGB experiments
which were set up as described gcfon 3.2.1. Briefly, experiments were carried out
for a period of 112 days, in either a saturated Caf@Ha KOH/KClsolution, at a
S/V ratio of 1200 mt, at 50 °C, and with sampling points at 1, 3, 7, 14, 28, 56 and 112
days. ICPOES analysis was used to determine the concentrations of all elements in
solution(Data shown in Appendix CJhese concentration data wesed to calculate
normalised mass losses andgs loss rates as described ect®n 3.3A | | 6initialod
and 6residual 6 rates are apparent, rather t|
Once the experiments were completed, the alteoediprs were argsed by SEM
EDSand XRD.
As discussed in Section 4.1, NCABS5S has a significantly lower CaO content than
targeted (5.31 mol.% compared to a target of 10.00 mol.%). As such, the data
produced from this glass are of limited usefulness in comparing taitbeNCABS
glasses. For the sake of completeness, the results for NCAB5S have been included in
this chapter, but NCAB5S hdseen omitted from the discussiohthe results.

5.3 Elemental Leaching Results

5.3.1 Leaching in Calcium Hydroxide

The simple ghsses were leached in a saturated Ca{®dljition, as thisvas taken to

be a simplified representative for a solution that has come into contact with a portland
cement (PC) based mortar or concrete, which contain significant amounts of
portlandite (Ca(OH) (see Chapter 1).
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5.3.1.1 NCxBS Glasses

Figure 5.1 shows the pH of the leachate for theB&EtestsGenerally, the leachate

pH of the blanks remained consistent across the experiments. The pH of the NCOBS
glass decreased slightly from pH 12.8, to pRI5, whereas that of the NC10BS
leachate dropped from an initial value of ~12.8 to 11.5. The values for the NC5BS
leachate dropped sharply from 11.98 at day 1 to 8.54 after day 3 and remained between
8 and 9 for the rest of the experiment. However, tpékealues are likely due to the
carbonation of the sam@eThe pH for these samples was not measured immediately,
and the samples had to be removed from the glovebox, with @&sibsphere, into a
standard air atmosphere before they could be measuredpiidbably led to the
carbonation of these samples due to the ingress ofrGA the air into the test tubes

This is true for a number of other samplEsis was also observed for other samples.
Figure 5.2shows the normalised mass loss of boron, NL(){a for the N&BS
glasses after undergoing tidy PCTFB experiments in a saturated Ca(@sh)lution,

at 50 °C with an iitial S/V of 1200 m. Initial (Ro(B)) and residual (RB)) normalised

mass loss rates calculated fromese data are shown in Tabld. Each of the three
glasses had a high initial rate of boron loss, at 0.100 + 0.005, 0.151 + 0.008 and 0.125
+0.006 g n? d* for NCOBS, NC5BS and NC10BS, respectively. This was followed

by a significant decrease in the rate between 7 and 56 dags.1Af2 days, NC10BS

had the highest NL(B), followed by NCOBS and NC5BS; the values were 1.03 + 0.21,
0.66 + 0.12 and 0.51 + 0.09 gZmnrespectively. The residual mass loss rates were
significantly lower than the initial rates, at (2.0 + 1.0) ¥*1(1.9+ 0.1) x 10* and

(3.7 £ 0.2) x 1§ g m? d* for NCOBS, NC5BS and NC10BS. Boron is generally
considered to be a good tracer of the dissolution rate of glasses as it is not thought to
take part in the formation of an alteration layer, or in the predimitatf secondary
crystalline phasegzigure 5.3shows the NL(Si) data for the same glasses. Unlike B,

Si is an integral part of the formation of alteration layers, and is also involved in the
precipitation of seandary crystalline phases (seecBon 5.4).Thus, the measured
concentration of Si in solution is no indicator of the total release of Si from the glass.
The silicon release for all three glasses was very low (< 0.04) gsmggesting that a
significant proportion of the silicon leached from thasg remaineéh the alteration

layer.

The normalised mass loss of Na for thggasses is shown in Figure 5The data
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closely followed the trends of the NL(B) data, with each of the glasses undergoing a
significant reduction in mass loss rate aftelays, from initial rates of 0.389 + 0.019,
0.175 + 0.009 and 0.499 * 0.024 g?rd’ for NCOBS, NC5BS and NC10BS,
respectively. As with the NL(B) data, NC10BS had the highest total mass loss,
followed by NCOBS and NC5BS. The values of NL(Na) after 112 dagyre 2.80 £
0.55, 1.54 + 0.27 and 0.69 * 0.13 g?nmfor NC10BS, NCOBS and NC5BS,
respectively. NC10BS also had the highest residual mass loss (ata),Rt(5.6 +
0.3) x 10* g m? d!, compared t¢-2.5 + 0.1) x 1 and(3.7 £ 0.2) x 16 g m? d*!
for NCOBS and NC5BS, respectively.is unlikely that the negative rate calculated
for NCOBS is significant as it is the result of the final data point. It is possible that this
is an anomalous point, although further data points would be required/tothis.

It was not possible to measure NL(Ca) values for these experiments, as the Ca

rich leachant obscured any change in Ca concentration in solution caused by leaching.
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Figure 5.1 pH values for Ca(OH)PCT-B experiments on NXBS glasses.
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Table 5.1 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for
and Na for the N&BS glasses in Ca(OHl)

Rate NCOBS NC5BS NC10BS

(g m?d?)
Ro(B) 0.100 +0.005 0.151 + 0.008 0.125 + 0.006
R(B) (2.0 + 1.0) x 10 (1.9+0.1) x 16 (3.7+0.2) x 16
Ro(Na) 0.389 + 0.019 0.175 + 0.009 0.499 + 0.024
R(Na) (-2.5+0.1) x 10 (3.7 +0.2) x 16 (5.6 + 0.3) x 16
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Figure 5.4.NL(Na) values for Ca(OH)PCT-B experiments on NXBS glasses.

5.3.1.2 NMxBS Glasses

Figure 5.5shows the pH of the NMBS experimentsThe pH of the blanks remained
fairly consistent at ~12.%xcept fora value of ~11.79 after 7 days, which is assumed
to be anomalous. However, the pH values from thexBi%sanples were found to be

very low (< 9), which idikely due topostsamplingcarbonatior(see Section 5.3.1.1)
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Figure 5.6shows the NL(B) alues for the NMBS glasses. Initial and residual mass
loss rates are shown in Table.5A2 with the NGBS glasses, each of the glasses had
a high initial rate of boron loss; 0.100 £ 0.005, 0.165 £ 0.008 and 0.153 + 0.008 g m
2 d! for NCOBS, NM5BS and NM10BS, respectively, which was followed by a
decrease in the rate fromi 37 days onwards. This rate reduction was significantly
more pronounced for NM10BS and NCOBS, compared to NM5BS; the rate decreased
by a factor of ~45 to (3.4 @.2) x 10° g m? d* for NM10BS, and the rate for NCOBS
decreased by a factor of ~500 to (2.0 *+ 1.0) # §0n? d%, whereas the rate for
NM5BS only decreased by a factor of ~1®t611 + 0.001 g rAd™. This resulted in
final values of NL(B) of 1.6 0.32, 0.81 + 0.14 and 0.66 + 0.12 ¢ for NM5BS,
NM10BS and NCOBS, respectively. The values of NL(B) for NM10BS and NCOBS
were similar througbut the experiments. Figure Hisplays the NL(Si) values for
the glasses. The data were drders of magtude lower than the NL(B) values,
remaining below 0.01 g ¥¥or all timepoints, which suggests that silicon was retained
in the alteration phases. The formation of alteration phases was investigated through
SEM-EDS (Section 5.4).

The NL(Na) values fotheglasses are shown in Figure 5a8th initial and esidual
rates shown in Table 5.2Jp to 56 days, NCOBS had the highest NL(Na), although
this was followed by a significant reduction from 1.83 + 0.33gton1.54 + 0.27 g
m2 at 112 days. This is in agreement with its high initial rate of 0.389 + 0.019 g m
d?, compared to 0.206 + 0.010 and 0.198 + 0.01Cgi*for NM5BS and NM10BS,
respectively. NM5BS and NM10BS had similar values of NL(Na) up to 28 days, but
after thisNM5BS experienced a significant increase in sodium mass loss, leading to
a final value of 1.91 + 0.38 g fn compared to a value of 1.640.18 g n¥ for
NM10BS, and a residual rate of 0.015 + 0.001 gdnh for NM5BS compared to (6.1
+ 0.3) x 10° g m? d* for NM10BS. Figure 5.%hows the values of NL(Mg) for the
Mg-containing glasses. These values were veryiltegs than 0.01 g ¥across the
time period of the experimentswith large uncertainties. This suggests that the Mg
was involved in the fornteon of alteration phases, similar to the behaviour of silicon

(see Section 5.4).
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Figure 5.5.pH values for Ca(OH)PCT-B experiments on NMBS glasses.
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Table 5.2 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for
and Na for the NMBS glasses in Ca(OH)

Rate

NCOBS NM5BS NM10BS
(g m?d?)

Ro(B) 0.100 * 0.005 0.165 + 0.008 0.153 + 0.008
R(B) (2.0 £ 1.0) x 16 0.011 + 0.001 (3.4 +0.2) x10°3
Ro(Na) 0.389 + 0.019 0.206 + 0.010 0.198 + 0.010
R(Na) (-2.5+0.1) x 16 0.015 + 0.001 (6.1+0.3) x 16
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Figure 5.7.NL(Si) values for NMBS from PCTB experiments in Ca(OH)

solution.
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solution.

5.3.1.3 NCABXS Glasses
Figure5.10shows the pH values for the leachates in the NKRBxperimentsThe
blanks for the NCABOS and NCAB5S samples had consistent pH values, but the
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values for the NCAB10Slank started at ~12 before increasing to ~13.7. The reason
for this discrepancy is unknown. The pH values for the NER\Rachates remained
consistentlyhigh throughout the experiment&igure 5.11shows the NL(B) values
for the NCABXS glasses excluding NCABOS, which contains no boron, wi(B)R
and R(B) values shown in Table 5.BICAB10S had higher values of NL(B) after 1
and 3 days, with a higher vad of R(B) of 0.092 + 0.005 g rhd?, compared to 0.048
+0.002 g ? d! for NCAB5S. From 7 days onwards, NCAB5S had the greater mass
loss of boron. The final values of NL(B) were 0.56 + 0.12 and 0.46 *+ 0.08 fgim
NCABS5S and NCAB10S, respectivelyith respective residual B mass loss rates of
(5.0 £ 0.3) x 1d and (2.4 + 0.1) x 1®g m? d. The normalised mass loss of silicon
for the® glasses is shown in Figure 5.5 with the NGBS and NMBS series,
NL(Si) was significantly lower than thatf doron; less than 0.008 g-%over the
duration of the experiments. Each of the three glasses appeared to have a different Si
mass loss profile; NCABOS had a steadily descending curve, NCAB5S appeared to
have an initial incubation period followed by aestg increase, and NCAB10S had
the conventional shape seen in most other samples. However, this pattern was not seen
in any other data, and so further work would be required to ascertain whether this was
an anomaly or due to the properties of the threesgtas

