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Abstract

The understanding dadissolution of the British nuclear waste glass, as compared to other
nuclear waste glasses, is limited. The few studies that have been performed were generally
done in static leach tests with the exception of the single pass flow through test performed by
Abratis during his PhD, producing a number of pagédsraitis, P.K., Univ. Manchester,

1999; Abraitis, P.Ket. al, Applied Geochemistry 15 (2000) 1399; Abraitis, PeK.al, Mat.

Res. Soc. Sym. Pro. 556 (1999) 401). order to gain further insighid the British nuclear

waste glasses -¥ay absorption spectroscopyas used along with dissolution studies of
British simulated nuclear waste glasdesdetermine the role of Zandto ascertain the
mechanisms of corrosionBoth baseline glasses alongtwiBlend simulated nuclear waste
glasswere studiedto give better comparisons with previous results by other authbms.

Blend waste glass is composed of a mixture of Magnox reactor waste and thorium oxide
reprocessingThORP)wasteat a wt% of 25wt% Mgnox waste and 75 wt% ThORP.

Zn K edge Xray absorption spectroscopy was applied to determine the Zn coordination
environment in model inactive UKigh level wasteHLW) glasses. Quantitative analysis of
the X-ray absorption fine structure (EXAFS)ata provided conclusive evidence for the
presence of ZnQspecies participating in network formation, linking, on average, to 2 £ 1
SiO4 units via bridging oxygen atoms. Excellent quantitative agreement was observed
between the Z1© contact distance and coardtion number determined from EXAFS and
previous Molecular Dynamics simulations of glasses with the same nominal composition.
Analysis also providgevidence in support of the network forming role of Zn as predicted
from Molecular Dynamics simulation, but was not possibléo confirm the predicted
clustering of Zn species at high Zn concentration in simple soda lime silica glasses.

The single pass flow through (SPFT) work in this sthdg shown that the steady state
dissolution ofa base glass witB5 wt% waste loading (MW+25wt%anda base glass with
30 wt% waste loadingMW+30wt%) of Blend simulated nuclear waste glasses is similar to
that of previous studies. The SPHaw per surface ared)(S) resultsare consistent with
previous studies The disolution rate dependency on temperature andophvas also
consistent withsimilar glasses The NR with respect to B, Si, Na and Al, of the glasses in
this study increased with an increase in solution pHhe average activation energy with
respect to Bwasconsistent for a surface controlled reaction with thesesglas was shown
in previous studies on MW+Magnox, a similar glass.

One of the current designs for a geological repository of HLW is-lacaded repository
with intermediate level waste (ILW). At long times, there is the possibility of hyper alkaline
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solution from the ILW repositorynteracting with the vitrified HLW glass wasteforms
Dissolution studies were performed to understand the mechanisms by which the UK HLW
glasses will corrode under hyper alkaline solutidrtse addiion of an alkali buffer tchigh

purity H,O resuledin a decrease of the dissolution ratetfee MW Blend glasss during the
product consistency type testsThe concentration of Si in solution for all of the samples
suggeststhat Ca and Siare co-precipitating as wa evident from the decrease in Ca
concentrations at short times. It is suggedted thepresenceof Ca in solution forms a
passive reactive interface (PR¥hich decreases the rate of formation of a hydrated surface
layer decreasigthe overalldissolution rate.

Theresultsfrom the geochemicahodellingof the product consistencypg tess showed
that Ca and Si areo-precipitatingat short times decreiag the normalised mass lossThis is
evident from the Ca and Si phases which are most probable to precipitate out of solution as
suggested by thgeochemicaimodelling resultérom PhREEQC

In order to understand the mechanisms of alteration layer formation of the UK HLW
glasses, vapour hydration tests (VHT) were performesults from the time dependant
VHT experiments have shown changes in the mechanisms of alteration layer formation with
the addition of the simulated Blend waste to the base glasses. It was also shown that iron
may bea suppressor to zinc dissolution. tB@a Ca andZn dopedBlend waste glasenda
base glass doped wiffre Zn andZr did not show significant layers of zinc in the alteration
layer as shown in the Cand Zn doped lase glass in both the reproducibility or time
dependant VHT experiments.

Gieskr et al. have similar result$o the VHT results in this study, which correlate to an
interfacecoupled dissolutiomeprecipitation mechanism when simulated Blend waste is
added to the base glass@Siesler, T.et. al, J. NonCryst. Solids 356 (2010) 18%
However, further work needs to be performed in order to prove this second mechanism of
waste glasses.
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1.0 Introduction

In 1956, the first commercial nuclear reaatonnected to a gritbr generation of electricity

was commissioned at Calder Hall in Sellafield, England. Up @apgroximatelythree
decades ago, much of the research in the nuclear industry has conceortrgbesver
generation; however, there has been a large increase internationally on research for the safe
immobilisation and disposal oadioactivenuclear waste.