Figure 5.13displays the NL(Na) for the NCAES glasses. NCAB5S had the
highest mass loss of sodium across all sampling times, whereas NCABOS and
NCAB10S had similar, significantly lower, mass losses, with initial mass loss rates of
0.185 + 0.009, 0.0B+ 0.005and 0.097 + 0.005 g4d™ for NCAB5S, NCABOS and
NCAB10S, respectively. The final values for each of the three glasses were 0.53
0.12, 1.51 + 0.30 and 0.53 + 0.10 ¢ for NCABOS, NCAB5S and NCAB10S, with
residual rates of (1.2 £ 0.1) x'$03.0 + 0.2) x 1¢ and(-1.7 £ 0.1) x 1 g m? d™.
It is unlikely that the negative residual rate for NCAB10S is significant, as it is
possible to obtain positive residual rates from the data, within dinernormalised
mass loss of aluminium for tlggasses is shown in Figure 5.7%he R(Al) values for
NCABOS, NCAB5S and NCAB10S were 0.035 + 0.002, 0.085 + 0.004 and 0.002 +
0.0001 g it d, respectively. NCAB5S had the highest NL(AI) across each time
point, followed by NCABOS and NCAB10S, with finealues of 0.44 = 0.10, 0.13
0.02 and 0.008 + 0.03 gMmrespectively, and /) values of (1.0 + 0.1) x 1f) (-
8.0 +0.4) x 1¢ and (4.0 + 0.2) x 1B respectively. Again, the negative residual rate

calculated for NCAB5S may or may not be sigrahc as it is possible to calculate a
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positive value, within error.
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Figure 5.10.pH values for Ca(OH)PCT-B experiments on NCAES glasses.
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Figure 5.11.NL(B) for NCABXS glasses for PGB experiments in Ca(Okl)



Table 5.3 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates fo

B, Na and Al for the NCARS glasses in Ca(Okl)

Rate
o1 NCABOS NCAB5S NCAB10S
(@m=-d-)
Ro(B) - 0.092 + 0.005 0.048 + 0.002
R(B) - (5.0 £ 0.3) x 10 (2.4+0.1) x 16
Ro(Na) 0.092 + 0.005 0.185 +0.009 0.097 + 0.005
R(Na) (1.2+0.1) x 16 (3.0+0.2) x 16 (-1.7+0.1) x 16
Ro(Al) 0.035 + 0.002 0.085 + 0.004 0.002 + 0.0001
Ri(Al) (1.0 £0.1) x 16 (-8.0 £ 0.4) x 16 (4.0 £0.2) x 16
0.012
m NCABOS
0.010 ¢ NcABss
X NCAB10S
— 0.008 )
£
= 0.006
5
- L
< 0.004 )} % {
0.002 }
sl ?
oooo ¢~ | ¥
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Figure 5.12.NL(Si) for NCABXS glasses foPCT-B experiments in Ca(OH)
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Figure 5.13.NL(Na) for NCABXS glasses for PGB experiments in Ca(OHkl)
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Figure 5.14.NL(Al) for NCABXS glasses for PGB experiments in Ca(OH)
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5.3.1.4 NMABXS Glasses
Figure 5.15hows the pH values for the NMAB experiments. The blanks remained
consistent at approximately pH 12.5. The NMAB5S and NMAB10S samples dropped
from pH 12.5 at the beginning of the experiments to pH 11.22 for NMABS5S after 56
days (112 day datum not avdila) and to pH 11.24 for NMAB10S after 112 days.
The pH of the NMABOS samples dropped rapidly between 1 and 3 dagsto
carbonatior{see Section 5.3.1.IJhe NL(B) data for the NMARS glasses, excluding
NMABOS, which contains ndoron, are shown in Fige 5.16 Initial and residual
mass bss rates are shown in Table.5Both glasses followed the same trend as each
of the other glass series, i.e. a high initial rate followed by a significant reduction of
rate with time. The initial rates for NMAB5S ahiMAB10S were 0.100 £ 0.005 and
0.154 + 0.008 g md?, respectively, whilst the respective residual rates were
(8.0 £ 0.4) x 1d and (1.4 + 0.1) x 1&g m? d*. NMAB10S had the highest NL(B)
at each time point, with a value after 112 days of 0.783% §.m?, compared 0.60 +
0.10 g n¥ for NMABSS atthe same timgoint. Figure 5.13hows the NL(Si) data
for the NMABXS series. The values for each of the glasses remained below 1.3 x 10
3 g m? throughout the experiments, in common with each of the Gtiggass series,

again suggesting that the silicon was involved in the formation of alteration phases in

the system.
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Figure 5.15.pH values for Ca(OH)PCT-B experiments on NMAES glasses.
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Figure 5.18shows the NL(Na) values for each of the glasses. The data closely
followed the trends observed in the NL(B) data, with NMAB10S having the highest
mass loss, followed by NMAB5S and NMABOS. TheglRa) values for NMAB10S,
NMAB5S and NMABOS were 0.240 @012, 0.133 + 0.007 and 0.109 + 0.006 ¢ m
d?, respectively. The final NL(Na) values for the three glasses were 1.15 + 0.21, 0.84
+ 0.16 and 0.65 + 0.13 g frfrom greatest (NMAB10S) to least (NMABOS), with
corresponding RNa) values of (3.0 + 0.2) x0F, (1.8 £ 0.1) x 1§ and (1.5 + 0.1) x
103 g 2 d. Figure 5.1%hows the normalised mass loss of aluminium for each of
the glasses. The values for NMABOS and NMABS5S were similar over the course of
the experiments, although that of NMAB10S was sigaiftly lower. The initially
fast mass loss seen in each gla8921 + 0.002, 0.012 + 0.001 and 0.013 + 0.001 g
m2d?!for NMABOS, NMAB5S and NMAB10S, respectivelydecreased earliest and
most rapidly in NMAB10S, at 3 days, whereas it decreased maduagty for the
other two glasses, between 3 days and 28 days. The final values of NL(Al) were 0.088
+ 0.015, 0.086 + 0.015 and 0.049 + 0.008 g far NMABOS, NMAB5S and
NMAB10S, and their respective:RRl) values were (6.0 = 0.3) x P0(1.0 + 0.1) x
10%and (2.0 £ 0.1) x IHg m? d*. The normalised mass loss ogmesium is shown
in Figure 5.20Apart from the day 1 samples, all of the magnesium concentrations in
solution were below the detection limits of the YOES This is the same behaviour
that was observed in the magneskeontaining borosilicate glasses; any magnesium
that was leached does not seem to remain in solution, but rather must be incorporated

into alteration phases.
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Table 5.4 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for |
Na and Al for the NMABS glasses in Ca(Okl)

Rate
(g ¢ NMABOS NMABS5S NMAB10S
Ro(B) - 0.100 + 0.005 0.154 + 0.008
R(B) - (8.0 + 0.4)x 10* (1.4+0.1) x 16
Ro(Na) 0.109 + 0.006 0.133 + 0.007 0.240 + 0.012
R(Na) (1.5+0.1) x 16 (1.8+0.1) x 16 (3.0+0.2) x 16
Ro(Al) 0.021 + 0.002 0.012 + 0.001 0.013 +0.001
R.(Al) (6.0 +0.3) x 16 (1.0+0.1) x 10 (2.0+0.1) x 10
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Figure 5.17.NL(Si) data for NMABXS glasses for PGB experiments in
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Figure 5.19.NL(Al) data for NMABXS glasses for PGB experiments.
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5.3.2 Leaching in Potassium Hydroxide

Leaching was performed in a solution of 0.0021/0.021 M KOH/KCI to investigate
whether the glass dissolution behaviour in Ca(Qid)governed only by pH, or
whether the cation in solution has an effect. KCl was added as a buffer, in order to

maintain the solution pH.

5.3.2.1 NCxBS Glasses

Figure 5.21 shows the pH values for the XS samples in KOHThe blanks
maintained consistent pH values of ~12.6, for that associated with NCOBS and
NC10BS, and ~12.8 for that associated with NC5B& pH values for all 3 NfBS

glasses decreased from day 1 values of 12.36, 12.57 and 12.58 for NCOBS, NC5BS
and NC1®S, respectively, to corresponding day 112 values of 10.92, 10.88 and
10.76. The decrease was most rapid for NCOBKich reached a consistent value
after 14 days, and least rapid for NC10BS, which reached a consistent value after 28
days. Data were notavi | abl e for all ti mepoints for toh
decrease between 1 and 3 days matched that of NGOBINL(B) values from PCT

B experiments in KOH on the NBS glasses are shown in Figure 5.2tial and
residual rates ofmass loss are shown Table 5.5 Data were only available for
NC10BS up to 28 days, due to a test vessel failure during the experiments, and thus
reasonable residual rates could not be determined for NC10BS. The glasses exhibited
the same general trends as in Ca(®M)ith rapid initial mass loss followed by a
significant decrease in rate between 3 and 28 days. An analysis of glass dissolution
variations between KOH and Ca(QHolutions is discussed in Section 5.5.1. The
initial B loss rates were 0.205 + 0.010, 0.206 + 0.846 0.130 + 0.007 g #d* for

NCOBS, NC5BS and NC10BS, respectively. Up to 14 days, NC5BS had the highest
NL(B), followed by NC10BS and NCOBS. However, from 14 days onwards NC5BS
undergoes a greater drop in mass loss rate than NCOBS, with the twe Hlasseg
respective values of{B) of 0.028 + 0.001 and (6.6 + 0.3) x' 39 m? d!, and final

values of NL(B) of 2.77 + 0.43 and 4.75 + 1.07 d.rihe final value of NL(B) for
NC10BS is 2.97 + 0.68 g Aafter 28 days. Figure 5.2hows the NL(Si) values for

these experiments. There was a significant difference between these values and those
of the same glasses in Ca(QH)he KOH NL(Si) values were of the order of 1 gm

2, whereas those obtained from the Ca(D#Xperiments werefdhe order of 0.01 g
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m2. This implies that more Si was remaining in solution during the experiments using
KOH, and did not become incorporated into alteration phases. NCOBS had the highest
silicon loss during the experiments, followed by NC10BS and NC3BS8 initial Si

loss rates were 0.255 + 0.013, 0.165 + 0.008 and 0.123 + 0.0G6ig for NCOBS,
NC5BS and NC10BS, respectively. The final mass loss values were 4.76 + 1.05, 2.15
+0.39 and 1.67 + 0.28 g fifor NCOBS, NC10BS (after 28 days) and NC5B&h
residual rates of 0.019 + 0.001 and.Q0 + 0.1) x 1¢ for NCOBS and NC5BS,
respectivelyThe negative residual rate for NC5BS is unlikely to be significant due to
the presence of an anomalously low datapoint at 56 days.

Figure 5.24shows the NL(Nayalues for the N&BS glasses. The trends in these
data are similar to those in the NL(B) and NL(Si) data, with NCOBS having the highest
NL(Na), followed by NC10BS and NC5BS. The(Ra) values for NCOBS, NC10BS
and NC5BS were 0.837 + 0.042, 0.448 + 0.022 ®.195 + 0.010 g thd?,
respectively. The residual rates for NCOBS and NC5BS were 0.041 + 0.002 and (5.4
+0.3) x 16° g m? d?, leading to final normalised mass losses of 8.71 + 2.01, 6.34 +
1.24 and 2.46 £ 0.51 for NCOBS, NC10BS (28 days)ND8BS, respectively. Figure
525s hows the calcium mass | oss for these
contain Ca). The NL(Ca) values for NC10BS were significantly higher than those for
NC5BS. After 28 days, NL(Ca) reached 0.42 + 0.11°§ whereas thenaximum
value for NC5BS was 0.15 + 0.04 after 7 days.
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Figure 5.21.pH values for KOH PCB experiments on NXBS glasses.
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Figure 5.22.NL(B) data for NGBS glasses foKOH PCT-B experiments.
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Table 5.5 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for |
Na and Si for the N&BS glasses in KOH.

Rate

NCOBS NC5BS NC10BS
(@m?d?)
Ro(B) 0.205 + 0.010 0.206 + 0.010 0.130 + 0.007
R(B) 0.028 + 0.001 (6.6 £0.3) x 16 -
Ro(Na) 0.837 +0.042 0.195 +0.010 0.448 + 0.022
R(Na) 0.041 +0.002 (5.4+0.3) x 16 -
Ro(Si) 0.255 + 0.013 0.165 + 0.008 0.123 + 0.006
R/(Si) 0.019 + 0.001 (-2.0+0.1) x 108 -
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Figure 5.23.NL(Si) data for NGBS glasses foKOH PCT-B experiments.
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Figure 5.24.NL(Na) data for NGBS glasses for KOH PGB experiments.
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5.3.2.2 NMxBS Glasses
Figure 5.26 shows the pH values for the X% samples in KOH. Data were only
available for the 1, 3 and 112 day sampling times due to issues with carbonation of
samplesThe pH values for NM5BS and NM10BS were 12.32 and 12.47, respectively,
at day 1 but decreased significantly over the duratidghe&xperiments to 10.95 and
10.66, respectively, after 112 dayse NL(B) values for the NMBS glasses in KOH
are shown in Figure 5.2Titial and residial rates are shown in Table 5The data
followed the trends seen in the Ca(QHpta; rapid initiarelease followed by a
significant decrease in rate with time. Initially, the two -®lantaining glasses had
higher mass losses than NCOBS, wi${B} values of 0.319 + 0.016, 0.295 + 0.015
and 0.205 + 0.010 g ’d?! for NM10BS, NM5BS and NCOBS, respedly.
However, NM5BS and NM10BS experienced a greater drop in mass loss rate than
NCOBS, leading to NCOBS having the highest mass loss afte&4lays. The final
values of NL(B) were 4.75 + 1.07, 3.34 + 0.54 and 3.01 + 0.48gfon NCOBS,
NM5BS and NMLOBS, respectively, with £/8) values of 0.028 = 0.001, 0.013 +
0.001 and 0.011 + 0.001 gd™. Figure 5.2&ontains the NL(Si) data for this series.
The initial rates of Si loss were similar for the three glasses, at 0.255 = 0.013,
0.204 + 0.010 and P62 + 0.013 g M d* for NCOBS, NM5BS and NM10BS,
respectively. NL(B) and NL(Si) were very similar for NCOBS, but the values of
NL(Si) were significantly lower than the NL(B) values for both of the-dégtaining
glasses, due to the Mgpntaining glasselaving lower residual rates; (1.1 £ 0.1) x
10% and (1.8 + 0.1) x 1&g m? d* for NM5BS and NM10BS compared @019 +
0.001 g n? d? for NCOBS This suggests that some silicon was retained in the
alteration phases. This phenomemaas alscseen in the NL(Si) data for the XBS
glasses in KOH (Figure 5.18).

Figure 5.29contains the NL(Na) values for the MBS glasses. NM5BS and
NM10BS had lower NL(Na) values than NCOBS throughout the experiments, with
initial rates of 0.837 + 0.042, 0.2770:014 and 0.331 + 0.017 g% for NCOBS,
NM5BS and NM10BS. The two Mgontaining glasses had similar NL(Na) values,
although NM10BS had the lowest at the end of the experiments. The final normalised
mass losses were 8.71 + 2.01, 2.96 + 0.70 and 20/27+g n¥ for NCOBS, NM5BS
and NM10BS, respectively, with respectivéNR) values of 0.041 + 0.002, 0.011 +
0.001 and 0.008 + 0.001 gfwuit. The normalised mass loss of magnesium for the

glasses is shown in Figure 5.3lh common with the data from th€a(OH)»
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experiments, the mass loss of magnesium remained low throughout the expériments
below 0.025 g M. This level was significantly lower than the calcium release of the
equivalent Cacontaining glasses (BbBS and NC10BS, see Figure 5,28uggesting

that the magnesium is retained in alteration phasehighar level than calcium (see

Section 5.5.5 for further discussion).
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Figure 5.26.pH values for KOH PCB experiments on NMBS glasses.
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Figure 5.27.NL(B) data for NMkBS glasses for KOH PGB experiments.



Table 5.6 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for |

Na and Si for the NMBS glasses in KOH.

Rate

(g m2 &Y NCOBS NM5BS NM10BS
Ro(B) 0.205 + 0.010 0.295 + 0.015 0.319 + 0.016
R(B) 0.028 + 0.001 0.013 + 0.001 0.011 + 0.001
Ro(Na) 0.837 + 0.042 0.277 + 0.014 0.331 % 0.017
R(Na) 0.041 + 0.002 0.011 + 0.001 0.008 + 0.001
Ro(Si) 0.255 + 0.013 0.204 + 0.010 0.262 +0.013
R(Si) 0.019 + 0.001 (1.1+0.1) x 16 (1.8 +0.1) x 16
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Figure 5.28.NL(Si) data for NMkBS glasses for KOH PCB experiments.
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Figure 5.29.NL(Na) for NMxBS glasses for KOH PGB experiments.
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Figure 5.30.NL(Mg) for NMxBS glasses for KOH PGB experiments.

5.3.2.3 NCABXS Glasses

Figure 5.31 showthe pH values for these experiments. The blanks corresponding to
the NCABOS and NCABS5S samples maintained a consistent pH throughout the
duration of the experiments, with initial and final values of 12.80 and 12.96 for the
NCABOS blank and 12.61 and 12 6t the NCABS5S blankThe blank corresponding
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to NCAB10S had low values (~11.5) up to 28 days, before increasing to ~13.1. This
is likely due to partial carbonation of the early samples. This same trend can be seen
for the NCAB10S samples, which had anrage pH value of 11.32 after day 3, but
an average value of 13.11 after 112 days. The values for the NCABOS and NCABS5S
samples remained consistent, with respective initial values of 12.65 and 12.58, and
final values of 12.84 and 12.6%igure 5.32hows he NL(B) data for the NCAEBS
glasses, excluding NCABOS which contains no boron. Initial anduaisidtes are
shown in Table 5.Mass loss data are only available up to 28 days for NCAB5S due
to test vessel failure during the experiments, and so resatealare not available for
this sample. The initial boron releases for the two glasses were similar up to 14 days,
with Ro(B) values of 0.016 + 0.001 and 0.029 + 0.001 ¢ art for NCAB5S and
NCAB10S, respectively, before NCAB5S underwent a significant increase between
14 and 28 days. NCAB10S underwent a significant rate drop between 3 and 14 days,
which continued until the end of the experiment at 112 days. Its residual safé.@a
+0.2) x 16° g m? dX. The final NL(B) values were 0.36 = 0.06 g?rfior NCAB5S
and 0.15 + 0.02 g thfor NCAB10S. These values are approximately an order of
magnitude lower than those obtained for the borosilicate serieB3@®l&nd NMBS).
Figure5.33shows the NL(Si) for the three glasses. The data for each glass displayed
the characteristic 6turnovero6 in rate se:¢
glasses were 0.021 + 0.001, 0.028 + 0.001 and 0.037 + 0.0GAg far NCABOS,
NCAB5S and NCAB10S, respectively. The rate drop occurred at around the same
time for NCABOS and NCAB10S (between 3 and 14 days) and slightly later in
NCABS5S (between 7 and 56 days), although this is slightly obscured due to the
presence of an apparentlganalous datum at 28 days. The general trend was that
NCABOS has the lowest silicon loss, followed by NCAB10S and NCABS5S, with
residual rates of (1.0 + 0.1) xt@nd ¢6.0 + 0.3) x 16 for NCABOS and NCAB10S,
respectivelyThe negative rate calculateot INCAB10S is unlikely to be significant,
as positive values can be calculated from the data within &inerfinal values of
NL(Si) were 0.32 + 0.06, 0.18 + 0.03 and 0.12 + 0.02°gon NCAB5S, NCAB10S
and NCABQOS, respectively.

The normalised mass los$ sodium for the NCARS glasses is shown in Figure
5.34 NCABS5S again had the highest mass loss, followed by NCAB10S and NCABOS.
The 28 day datum for NCAB5S was anomalous, as with the NL(B) and NL(Si) data.
The R(Na) values were 0.021 + 0.001, 0.096.80% and 0.036 + 0.002 g+al™ for
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NCABOS, NCAB5S and NCAB10S, whilst the;(Ra) values for NCABOS and
NCAB10S were{2.0 + 0.1) x 16 and (1.0 + 0.1) x g m2 d%, respectively. The
final values of NL(Na) for NCABOS, NCAB5S and NCAB10S were 0.12G8, 1.19

+ 0.20 and 0.18 + 0.03 g'frespectively. Figure 5.38hows the normalised mass
loss of aluminium for the three glasses. The values for NCABOS and NCAB10S were
similar for the duration of the experiments, whereas those for NCAB5S were
significantly higher, starting with the initial rate of Al loss, which was 0.095 + 0.005
g m? d* for NCAB5S, compared to 0.016 + 0.001 and 0.027 + 0.001gltfor
NCABOS and NCAB10S. The final values of NL(Al) were 0.72 + 0.14, 0.12 + 0.02
and 0.11 + 0.02 g2 for NCAB5S, NCAB10S and NCABOS. The residual rates of
Al loss for NCABOS and NCAB10S were (1.0 + 0.1) x*#hd ¢1.0 + 0.1) x 1¢ g

m2 d?, respectively. Figure 5.3hows the NL(Ca) values for the NCASB glasses.

The values were very similar for@ABOS and NCAB10S, but were again far higher
for NCABS5S. The final values of NL(Ca) for NCABOS, NCAB5S and NCAB10S
were 0.14 + 0.03, 290 +* 051 and 015 + 0.02 g2 m
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Figure 5.31.pH values for KOH PCB experiments on NCAES glasses.
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Figure 5.32.NL(B) for NCABXS glasses for KOH PGB experiments.

Table 5.7 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for |
Na, Al and Si for the NCARS glasses in KOH.

Rate
(@ m2 NCABOS NCAB5S NCAB10S
Ro(B) - 0.016 +0.001 0.029 + 0.001
R(B) - - (4.0 £0.2) x 16
Ro(Na) 0.021 £ 0.001 0.096 + 0.005 0.036 + 0.002
R(Na) (-2.0+£0.1) x 16 - (1.0+0.1) x 10
Ro(Al) 0.016 £ 0.001 0.095 + 0.005 0.027 + 0.001
R.(Al) (1.0 £ 0.1) x 10 - (-1.0 £ 0.1) x 10
Ro(Si) 0.021 £ 0.001 0.028 £ 0.001 0.037 £ 0.002

R(Si) (1.0 £0.1) x 10 - (-6.0 + 0.3) x 16
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Figure 5.33.NL(Si) for NCABXS glasses for KOH PGB experiments.
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Figure 5.34.NL(Na) for NCABXS glasses for KOH PGB experiments.
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Figure 5.35.NL(Al) for NCABXS glasses for KOH PGB experiments.
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Figure 5.36.NL(Ca) for NCABXS glasses for KOH PGB experiments.
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5.3.2.4 NMABXS Glasses

Figure 5.37shows the pH values for the NMAB leachatesThe blanks remained
consistent, with an initial average of 12.80, and a final average of 12.96. Similarly,
the NMABOS, NMABSS and NMAB10S samples maintained a high pH through the
duration of the experiments, with respective initial valoke$2.66 12.70 and 12.72,

and finalvalues of 12.83, 12.84 and 12.8%gure 5.38hows the NL(B) data for the
NMAB XS glasses (excluding NMABOS which contains no boron) froradeh2PCF

B experiments using a KOH leachant. Initial and residual ratBdaxs can be found

in Table 5.8 The intial B loss rates for NMAB5S and NMAB10S were 0.024 + 0.001
and 0.056 + 0.003 g ™d?, respectively. The data displayed the same turnover in
mass loss rate as is seen in the other glasses, which occurred between 3 and 14 days
for both glasses. NMAB10Sad consistently higher NL(B) across all thpeints,

with a value after 112 days of 0.19 + 0.03 ¢§,roompared to 0.14 + 0.03 g4ior
NMAB5S. NMAB10S also had a highek(B) at (4.0 + 0.2) x 10g m?d, compared

to (1.0 £ 0.1) x 10 g nt2 d! for NMABS5S. The normalised mass loss of silicon for
the NMABXS glasses is shown in Figure 5.3%he general trend of each of the glasses
was similar; a high initial release rated.026 + 0.001, 0.035 £ 0.001 and 0.056 +
0.003 g n? d* for NMABOS, NMAB5Sand NMAB10S, respectively followed by

a significant reduction between 3 and 14 days, leading to continued mass loss at a
much lower rate than the initial rate after 28 days. NMAB10S had the highest NL(Si)
at each sampling time, with NMAB5S having the@sd highest and NMABOS the
lowest. The final values of NL(Si) were 0.15 + 0.03, 0.13 + 0.02 and 0.12 £ 0.02 gm
2, and the KSi) values were (3.0 + 0.2) x $0(3.0 + 0.2) x 1¢ and (3.0 £ 0.2) x 10

4 for NMAB10S, NMABS5S and NMABOS, respectively.