There is an international consensus to dispose of radioactive nuclear waste in geological
repasitories.t % ¥ Several options have been studied for immobilisation of nuclear waste,
and in particular heat generating highly radioactive wastés® ¥ Cementation of the
intermediatdevel wastesand vitrification of the high leveladioactive wastes that generate

heat laveproven to be the leading options internationéfly.

Currently in the UK, the Radioactive Wasteaivagement Directorate (RWMD) suggests
vitrifying the high level nuclear waste (HLW) for immobilisation followed by disposal in a
geological storage facility™ ® The current concepts for geological facility contdn
engineered multi barrier systepwghich include but are not limited ,tthe waste form, the
waste container, a buffer or backfill, a mass backfill and sealing systems.

Vitrification of HLW for immobilisation and interinstorage is performed usingrious
methods such as the Atelier de Vitrification de La Hague (AVH), the Atelier de Vitrification
de Marcoule (AVM) in France, and the joule heated melter in the $5&ach operation
uses evapation, decomposition, and melting of the HLW followed by casting of the melt in
stainless steel containers. The UK uses a similar approach as the AVH process where the
liquid HLW is calcined, melted with a borosilicate glass frit and then cast intardest
steel canister.

Recently, vitrification of HLW has increased theedto gain an understanding of glass
dissolution due to the effects of the biosphere caused by corrosion of the vitrified HLW
package when placed in a geological disposal faciligrly experiments were performed on
glasses in a closed or static system; however, more recent work has been performed on open
systems in order to gain an understanding of the mechanisms of igeasitcbn in various
solutions such as different temperasiand pH level§®

Although the methods of vitrification of HLW are similar, the compositions ofitjued
HLW streans differ significantly between countries. The base glass frit used to vit&y t
HLW streans is based om borosilicate glasdhowever,the French compositiountilises an
additionof CaO andZnO.® Recent work by Shost al.has shown an increase in durability
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and ease of processing of the UK HLW glasses withmallsaddition of ZnO to the
composition of the borosilicate base glaS9 Durability experiments performed on
simulated waste glasses in a static leacls tgste evidence of a glass with better durability;
however, the mehanisms in which ZnO increase the durability of glass are not yet fully
understood.

Several durability studies on the UK HLW glasses have been performed in order to
understand the final dissolution rate. However, many of these studies have been performed
using static leach tests which can be affected by saturation of the solution by ion exchanged
elements from the bulk glass.

The alteration product formation on the surface of glasses during corrosaso isf
interest due to little agreement in theddics of formation of the alteration layers. Studies
have shown the formation of secondary phases on the surface of the glass serve as a
protective barrier and decrease theerall dissolution rate othe glass.*Y Controversial
studies suggest gilyer formation decreasethe final dissolution rate of glasthrough
transfer ofinsoluble components from the glass surf4ée->

Research conducted this project wagperformed to assesthe local structure of glasses
considered for vitrifying UK HLW streams, the alteration layers formed during dissolution of
the glass network with a main goal of determining the role of the gel layer and alteration
products formed dung dissolution, and determination of the intrinsic dissolution rate of UK
HLW glass compositions being considered for vitrification of UK HLW nuclear waste.

X-ray absorption spectroscopy was used to examine the key mechanism of increased
durability and pocessing ability of simulated UK HLW glasses with small additions of ZnO.
The effects of banges in temperature and pH the final dissolution rate of UK simulated
HLW glasses were studied usitige single pasfiow throughtest (SPFT)and semstatic
durability tess to understand how these glasses behave in different geological environments.
Studieswere also performedn the alteration layeformation during glass dissolutioto
understand the mechanismglod formation osecondary produsbnthes glasses.

In Chapter 4, Xray absorption studies were performed in order to understand if Zn
performs as a network intermediate or network former in UK HLW glasses. Further
structural modelling of these glasses through the use-@fyXabsorption fine agicture
studies were carried out to determine the role of Zn in the processing ability of the UK HLW
glasses. Chapter 5 utilized SPFT to understand the temperature alep@itiencyn the
dissolution rate of the UK HLW glass&s help predict the dissdion rate of the UK HLW
glasses in different repository environments. In order to determine feasibility dbeated
ILW/HLW geological repository, product consistency type tests were performed under hyper
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alkaline solutions on simulated UK HLW glassesChapter 6. The final results chapter,
Chapter 7, gives the results of vapour hydration tests performed on simulated UK HLW
glasses to study the mechanisms of alteration layer formation.