Figure 5.40shows the NL(Na) values for the NMAB glasses. The general trend
for each of the glasses follows those seen in the NL(B) and NL(Si) data. The initial
Na loss rates were 0.023 + 0.001, 0.026 + 0.001 and 0.034 + 0.002d{ for
NMABOS, NMAB5S and NMAB10S, respectively, and the corresponding residual
rates of release were2(0 + 0.1) x 16, (3.0 £ 0.2) x 1d and (3.0 + 0.2) x g m?

d?. The negative residual rate calculated for NMABOS is unlikely to be significant as
a positive value cabe obtained from the data within erréigain, NMABOS had the
lowest NL(Na), followed by NMAB5S and NMAB10S, with final values of 0.13 +
0.05,0.16 + 0.05 and 0.17 + 0.05 g,mespectively. Figure 5.4hows the normalised

mass loss of aluminium for the three glasses. While the data exhibited the same overall
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trends as in the NL(B) and NL(Si) datehigh initial dissolution followed by a rate
dropi the trends between the samples were reversed, i.e.BO&dAad the highest
NL(Al) and NMAB10S had the lowest. The@Rl) values were 0.020 + 0.001, 0.025

+ 0.001 and 0.031 *+ 0.002 g3vd?! for NMABOS, NMAB5S and NMAB10S,
respectively, whilst the RAl) values were (7.0 + 0.4) x 0 (1.0 + 0.1) x 18 and

(3.0 £ 0.2) x 1¢ g m? d*. The final values of NL(Al) were 0.104 + 0.017, 0.096 +
0.016 and 0.076 +0.013 gafor NMABOS, NMAB5S and NM\B10S, respectively.
Figure 5.42shows the NL(Mg) values for the NMAB glasses. As with the Mg
containing borosiliate glasses, the magnesium mass loss was very low; below the
detection limit for the ICROES for most of the data, which suggests that the

magnesium leached from the glasses was incorporated into alteration phases during

dissolution.
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Figure 5.37.pH values for KOH PCIB experiments on NMAES glasses.
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Figure 5.38.NL(B) for NMABXS glasses for KOH PGB experiments.
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Table 5.8 Initial (Ro(i)) and residual (Ri)) normalised mass loss rates for |
Na, Al and Si for the NMARS glasses in KOH.

Rate
(g &Y NMABOS NMABS5S NMAB10S
Ro(B) - 0.024 + 0.001 0.056 + 0.003
R(B) - (1.0+0.1) x 10 (4.0+0.2) x 10
Ro(Na) 0.023 + 0.001 0.026 + 0.001 0.034 + 0.002
R(Na) (2.0+0.1) x 16 (3.0+0.2) x 10 (3.0+0.2) x 10
Ro(Al) 0.020+ 0.001 0.025 + 0.001 0.031 + 0.002
R(Al) (7.0 +0.4) x 16 (1.0+0.1) x 10 (3.0+0.2) x 16
Ro(Si) 0.026 + 0.001 0.035 + 0.001 0.056 + 0.003
R(Si) (3.0+0.2) x 10 (3.0+0.2) x 10 (3.0+0.2) x 10
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Figure 5.39.NL(Si) for NMABXS glasses for KOH PGB experiments.
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Figure 5.40.NL(Na) for NMABXS glasses for KOH PGB experiments.
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Figure 5.41.NL(Al) for NM ABXS glasses for KOH PCB experiments.
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Figure 5.42.NL(Mg) for NMABXS glasses for KOH PCB experiments.
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5.4 Analysis of Alteration Product Formation
5.4.1 Ca(OH}-leached Samples
5.4.1.1 NCxBS Glasses
Figure 5.43shows backscattered electron (BSE) images of @estoned NCOBS,
NC5BS and NC10BS glass patrticles which have undergone é8R&periment with
aCalOH)l eachant . Al teration | ayers can be
particles, and detachedtedation phases, likely resulting from p@&@stperiment
handling, can also be observed. This is a phenomenon that was seen in the majority of
the postPCT-B powders analysed by SEEDS. EDS maps for the altered NCOBS
paticles are shown in Figure 5.4%thel i ght er region, denoted I
particle, the dark region is the resin mounting and the middle region, denoted region
6260, i's the alteration IBaxpe&imentwThese thataf or me
show that the glass phase correspondmtichment in Na, Si and O, and an absence
of Ca. The alteration layer is rich in Ca, whilst also containing Si and Al, with a small
amount of O and Na. There appear to be two distinct phases within the alteration layer:
a brighter, Caich phase, and darker Capoor phase. This is evidenced by the EDS
spectra of the differg regions, shown in Figure 5.45

Figure 5.46 shows the EDS maps for one of the NC5BS particles at higher
magnification. The glass particle)(ts bounded by an alteration rim (2let EDS
spectra for thesegions are shown in Figure 5.4 with the alteration layers on the
NCOBS particles, the alteration layer here was rich in Ca, whilst also containing Si,
and was poor in Na and O. The difference is in the lack of Al in the NQ&BS. The
alteration layer is richer in Ca than the NC5BS glass itself, suggesting that the
Ca(OHy) solution is the primary source of Ca for the alteration layer.

Elemental maps of one of the NC10BStudes are shown in Figure 5.48nd
spectra for th glass and the alteration layer are shown in Figu@ Bl alteration
layer was rich in Ca and also contained Si, but was poor in Na and O, in keeping with
the observations of the other KIES glasses. The alteration layer is enriched in Ca
with respecto the particle, suggesting again that the solution is the primary source of

Ca in the alteration layer, despite the glass containing 10.59 mol.% CaO.
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Figure 5.43.BSE images of crossectioned N&BS glass particles after a 1z
day PCTB experimenin Ca(OH) (A) NCOBS, (B) NC5BS, (C) NC10BS.
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Figure 5.44.BSE micrograph and elemental maps of NCOBS particles-cro
section after a 11day PCTFB experiment in Ca(OH)showing particle itself
(point 1) and an alteration layer (2) with-@eh regiors (3).

o

<

— Ca

- o ~° *Ca Glass (1)

=

(7]

c

ot

£ - » Alt Layer4(2}
Ca-rich

Region (3)

0.00 1.00 2.00 3.00 4.00 5.00
Energy (keV)

Figure 5.45.EDS spectra of NCOBS glass and alteration layer (withi€a
regions) after a 1tday PCTB experiment in Ca(OH)
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Figure 5.46.BSE micrograph and elemental mag<rosssectioned NC5BS
particle (1) after a 1xday PCTFB experiment in Ca(OH) showing alteration
layer (2).
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Figure 5.37.EDS spectra of NC5BS glass and alteration layer after alay?2
PCT-B experiment in Ca(OH)



137

Figure 5.48.BSE micrograph and elemental maps of cigsstioned NC10BS
particle(1) after a 112lay PCTFB experiment in Ca(OH) showing alteration

layer (2).
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Figure 5.49.EDS spectra of NC10BS glass and alteration layer after-aldy 2
PCT-B experiment in Ca(OH)
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5.4.1.2 NMxBS Glasses

Figure 5.50shows BSE images of particles of NBS glasses altered in Ca(QH)
Alteration rims were seen around many of the particles, with detached alteration
phases also visible. Figure 5.Sfhiows EDS maps of an NM5BS particle at higher
magnification. The alteratiolayer contained Ca, Mg, Si, O and Na. With respect to
the glass particle, it was enriched in Ca and &gl depleted in Na (Figure 5)5Zhe

only source of Ca in the alteration layer was the Ca¢@blution. The amount of Si

in the alteration layer copared to that of the glass appeared to be higher than for the
NCxBS glasses. The alteration layer was enriched in Mg compared to the glass,
suggesting that the Mg that was leached was retained in the alteration layer, as also
suggested by the low NL(Mg)Vels for all Mgcontaining glasses.

Figure 5.53hows EDS maps of several of these particles and a piece of detached
alteration phase (point 3). The alteration layer (point 2) contained Ca, Mg, Si, Na and
O. With respect to the glass patrticle, the alteratayer was enriched in Ca, slightly
depleted in Si and Mg, and significantly depleted in Na and O, as shotke EDS
spectra in Figure 5.54The ratio of Mg in the alteration layeersusthe Mg in the
glass again suggests that most of the Mg was retained in the alteration layer, as with
NM10BS. The detached alteration phase primarily consisted of Ca and Si, with
significant Caenrichment compared to the glass and alteration layer.
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Figure 5.50.BSE images of crossectioned NMBS glass particles after a 11:
day PCTB experiment in Ca(OH)A) NM5BS, (B) NM10BS.
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Figure 5.51.BSE micrograph and elemental maps of cigsstioned NM5BS
particle (1) after a 1x8ay PCTFB experiment irCa(OH)», showing alteration

layer (2).
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Figure 5.52.EDS spectra of NM5BS glass and alteration layer after eda$2
PCT-B experiment in Ca(OH)
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Figure 5.53.BSE micrograph and elemental maps of cissstioned NM10BS
particle (1) after a 12day PCT-B experiment in Ca(OH) showing alteration
layer (2). A detached alteration phase can also be seen (3).
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Figure 5.54.EDS spectra of NM5BS glass, alteration layer and detache:
alteration phase after a :-tiay PCFB experiment in Ca(OH)
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5.4.1.3 NCABXS Glasses

BSE images of crossectioned NCABXS particles which have undergone a-BCT
experiment with a Ca(OH)eachant are shown in Figure 5.%%etached alteration
phases can be seen in these samples. Although alteration rim¢ ezadilp visible

in Figure 5.55 they are readily visible in the higher magegfiion micrographs;
Figures 5.56, 5.58 and 5.60. Figure 5dftbws EDS maps of a cluster of several
NCABOS particles and a detached alteration phase. The maps suggest that small
alterdion layers were formed around some of the particles, primarily containing Ca
and Si, with a minor amount of Al. The detached phase contained significantly more
Ca than the alteration layer, as well as Si, Al and a small, but detectable, amount of
Mg, pa EDS spot analysis (Figure 5)57The alteration layers were much less
pronounced than for the MBS and NMBS glasses.

A greater number of particles in the NCAB5S sample appeared to have alteration
rims than for the NCABOS glass, which could be due tditleer rate of dissolution;
higher rates of dissolutioare likely to lead to greater concentrations of alteration
layer-forming elements, such as Si, in sa@at The EDS maps in Figure 5.S8ow
that the alteration layer primarily consisted of Ca anaviih Al and O. In comparison
to the glass, the alteration layer is rich in Ca, but poor in the other 4 elements, as seen
in the EDS spectra of the different phases in Figur@ F&e detached alteration phase
(3) consists of Ca and Si, with small amaumif Al and Mg, in line with the
composition of the similar phase in the NCABOS sample.

Alteration rims can be seen on many of the cemgioned alteretNCAB10S
particles in Figure 5.55more so than on either the NCABOS or NCABSS particles.
The elemeral maps of onef these particles (Figure 5.66how that the rim contained
Ca, Si, Al and O, which is in line with what was seen for the NCABOS and NCABS5S
glasses. The EDS spectra of the glasbalteration layer (Figure 5.p&onfirm this.
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Figure 5.55.BSE images of crossectioned NCABXS glass particles after ¢

112-day PCTB experiment in Ca(OH)YA) NCABOS, (B) NCABSS, (C)
NCAB10S.
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Figure 5.56.BSE micrograph and elemental maps of cmioned NCABOS
particles (1) after a 11@ay PCTFB experiment in Ca(OH) showing alteration
layer (2) and detached alteration phase (3).
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Figure 5.57.EDS spectra of NCABOS glass and alteration layer after al&ag?2
PCT-B experiment in Ca(OH)



145

Figure 5.58.BSE micrograph and elemental mapgafsssectioned NCAB5S

particles (1) after a 11@ay PCTFB experiment in Ca(OH) showing alteration
layer (2). A detached alteration phase can also be seen (3).
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Figure 5.59.EDS spectra of NCABS5S glass, alteration layer and detache
alteration phasafter a 112day PCTB experiment in Ca(OH)
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Figure 5.60.BSE micrograph and elemental maps of ciesstioned
NCAB10S particles (1) after a 1:day PCTB experiment in Ca(OH) showing
alteration layer (2).

Si

g
<
- (0]
=
2 Na Al
o C Ca Ca
1= R N j‘\\____ Glass (1)
\ /\ N s A_j\ ” M, Altlayer(2)
0.00 1.00 2.00 3.00 4.00 5.00

Energy (keV)

Figure 5.61.EDS spectra of NCAB10§lass and alteration layer after a 112
day PCTB experiment in Ca(OH)
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5.4.1.3 NMABXS Glasses
Figure 5.62shows crossectioned particles of NMABXS glasses which have been
altered in Ca(OH)for 112 days. Detached alteration phases can be seen in these
samples. Alteration rims are not visible in the low magnification images, but are in
the higher magfication images in Figures 5.63, 5.65 and 5ABSE micrograph of
one of the NMABOS partles is shown in Figure 63. There was a small alteration
rim around the particle, as well as a detacheda@d Atrich phase. The EDS spectra
for thesephases are shown in Figure 5.64

A BSE micrograph and EDS maps of NMABSS particles, showing altarkyers
and detached alteratigzhases, are shown in Figure 5.8& well as the alteration
layer, which contains primarily Ca and Si with a small amount of Al, there were two
distinct alteration phases: a-@&phase (point 3); and a €3 phase containg a
significant amount of Mgpoint 4). The Cal phase appeared to be similar in
morphology and composition to the-@and Alrich phase observed on the NMABOS
sample. The EDS spectra for each of these phases, as well as the glass and alteration
layer,are shown in Figure 5.66

The alteration rims and detached alteration phases on the NMAB10S particles can
be seen in more detail in the micrograpld £DS maps shown in Figure 5.@hree
different alteration phases were observed, characterised by theoment: a C&i
phase containing virtually no Mg (2); a phase containing an intermediate amount of
Mg (3); and a phase containing a high amount of Mg (4). The EDS spectra for these
phases and éhglass are shown in Figure 5.68gure 5.8 shows a BSE nasrograph
of a CaAl phase similar to that observed in the NMABOS and NMAB5S samples.
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112day PCTB experiment in Ca(OH)A) NMABOS, (B) NMABSS, (C)
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particles (1) after a 11@ay PCTFB experiment in Ca(OH) showing alteration
layer (2), and a detached alteration phase (3).
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Figure 5.64.EDS spectra of NMABOS glass, alteratiager and alteration
phase after a 11@ay PCTB experiment in Ca(OH)
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Figure 5.65.BSE micrograph and elemental maps of cissgtioned NMABS5S
particles (1) after a 11@ay PCTFB experiment in Ca(OH) showing alteration
layer (2), and detachedteration phases (3).
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Figure 5.66.EDS spectra of NMABS5S glass and alteration products aftera
day PCTB experiment in Ca(OH)
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Figure 5.67.BSE micrograph and elemental maps of cisssioned
NMAB10S particles (1) after a 14@ayPCT-B experiment in Ca(OH)
showing three alteration phases4(2
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Figure 5.68.EDS spectra of NMAB10S glass and alteration products afte
112-day PCTB experiment in Ca(OH)
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Figure 5.69.BSE image of CaAl phase observed in NMAB10S sample.

5.4.2 KOH-leached Samples
5.4.2.1 NCxBS Glasses
Figure 5.70shows crossectioned particles of NCOBS, NC5BS and NC10BS that
were leached in KOH for 112 days. Unlike the NCOBS and NC5BS patrticles leached
in Ca(OH)», no significant alteration layers wembserved on these particles.
However, alteration rims were observed on the NC10BS samples.
Although alteration rims were not visible on the NC5BS particlesoaer
magnification (Figure 5.70at higher magnification they could besidified, as seen
in Figure 5.71 The alteration rim primarily consisted of Ca, K and Si, as shmwwn
the EDS spectra (Figure 5)/2Na was not retained in the alteration layer. There
appeared to be a small gap between the glass and the alteration layer, most readily
observedn the Si and O maps, which could be due to dehydration of the layer.
Significant alteration rims were visible on many loé tNC10BS particles (Figure
5.70. Elemental maps of the alteration rim on one of thestclgs are shown in
Figure 5.73 As with te alteration rim on the NC5BS particles, the alteration layer
here consisted primarily of Ca, K and Si, &alwas not retained (Figure 5)7Zhere
appeared to be some banding in the alteration layer, with alternating thick light phases
and thin dark phses, although it was not possible to ascertain whether these were two
different alteration phases, or a laminated layer with voids in between caused by

dehydration.
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Figure 5.70.BSE images of crossectioned NCxBS glass particles after a-11
day PCTB experiment in KOH (A) NCOBS, (B) NC5BS, (C) NC10BS.
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particle (1) after a 12day PCTFB experiment in KOH, showing alteration lay«
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Figure 5.72.EDS spectra of NC5B§lass and alteration layer after a d&/
PCT-B experiment in KOH.
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Figure 5.73.BSE micrograph and elemental maps of ciemstioned NC10BS
particle (1) after a 12day PCTFB experiment in KOH, showing alteration lay:
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Figure 5.74.EDSspectra of NC10BS glass and alteration layer after eday2
PCT-B experiment in KOH.
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5.4.2.2 NMxBS Glasses

Figure 5.75shows crossectioned particles of NM5BS and NM10BS that have
undergone alteration in KOH for 112 days. Alteration rims wdrgerved on both
samples, although they were more pronounced on the NM10BS particles.

Elemental maps of a NM5BS patrticle at higher magnification show the presence
of an alteration m (Figure 5.7H which had also penetrated into the particle. This
could be due to a prexisting crack leading to higher localised leaching rates. The
EDS spectra of the particlen@ alteration layer (Figure 5.yghow that Mg and Si
were retained in the alteration layer, along with a small amount of Na. A significant
amountof K from solution was also incorporated into the alteration layer.

Figure 5.78shows EDS maps for a particle of NM10BS altered in KOH for 112
days. As with the NM5BS particles, a significant alteration rim formed around the
particle. K from solution wascorporated into the alteration rim, which consisted
primarily of Si. Mg leached from the glass was also retained within the rim. The EDS

spectra for the glass and the alteration rime shown in Figure 5.79
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Alteration  kuao0a20
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KJA0415 2014-11-16 16:25 A D55 x200 500 um

Figure 5.75.BSE images of crossectioned\MxBS glass particles after a 1-12
day PCTB experiment in KOH (A) NM5BS, (B) NM10BS.
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Figure 5.76.BSE micrograph and elemental maps of cissstioned NM5BS
particle (1) after a 11day PCTFB experiment in KOH, showing alteration (2)
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Figure 5.77.EDS spectra of NM5BS glass and alteration layer after eda$2
PCT-B experiment in KOH.
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Figure 5.78.BSE micrograph and elemental maps of cissstioned NM10BS
particle (1) after a 12day PCTFB experiment in KOH, showing alteratitayer
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Figure 5.79.EDS spectra of NM10BS glass and alteration layer after alag2
PCT-B experiment in KOH.
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5.4.2.3 NCABXS Glasses

Figure 5.80shows crossectioned particles of NCABOS, NCAB5S and NCAB10S
which have undergone alteration in KOH for 112 days. No alteration layers were
observed on any of the particles exandinBigure 5.81contains a BSE image of a
particle of NCABS5S after dissoliain, which is representative of the images taken of
other particles of each of the glasses. No alteration layer was visible, although a bright
phase was present on the surface of thiecgarEDS analysis (Figure 5.82onfirmed

this to be KCI, which wasdded to the KOH solution as a buffer, and precipitated

from solution during the drying of the powder.
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2015-12-18 A DS.0 x100 1mm

Figure 5.80.BSE images of crossectioned NCABXS glass particles after ¢
112-day PCTB experiment in KOH (A) NCABOS, (B) NCABS5S, (C)
NCAB10S.
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2015-10-26 A D85 x1.0k 100 pm

Figure 5.81.BSE images of NCABS5S glass particle after a-tia9 PCTFB
experiment in KOH.
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Figure 5.82.EDS spectrum of precipitate on NCAB5S particle after addy
PCT-B experiment in KOH.

5.4.2.4 NMABXS Glasses
BSE images of crossectioned altered particles of NMABOS, NMAB5S and

NMAB10S are shown in Figure 5.8As with the NCABXS glasses, no alteration
layers were observed on any of these glasses. SEM analysis of the particles confirmed
this lackof alterationlayer. Figure 5.84hows a BSE micrograph of an NMAB5S
particle, which is representative of what was seen for particles of all three glasses. KCI

precipitates were again observed on the surface of the glasses.
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2015-05-14 A D85 x100 1mm

Figure 5.83.BSE images o€rosssectioned NMABXS glass particles after ¢
112day PCTB experiment in KOH (A) NMABOS, (B) NMABSS, (C)
NMAB10S.
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2015-10-28 A D85 x600 100 pm

Figure 5.84.BSE image of an NMABS5S particle after a 1d2y PCTB
experiment in KOH.

5.5 Discussiorof Results

5.5.1. NCxBS Glasses

The final B, Na and Si mass losses for thexBE glasses, in both Ca(O+§nd KOH
leachants, are shown in Figure 5.85. Figure SB6ws the initial (Ki)) and residual

(Rr(i)) normalised mass loss rates for the three glasses in both Gag@dH)KOH.
NC5BS consistently has the lowest mass loss of the three glasses. However, NCOBS
and NC10BS appear to have artificially higher mass losses than the other glasses.
These samples were analysed on the-@ES together, and there appears to have
beena systematic error in the analysis increasing their mass loss values. Due to this,
only the relative mass losses of NCOBS and NC10BS will be discussed here. In
addition, data were only available for NC10BS up to 28 days in KOH due to test vessel
failure, and so no residual rates are available for this sample in KOH. The trend
appears to be different in the Ca(Qldhd KOH experiments; in Ca(OHNC10BS

had higher NL(B), NL(Na), KB), Ro(Na), R(B) and R(Na) values than NCOBS,
whereas in KOH NC10BS hadver values of NL(B), NL(Na), KB) and R(Na)

than NCOBS. This is likely to be due to the role of Ca during dissolution. In the
Ca(OH) experiments, the role of Ca in forming a more passivating alteration layer
was provided to all samples by the high Cacamtration in solution, regardless of the

Ca content of the glass. However, in the KOH experiments, this effect was only
available for those glasses containing Ca, which is borne out by the fact that no
alteration layers were observed on NCOBS particfes dissolution in KOH (see
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Section 5.4.2.1). Thus, in KOH the €antaining glass, NC10BS, had lower NL(B)
and NL(Na) values than the glass which did not contain Ca, NCOBS, due to the
formation of a passivating alteration layer around the glass partinl€Sa(OH),
NCOBS was more resistant to dissolution than NC10BS, which could be due to the
increased”B fraction (and decreaséB fraction) in NCOBS compared to NC10BS,

as found through'B MAS-NMR experiments (seeeStion 4.4.1). An increasedB
fraction could lead to a greater resistance of the B units to dissolution, due to the

greater number of bond breakages required for release to solution.
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Figure 5.85.B, Na and Si normalised mass losses foxBI€ glasses after 112
day PCT tests in Ca(OH{top graph) and KOH (bottom graph).
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Figure 5.86.B, Na and Si normalised mass loss rates foxBEglasses after
112 day PCT tests: A) Initial rates, Ca(@B) Initial rates, KOH; C) Residua
rates, Ca(Oh) D) Residual rates, KOH.

Table 5.9shows the ratio, Rca, Of the normalised mass losses of B, Na and Si in
KOH compared tdhosein Ca(OH}); Rkca> 1 indicates that dissolution is higher in
KOH, whereas Rca < 1 indicates that dissolution is higher in Ca(@H)hese data
show that the dissotion of the NGBS glasses was significantly lower in Ca(Q@QH)
than in KOH.Previous work by Utton et &3] and Corkhill et al[19] showed that
the dissolution of nuclear waste glasses in a saturated Calgidhant was lower
than in deionised water. This is in contradiction to other research, e.g. Abraitis et al.
[5], where dissolution of nuclear waste glasses was shown to increase with increased
pH. Twopotential causes of this phenomenon have been identifidftefexperiments
performed in this investagion

1. Due to the formation of secondary alteration products, theBS(articles
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became significantly agglomerated during dissolution in Ca§Ctit not
in KOH where fewer secondary phases were formed. This agglomeration
led to a decrease in teffective surface area of the powdered sample (that
was not possible to estimate accurately), thus lowering the apparent mass
losses, which were normalised to the geometric surface area of the samples.
2. The alteration layers formed on the particles in Cg¢OMere more
passivating in nature than those formed in KOH. This was due to the high
levels of C&"ions in the Ca(OH)alteration layers leading to a denser, less
permeable layer than the high levels dfikthe KOH layers.
Evidence for the former meadham was found during observation of the post
dissolution powders. After the remaining leachate had been decanted, but before the
samples were dried, visual observations were made of the consistency of the glass
powder. In the Ca(OH)samples, the powderat agglomerated to the point that it
resembled a single monolithic &épuckd,
which remained as fre#owing powders. Further evidence can be seen in the
comparison of glass powder after alteratinrthe two leachas (Figure 5.8). The
particles altered in KOH have KCI precipitates on the surface, but these are likely to
have formed during drying of the powder, as the leachate was undersaturated with
respect to KCI; the concentration of KCI in solution in the HEC&xperiments was
15.66 g ! (see ®ction 3.2.1), and the solubility of KCI in water at®Dis 300.94 g
Lt [134]. Carich precipitates formed on the particles altered in CagOwhich
cemented the particles together, as postulated by Chav¢l&]and Gin et al[14].
These investigations suggest that the diffusion of ions througkriziCsilicate layer
is up to four orders of magnitude lower than those throughfae€dayer, due to the
differences in structure and density caused by the presence of Ca, and Liityhe ab
of Ca to form strong complexes withh®l molecule466]. The SEMEDS analysis of
the alteration layers formed on the MBS glasses in Ca(OkHand KOH shows that
the alteration layers formed in Ca(QHjre significantly richer in Ca than those
formed in KOH.This would explain the differences in the residual rates ofldssegs
in Ca(OH)» compared to KOH, e.g. the/(B) and R(Na) values for NC5BS in
Ca(OH)ywere (1.9 +0.3) x I®and (3.7 + 0.6) x I®g 2 d%, respectively, compared
to corresponding values of (6.6 + 1.0) xlhd (5.4 + 0.8) x g m? d!in KOH.
It is likely that both of these mechanisms play a part in reducing the dissolution rate
of the NGBS glasses in Ca(OkHompared to KOH.

i n
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Table 5.9 Rxicafor each of the N&BS samples, as determined by {OES

analysis.
Sample NL(B) NL(Na) NL(Si)
NCOBS 7.20 7.43 1223.7
NC5BS 5.42 3.56 1514.7
NC10BS 4.14 2.77 423.2

:
P e@a-rith

Precipitates ;
P Brecipitates

45 min 2015-10-08 A D9.0 x100 1mm 2015-04-16 A D85 x120 500 um
Figure 5.87.BSE micrographs of particles of NC5BS altered in KOH (left) &
Ca(OH} (right).

5.5.2 NMxBS Glasses

Figure 5.8&hows the normalised mass losses of B, Na and Si for th&NIglasses

after 112 days of leaching in Ca(QHnd KOH. Initial and residual normalised B,

Na and Si mass loss rates are shown in Figu& 58 noted in the previous section,
NCOBS appearetb have artificially high mass loss values, and so only NM5BS and
NM10BS are compared in this section. In general, NM10BS had greater durability
than NM5BS for both leachants, as evidenced by NM10BS having lower NL(B),
NL(Na), R(B) and R(Na) values in C@H). and lower RB) and R(Na) in KOH,

while the R(B) and R(Na) values were similar in both leachants. Although NMR
spectroscopy of these glasses, as described in Chapter 4, showed an increase in the
connectivity of the silicate network with increasintg/Na, the fact that the initial

rates, which should be most affected by structural changes, are very similar suggests
that the primary cause of the difference in durability between the two glasses is related

to the formation of alteration layers and atsecondary products. This could be due
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to a diffusion retardation mechanism, analogous to that suggested for the Ca
containing glasses.

For each of the glasses, the normalised mass losses for the elements were higher
with KOH as the leachant than with (@4). as the leachant. The ratios of the final
normalised mass loss for each element in KOH compared to that in Gafidy,
are shown in Table 5.10he mechanisms put forward to explain this phenomenon in
the NGBS glasses are also applicable to tidXBS glasses. Agglomeration of the
particles after the PCT experiments was observed for these glasses,-aod Ca

cementitious precipitas were identified (Figure 5.R0
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Figure 5.88.B, Na and Si normalised mass losses fordB® glasses after 112
day PCT tests in Ca(OH{top graph) and KOH (bottom graph).
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Figure 5.89.B, Na and Si normalised mass loss rates foxB$Iglasses after
112 day PCT tests: A) Initial rates, Ca(@B) Initial rates, KOH; C) Residua
rates, Ca(Oh) D) Residual ratg KOH.

Table 5.10 Rk/ca for each of the NMBS samples, as determined by {CP

OES analysis.
Sample NL(B) NL(Na) NL(Si)
NCOBS 7.20 7.43 1223.7
NM5BS 2.08 1.55 230.9
NM10BS 3.71 2.61 249.4
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Precipitates

D

2015-04-16 A D84 X100 1mm
Figure 5.90.BSE micrograph of particles of NM5B#tered in Ca(OH)

5.5.3 NCABXS Glasses

As discussed in Section 5.1, NCABS5S is not included in this discussion due to the
deviation of its CaO content from the targeted vakigure 5.91shows the final
NL(B), NL(Al), NL(Na) and NL(Si) values for the N&BxS samples after 112 days

of leaching in Ca(OH)and KOH. Initial and residual normalised mass loss rates for
both leachants are shown in Figure 5.92the KOH leachant, the chemical durability

of the glasses decreased with insieg B/Al ratio (sed-igure 5.93. The increase in

the initial rate of dissolution from NCABOS to NCAB10S in KOH suggests th&Al

is more beneficial to the chemical durability of these glasses #@g Bhis is likely

to be due to the fact that 501 Al bonds are moreesistant to hydrolysis than 5i

O1 B bonds, leading to a slower glass dissolution [fE38]. It should be noted that

the NC10BS glass is, in essence, NCAB15S, i.e. its nominal composition is
10NaO A 1 0 C aiOod(Q:AB,0:85SiQy, wherex = 15. When the NL(B) and
NL(Na) values of NCAB10S andC10BS are compared (Figure 5.94 can be seen

that NC10BS continued the trend of increasing B/Al ratio leading to higher leaching
levels in KOH. However, in Ca(OHl)t is difficult to identify an overall trend with
varying B/Al ratio. NCABOS, with B/AE 0, had higher NL(AIl), RAI), R«(Al) and
Rr(Na), whilst the NL(Na) and &N\a) values were the same, within error, for
NCABOS and NCAB10S. However, the NL(B)(R) and R(B) values for NCAB10S
(B/Al = 2.48) were higher than the equivalent NL(AIL(R) and R(Al) values for
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NCABOS. This suggests that the presence of alteration layers on the samples altered
in Ca(OH}, which were not observed on the patrticles altered in KOH, has a significant
effect on the dissolution of the NCAB glasses which maskstbkffect of the relative
proportions of Si O1 Aland Sii Oi B bonds.

The values of Rcafor the NCABXS glasses are shown in Table 5.Ak with the
NCxBS and NMBS glasses, the NL(AI) and NL(Si) values are higher in KOH than
in Ca(OH} i.e. Ryca> 1. This is attributed to the greater retention of these elements
in alteration products in the @&h system. However, the NL(B) and NL(Na) values
for the NCABXS glasses were higher in Ca(QHhhan in KOH, suggesting that the
durability of these glasseis higher in the latter system, in contrast with the
borosilicate glasses. This is likely to be due to the precipitation of secondary phases
during dissolution. The NCAES glasses did not form significant alteration layers in
either Ca(OH) or KOH (althaugh alteration layers were visible on some of the
particles altered in Ca(Ok)) However, in Ca(OH)significant amounts of other
secondary phases were observed, primarily rich in Ca and Si. Examples of these
precipitates can be seentire crosssectionedsampleof NCABOSIn Figure 5.56In
addition, Figure 5.95hows these precipitates present in acrmsssectioned sample
of NCAB10S. The precipitation of phases containing gfagsers such as Si and Al
means that although the system reached satunattbrrespect to those elements, a
driver for higher rates of dissolution remained due to the continued removal of Al and
Si from solution. Xray diffraction of the sample suggested that tobermadtk
(PDF [000191364], CaSisO17-5H20) may be present ame ofthese precipitates
(Figure5.98 . The peak at around 29.2A 2d correspo
tobermorite11A phase. No other phases were present in high enough quantities (> 3
T 5 wt.%) to be detected. In the KOH system, no precipitatgs formed, as shown
by SEMEDS and XRD, although KCI precipitated from solution during the drying of
the powder was observe#igure 5.97. Despite the apparent lack of precipitates,
PHREEQC modelling indicated that several phases, including toberfdcite
tobermoritel1A and tobermoritd4A, were saturated with respect to the leachate
with Saturation Indices (Sl1) of 19.74, 20.23 and 17.11, respectiMeiy suggests that
the solution was saturated with respect toaid Alcontaining phases, whidead to
a significant decrease in dissolution rates for the NKR\Blasses in KOH.
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Figure 5.91.B, Al, Na and Si normalised mass losses for NGB Blasses aftel
112 day PCT tests in Ca(OHJ)op graph) and KOH (bottom graph).
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Table 5.11.Rk/cafor each of the NCABS samples, as determined by {CF

OES analysis.
Sample NL(B) NL(AI) NL(Na) NL(Si)
NCABOS N/A 0.81 0.22 2723.0
NCAB10S 0.32 14.15 0.34 23.48

Precipitates

2015-10-28 A D86 x100 1mm

Figure 5.95.BSE micrograptof NCAB10S sample altered in Ca(QH)
showing CaSi precipitates.
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Figure 5.96.X-ray diffraction pattern for NCAB10S sampédtered in

Ca(OH).
S — Sylvite (KCI)
— S
2
<
Py
g
E S
j S S
L3 L] L] L] s L] dy
5 15 25 35 45 55 65
20 (degrees)

Figure 5.97.X-raydiffraction pattern for NCAB10S sample altered in KOH

5.5.4 NMABXS Glasses

Figure 5.98shows the normalised mass losses for the NMB\Rjlasses after
dissolution in Ca(OR)and KOH. Figure 5.98hows initial and residual normalised
mass loss rates for these glasses in both leachants. A durability decrease was observed
with increasing B/Al ratio forboth leachants (see Figure 5.1,0Which is also
attributed here to the higher resistance of the@1 Al bonds to hydrolysis, as with

the NCABXS glasses. This is supported by the increase in the initial mass loss rates of
B and Na (B(B) and R(Na)) with increasing B/Al rati in both leachants (Figure
5.10). NM10BS was essentially NMAB15S in congion; see $ction 5.5.1.3.
Figure 5.10%hows the comparison of the NL(B) and NL(Na) values, after 112 days
in Ca(OH), for the NMAB10S and NM10BS glasses. The values for the two glasses

are similar. However, when the dissolution across the whole exg@risnconsidered
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(Figure5.103, NM10BS had higher residual rates of B and Na mass loss, at (3.4
0.5) x 16 and (6.1 + 0.9) x 1®g m? d!, respectively, than NMAB10S which had
values of (1.4 + 0.2) x 1Dand (3.0 + 0.5) x 1®g m? d* for Ry(B) and Ry(Na),
respectively. This suggests again that the glass with the lower B/Al ratio was more
durable over longer timescales.

The NMABXS glasses also exhibited similar behaviour to the NXSABlasses
with regard to the twoelchants. As shown in Table 8.Xhe NL(Al) and NL(Si)
values for the glasses were higher in KOH, whereas the NL(B) and NL(Na) values,
which are tracers for dissolution, were higher in Ca@@OHhe mechanism for this is
likely the same as for the NCAB glasses; the formation sécondary phases in the
Ca(OH)} leachate meankat the solution does not remaigturated with respect to Al
and Si, and so dissolution continued at an increasedXatey diffraction (Figure
5.104 shows that in addition to the tobermoriteA (CaSisO17-5H20) phase seen in
the NCABXS samples, a calcium borate hydrate phase (PDFO3@1654],
CaBs07(OH)s-H20) may also be present. This would have significant implications
for the use of B as a tracer for dissolution, as it is generally assumed tamailized
in the formation of secondary precipitates. The formation of calcium borate hydrates
during the dissolution of H#ontaining glasses in Ca(OHhas been postulated
previously by Uttoret al.to explain a delay in the initial hydration of boroslie
glass samples, referencing similar processes in cement chej8jstdpowever, as it
is not possible to detect B with EDS, further analysis would be required to confirm
this finding.The Ca andAl-rich phase observed in the SEHADS analysis of all three
samples (see Figs. 5.63, 5.65, 5)6i5 likely to be a calcium aluminate hydrate phase,
although, if crystalline, this phase did not appear to have been present in large enough
guantities to beetected by the diffractometer. The Ca/Al ratio for this phase in each
of the samples igiven in Table 5.13These suggest that this phase could X3
(CaAl,07A3H0) or GAH 19 (CasAl,0;A9H,0). However, PHREEQC calculations
suggest that these phasegyht beunlikely to form in the presence of significant
concentrations (> 10 ppm) of Mg and ®ith Sl values after 112 days .33 and
5.77 for GAH13 and GAH 1, respectivelyHowever,the accuracy of PHREEQC is
limited by the quality othermodynamic data available on these phaBkis might
suggest that Mgi phases, suchsahose observed in Figures 5.65 and 5SrGdy

precipitate first, followed by a precipitation of calcium aluminate hydrate phases.
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Figure 5.99.B, Na and Si normalised mass loss rates for NM®&Blasses aftel
112 day PCT tests: A) Initial rates, Ca(@HB) Initial rates, KOH; C) Residual
rates, Ca(Oh) D) Residual rates, KOH.
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glasses during 112 day PCT tests in Ca(@OH)

Table 5.12 Rk/cafor each of the NMARS samples, as determined by {Cl

OES analysis.
Sample NL(B) NL(Al) NL(Na) NL(Si)
NMABOS N/A 1.06 0.20 142.3
NMABS5S 0.24 1.08 0.19 415.8

NMAB10S 0.26 1.47 0.15 604.0
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T — Tobermorite-11A (CasSig0,7-5H,0)
S —Silica (SiO,)
C — Calcium borate hydrate (Ca,B;0,(OH)5-H,0)

Intensity (Arb.)

20 (degrees)

Figure 5.104.X-raydiffraction pattern for NMAB10S sample altered in
Ca(OH}).

Table 5.13 Ca/Al ratiosfor the calcium aluminate phases observed in tl
NMABXS samples, per triplicate EDS spot analysis.

Sample Ca/Al (At. %) Equivalent CaO/AO;
NMABOS 1.74 £ 0.05 3.47x0.11
NMABS5S 242 £0.25 4.83+0.51
NMAB10S 2.69+0.01 5.37+£0.03

5.5.5 Effect of Ca vs Mg Addition on Glass Durability

The normalised mass losses of B and Na for NC5BS, NM5BS and NM10BS in both
Ca(OH) and KOH leachantsare shown in Figure 5.10and the initial and residual
rates of B and Na nsa loss are shown in Figure 5.10®ese data show that the-Ca
containing borosilicate had greater durability than theddgtaining borosilicates in
both leachants. Although theLkB) and NL(Na) values for the three glasses were
similar (within error) in KOH, the B and Na residual mass loss rates, which are more
reliable as predictors of lorigrm durability, are significantly lower for NC5BS than
NM5BS and NM10BS; the §B) valuesfor NC5BS, NM5BS and NM10BS were (6.6

+ 1.0) x 1%, 0.013 + 0.002 and 0.011 + 0.002 ¢?m?, respectively, and the
corresponding RNa) values were (5.4 + 0.8) x§00.011 + 0.002 and (8.4 + 1.3) x

10%g m?d™. In Ca(OH), the initial rates of madoss are similar for the three glasses,
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e.g. R(B) was found to be 0.151 + 0.023, 0.165 + 0.025 and 0.153 + 0.023dy m

for NC5BS, NM5BS and NM10BS, respectively. This suggests that the structural
effects of the replacement of Na with Ca or Mg ondissolution rate are similar, as

the initial stage of dissolution is where these effects would be expected to be observed.
However, the residual mass loss rates, as for the KOH leachant, were significantly
lower for NC5BS compared to NM5BS and NM10BS,. élge R(B) values for
NC5BS, NM5BS and NM10BS were (1.9 + 0.3) x310.011 + 0.002 and (3.4 + 0.5)

x 10% g m? d?, respectively. This suggests that the primary difference in the
dissolution behaviour of the €and Mgcontaining glasses is likely toebdue to
differences in the formation of alteration layers and other secondary products. This
could be due to the precipitation of secondary phases from solution. The Mg, Ca and
Si normalised mass losses for the three glasses after dissolution-fdayshi2 KOH

are shown in Figure 5.10Mhe NL(Mg) for the Mgcontaining glasses was much
lower than the NL(Ca) for NC5BS, suggesting that Mg was retained in secondary
phases at a higher rate than Ca. AsStand MgSi-rich phases have been observed

to form in these samples, this would explain why the-ddgtaining glasses were
observed to have lower NL(Si) values than NC5BS: more extensive formation of
secondary phases in the Mgntaining glasses would have led to the significant
removal of Si from the leaele, leading to higher levels of continued Si leaching than
for NC5BS, which had less extensive secondary phase formation and hence a lower
Si removal rateAn alternative explarteon for these results is the nature of the Ca

and Mgrich phases that arerined as part of the alteration layers. Protectiv@ €
phases are likely to form in thelsigh-pH conditions; however, it has befundthat
equivalent MS-H phasesdo not form above pH 11136]. If the Mgrich phases
formed on the Mgontaining samples are significantly different to th&-8-like

phases formed on the €antaining glasses, then the altematiayers of the Mg
containing glasses may not provide a decrease in the residual rate of the same
magnitude.

Figure 5.108shows the normalised mass losses of B and Na for NCABOS,
NCAB10S, NMABOS, NMAB5S and NMAB10S after 112 days of alteration in
Ca(OH) and KOH, and the initial and residual normalised B and Na mass loss rates
are shown in Figure 5.90These data show that, as with the borosilicate glasses, the
Cacontaining glasses were more chemically durable than thehcdvitaining

counterparts in Ca(@).. However, in KOH, the chemical durabilities of the-@ad
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Mg-containing glasses were approximately the same, within error. As secondary
phases were not observed on thesea@d Mgcontaining aluminoborosilicate glasses

in KOH, this suggests that tladferences in chemical durability between the @ad
Mg-containing glasses studied in this work are down to differences in the formation
of secondary phases; when alteration layers and secondary precipitates were observed,
the Cacontaining glasses, NBS and NCABS, hadower leach ratesbut when no
alteration layers and secondary precipitates were formededbh rate®f the Ca
containing (NGBS and NCABS) and Mgcontaining (NMKBS and NMAES)
glasses wersimilar, within error. This could be due to the precipitation of-Mg
containing secondary phases being more likely than the precipitatiorooi@aning
secondary phases, as suggested previo{&gtion 5.5.4) Precipitation of Mg
containing secondaryhases during glass dissolution has been well documented in
recent year§l?2], [21], [81], [137] although the precipitation of secondatyases in

a mixed Ca and Mg systelmas not been investigated. PHREEQC calculations
utilising solution data from the dissolution of NMAB10S in Ca(@bl)ggests that
Mg-containing phases, such as sapo(f@a.sMg,Fe)((Si,Al)4010)(OH)2-n(H20),
S1=25.16 after 112 daysnd sepiolit§dMgsSisO15(OH), Si = 23.37 after 112 days
which are aluminosilicate and silicate clay minerals, respectively, have higher
saturation indices in solution and are therefore more likely to form thao@aining
phasessch as tobermoritéSI values of 14.88, 17.74 and 18.71 for tie 91A and

14A versions) This is despite the calculations using Ca concentrations of Z00

ppm, compared to Mg concentrations of 30 ppm. If the precipitation of Mg
containing (alumin)silicate phasesccursmore rapidly than the prectption of Ca
containing (aluminysilicate phases, then Si (and Al) will be removed more rapidly
from systems containing Mg (and Ca), compared to those only cont&aingnd

thus there will be atronger continued driver for the continued dissolution of the glass.
However, as discussed above;9vH has not been found to form above pH This

might suggest that the difference in behaviour between theo@taining and Mg
containing glasses is due to ttiéfering nature of the Gach (C-S-H) and Mgrich
(Mg(OH). or other) and their different ability in retarding diffusion through the
alteration layer.
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Figure 5.109.B and Na normalised maksss rates for NCABS and NMABKS

after 112day PCT tests: A) Initial rates, Ca(QHB) Initial rates, KOH; C)

Residual rates Ca(OkK)D) Residual rates, KOH.

5.5.6 Summary

Dissolution experiments performed on a range -ofo35-oxide glasses, containing
NaO, CaO, MgO, AlOs, B.O3 and SiQ, have elucidated their leaching behaviour

and the formation of alteration products during leaching, with respect to their

composition. The key findings from these experiments are:

1 Increasing the ratio of Ca/Na in boillasate glasses leads to an increase in the

chemical durability of the glasses in KOH, due to the formation of Ca

containing alteration layers which have a passivating effect on the dissolution.

1 However, increasing the ratio of Ca/Na leads to a decrease ichemical
durability of the glasses in Ca(OH)The Ca(OH) leachant enabled the
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formation of Cacontaining passivating alteration layers on each glass,
negating the effect of Ca in the glass. The increase in Ca/Na has been shown
by NMR spectroscopy tiead to a lower proportion 6fB units present in the
glass compared tbB units, which could have led to an increase in dissolution
due to a reduction in the bond breakages required to release B into solution.
Increasing the ratio of Mg/Na in boroséite glasses leads to an increase in the
chemical durability of the glasses, likely due to the formation of passivating
alteration layers on the samples.

Borosilicate glasses containing Ca were found to be more durable than those
containing Mg. While thenitial dissolution rates were similar, suggesting that
this was not a structural effect, the residual dissolution rates were significantly
different, likely due toeither: Mg-containing precipitates forming more
rapidly than Cecontaining precipitates, artlus removing Si (and possibly

Al) from solution more rapidly, leading to an increased driver for further
dissolution, or; different types of alteration layers forming on €mtaining
glasses (€5-H) and Mgcontaining glasses (Mg(OEQr other) which & able

to retard diffusion between the glass and leachate to greater or lesser extents.
Increasing the B/AIl ratio of N&a aluminoborosilicate glasses leads to a
decrease in their chemical durability in KOH due to the lower resistance of the
SiT OT B bords to hydrolysis, compared toiSO i Al bonds.

However, increasing the B/Al ratio of Naa aluminoborosilicates leads to
little change in their chemical durability in Ca(QHTJhis is likely due to the
effect of passivating alteration layers, which weret present during
dissolution in KOH, in reducing the dissolution rate in the higher B/Al glasses,
negating the structural effects.

Increasing the B/AI ratio of N&Ig aluminoborosilicate glasses leads to a
decrease in their durability, likely due to tlesver resistance of SiO 1T B

bonds to hydrolysis compared toiSD 1 Al bonds.

Aluminoborosilicate glasses containing Ca are more durable than their Mg
containing counterparts. In KOH, their dissolution behaviour is similar,
suggesting that there are magnificant structural effects on dissolution
resistance, but when the precipitation of secondary phases is taken into

account, as seen in Ca(QHhe Cacontaining aluminoborosilicates are more
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durable than the Mgontaining aluminoborosilicates. Thisudd be due to the
more rapid precipitation of Mgontaining secondary products leading to a
higher rate of Si and Al removal from solution, creating a greateerdfor
continued dissolution, or due to the inability of Mg to form protectiv&-M
phasest such high pH.
1 The dissolution of the borosilicate glasses was lower in Ca(that) in KOH,
due to the agglomeration of particles caused by cementitious precipitates, and
the formation of Caich alteration layers which had a passivating effect on the
particle surfaces.
1 The dissolution of the aluminoborosilicate glasses was high@a(OH} than
in KOH. In Ca(OH), secondary precipitates containing Si and Al were
formed, so that, although the leachate became saturated with respect to these
stuctural elements from the glass and alteration layer, they were continually
removed from saltion, leading to a continued driver for further dissolution.
However, in KOH, although the leachate was saturated with respect to certain
Si- and Alkcontaining phases, per PHREEQC calculations, no such
precipitates were formed, and so the solution rendasia¢urated with respect
to both Si and Al, leading to a significantly decreased dissolution rate.
These results show the complexity of glass dissolution, even with relatively simple
glass compositions, and that it is important to understand the effeatacbf
component of a glass when considering its chemical durabilitgrder to obtain a
fuller understanding of the effects of B/Al ratio and the effects of Ca vs Mg, it would
be advantageous for similar experiments to be carried out on extendedxS@AB
NMABXS glass series, e.g. 5 or more glasses of varying B/Al &kiperiments
investigating the effects of other pertinent elements, e.g. Fe, on glass dissolution in

these higkpH conditions wouldlsobe of value.
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6 . Di ssolution Experim
Literat lCCroemp®GIsad3 ons

6.1 Introduction

Dissolution experiments utilising the Materials Characterisation Center 1 {NJCC
and Product Consistency Test B (RBY protocols were performed on four glasses
with relevance tdJK vitrified waste dispsal. As stated previouslyéction 3.1.1),
these glasses were: MAb%, the inactive simulant of the UK HLW vitrified product;
the International Simple Glass (IS@n aluminoborosilicate glass developed as a
reference for investigating the corrosion mechanisms of nuclear waste §l&8jes
BAS, a laboratorymade version of a maral basaltic glasgL5]; and G73, a barium
silicate glass developed as a potential matrix for vitrification of ILW, with a 30 wt.%
wasteloading[2]. These experiments weperformedto compare the resistance to
dissolutionof the existing and proposed UK nuclear waste glasses-gd%W and
G73) with a reference glass (ISG) and a suggested natural analogue, (BAS)
conditions representing thog®ssiblein a UK Gedogical Disposal Facility (GDF).

6.2 Experimental Procedure

The glasses were proda or obtained as described iec8on 3.1.1, and their

compositions, as analysed by digestion andAXES analysis, are shownTrable 6.1

along with their densities (measured by gas pyconomekbym these glasses,

monoliths were produced following thmeethod outlined in &ction 3.1.2. MCEL

experimats were set up as detailed iecBon 3.2.2. Briefly, experiments were set up

with durations of 30, 90, 180, 360, 540 and 720 days, and after the tests were complete,

a 5 mL aliquot of solution was taken for analysis by inductreelypled plasma

optical emission spectrometry (IGPES) (Data shown in Appendix D)These
concentratiordata from ICPOES were used to calculate normalised mass losses and

mass loss rates as describedéct®n 3.3Asd et ai | ed i n Section 3. 3,
6residual 6 rates ar e ap pTae glasst monoliht veas |, rat her
removed andprepared for analysis by SEEDS. Powdered samples weaso

produced, as detailed ire&ion 3.1.2, and used in P@rexperiments, which were

set up as desibed in &ction 3.2.1. The PGB experiments were conducted for a

period of 112 days, with sampgrpoints at 1, 3, 7, 14, 28, 56 and 112 days. Each
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aliquot was used to measure pH and for elemental analysis of the solution.

Table 6.1.Compositions of literature glasses, analysed by digestion and I(
AES. Glass density values from gas pyconometry

(mo;{d(; ; ISG MW -25% BAS G73
Sio, 53.55 47.67 52.39 62.06
Al:05 3.95 2.55 10.67 2.85
B2Os 19.87 18.65 i 1.54
Ca0 5.76 I 12.98 7.75
MgO 0.08 6.82 10.77 1.24
BaO i 0.15 I 12.20
Sro i 0.17 0.35 0.08
Na.O 14.77 9.57 3.01 3.68
Li .0 i 9.24 234 5.31
Cs:0 i 0.24 ! 0.03
K20 0.02 i 0.11 0.05
210, 1.83 0.77 i i
Fe:Os 0.02 1.31 5.26 2.01
CeO, i 0.45 i i
Cr,0s i 0.29 0.01 i
Gd:05 i 0.01 i i
La,0s i 0.13 I i
NdOs i 0.39 I I
Pr0s i 0.12 i i
Sm,0s i 0.08 g i
Y203 - 0.06 I 0
MnO i i 0.20 0.01
RuO; 5 5 - 0.02
TeO, i i i I
TiO> i 0.03 1.65 0.02
Zno; f f ¥ 0.03
P,Os i 0.09 0.06 0.04
Cuo f f ¥ 0.01
NiO 0.16 0.48 0.15 0.12
MoO3; - 0.67 - -
Total 100.01 99.94 99.95 99.95
Density 2533 2.629 2.851 3.039

(g cnd)
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6.3 Elemental Leaching Results
6.3.1 MCC-1 Leaching Results
Figure 6.1 shows thgH values of the leachates during the MCE&xperiments. There
was variation in the average pH of the blanks, from a minimum of 12.89 to a maximum
of 13.81. However, in general, the pH of the leachates of the glass samples followed
the variations in blangH with time, suggesting that the variation was most likely due
to variations in measurement accuracy. The consistency of the pH values for the glass
samples with the pH of the blanks suggests that the addition of excess £a$@H)
pH buffer was succefigd. Figure 6.2shows the normalised mass loss of B for the
glasses at 50 °C with an initial\& of 10 n1'. Initial (Ro(i)) and residual (Ri)) rates
for these experiments are shown in Table 6.2. Out of the four glasses, boron was only
detected in solutimfor ISG and MW25%, and so NL(B) data are only presented for
these samples. Initially, ISG had a higher NL(B), but it showed a more significant
decrease in the mass loss rate with time, so that28% had the higher mass loss
after 180- 360 days of digsution. This is confirmed by their respective(B) and
R«(B) values: ISG had afB) value of (2.5 + 0.4) x 1®g m? d"* compared to a ®B)
value 0f0.146 + 0.022 g mid?, a factor of ~60 reduction; whereas M28% had
only a factor of ~2 reductiorrdm the initial rate of 0.087 + 0.013 g%l to the
residual rate of 0.047 + 0.007 g2d. Due to this, théinal NL(B) for MW-25% was
more than a factor of two greater than that for ISG, at 41.2 + 7.8 ¢cpmpared to
20.1 + 3.5 g nt for MW-25%. The Si concentrations in solution were below the
detection limits of the ICIDES (i.e. <0.1 ppm) fdSG, MW-25% and BAS (Figure
6.3). NL(Si) for G73 appeared to be relatively consistent at0A.Q5 g n?, with the
exception for a peak @.30 g n¥ after 180 days, and a trough of 0.02 g after 720
days. The low Si concentrations in solution suggest that the Si was involved in the
formation of alteration phases, as described previously in Chapter 5.

The normalised mass of Na for eaclhhed fou glasses is shown in Figure 6Aks
for the normalised mass loss of boron, ISG had the highest mass loss for the first 90
days, whereas the levels for the other three glasses remained similar: the initial rates
were 0.198 + 0.030, 0.132 + 0.0201.80 + 0.019 and 0.110 + 0.016 ¢t for ISG,
MW-25%, BAS and G73, respectively. With increasing time, each of the glasses,
exceptMW2 5 %, wunder went a 6turnoverd of their no

the high initial rates of mass loss, to a mumdr residual rate. For BAS, this rate
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transition occurred between 90 and 180 days, and for ISG and G73 this occurred
between 180 and 360 days. M®8% does not appear to undergo this transition to the
same extent: the residual rates for ISG, BAS and G78 (@8 + 0.6) x 18, (6.1 +

0.9) x 10° and (2.9 + 0.4) x 1®g m? d'?, respectively, whereas the residual rate for
MW-25% was 0.054 + 0.008 g, approximately an order of magnitude higher.
The value of NL(Na) for MW25% after 720 days was 49.8# g m?, compared to
values of 25.2 + 4.4, 14.6 + 2.7 and 25.2 + 5.6 § for ISG, BAS ad G73,
respectively. Figure 6.8hows the ratio of NL(Na) to NL(B) for ISG and M25%.

The values of NL(Na) seemed to closely follow the trends of those of No(BEG

and MW25%, as shown by the consistency of NL(Na)/NL(B) from 180 days
onwards.However, as with the simple glasses (Chapter 5) the Na values were
consistently higher than those for B, suggesting incongruent dissolution. This could
be due to one ordth of two possible causes: 1) Na ions are generally ionibaltgled

to one oxygen, whereas B@nd BQ units are covalently bonded toil4 other
structural units, and are hence more resistant to leaching; 2) The formation of borate
precipitates, as suggested in Chapter 5 and later in this Chapter, means that less B is

present in solution compared to Na.

Figure 6.1.pH values for MCEL experiments on literature glasses.
































































































































































































































































































































































