The combination of the structural studies about Zn in the UK Hijfdéses with the
dissolution experiments performed in these works aims to give a broad understanding,
through careful experimentation, of the fundamental science of UK HLW glasses in different
geological environments.
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2.0 Literature Review

Glass dissolution has been studied for many years and its effects are of particular interest due
to thepotentialof contamination of the biosphere from radioactive waste currgntihterim

storage awaiting final geological dispagHl 15 16 17: 181 19: 20: 21 22 23his50|ution behaviour

of nuclear waste glasses has bed®yfocus of international resrchin radioactive waste
management More recent work hasied toaddress theffects ofa geologicalepositoryon

the biospherend to definea source term for the release of radionuclides from glass under
assumed conditions of a geological dispe#al.

There isgeneral agreemeinin thebasic mechanismsf glass dissolutionwhich involve
hydration of the glassurface interdiffusion of the alkali cations and @8, network
hydrolysis forming a getlayer, network dissolutiomnd finally precipitation of alteration
products from solutiorf’® ) However, retention of key fission products and actinides in the
gekllayer and alteration products during the dissolution process are yeidentiéed.

Understanding of the structure, properties and leaching behaviour of UK High Level
Waste (HLW) glasses is presently limited. Initial studies of the dissolution rate, pH
dependence, and activation energies for dissolution of the UK HLW gldesee been
studied; however, the composition and role of thelaydr and alteration products is still to
be fully understood*® 2424

The Radioactive Waste Management Directorate (RWMD) has suggestedeneral
options for disposal of HLW?? The first is a concept for HLW and spent fuel based on the
Swedish KBS3V repository concept and the second, dooated geological disposal facility
of both ILW and HLW®® Currently, thegeneral consensts to vitrify HLW and place the
product in interim storage awaitirfimal disposal in a deep geological disposal site. A major
focus of the RWMD is currently orestablishing criteria for dinal geological site.
Radionuclide migration will be of great interest duraigracterization of the final geological
sitein order to understand the s&pecific processes.

The engineered barrier systentERS) can be defined as the marade engineered
materials placed in a repositorwhich include the waste form, waste canister, buffer
materials, backfill, and the final seal of the repositShyin the UK, the EBS is considereabs
a shortterm physical containment of most fission products in the waste form. It should also
limit the level of dissolved radionuclides and the release from thefie&whthrough the use
of a buffering material and have the ability for gas releadeowitover pressurizatiof? The
waste form (currently thought to be a vitrified product) is the last barrier before migration of
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radionuclide migration occurs. Because of this, the durability of the vitrified wasteform
need to be well understood.

Glass durability has been studied for many decades with a few studies dating back to the
1 6 0.6°% Mlore recent studies have providetetter understandingf reactions of a glass
surface in a solign. (% 2% 23 27: 28 29) other studies, such as the Compendium of Glass
Corrosion consideredylass dissolution models in order to compare final dissolution rates for
the overdl performance assessment of sites suggested for final geological digpozsal
vitrified product €% 4

2.1 The Nuclear Fuel Cycle

Thenuclear fuel cycleovers mining angirocessingf uranium oreghrough discharge of the
fuel used for power generation in the civil nuclear industry. Initially, the fuel cycle
comprises of: mining and milling the orelt is then convertedp(rifying the org¢ and
enriched (if necessary Fabrication ofthe fuelis performed after enrichmenand finally
utilization of the fuel in reactor§» Once the fuel reaches the end of its use in the reatctor
can either be recycled (closed fuel cycle)dmposed of through the use of immiaation
(open fuel cycle). Figure 2.1 illustrates a general fuel cycle for both the open and closed
loops.

Fuel
Fabrication

S

Disposal of

Mining and
Wastes

Milling
Figure 2.1 lllustration of the nuclear fuel cycle for the open and closed cycles.
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The UK currently operatesvhat is effectivelya closed fuel cycle where spent nuclear
fuel is reprocessednd the recovered U and Pu stored to be recycled as MOX fuel; although
this has not yet been used in UK reactoffis process limits the amount of waste generated
from spent nuclear fuel; howex it is susceptible to proliferation of the fissile materiah
open fuel cycle, where spent nuclear fuel is disposed of and not reprocessed, occurs in the
USA. The benefit of an open fuel cycle is to reduce the risk of nuclear proliferation.

2.1.1Generation of Waste in the Nuclear Industry

Nuclear waste is generated from a number of sources. These sougesesadly,mining of

the natural ore, processing of the ore for fuel rod fabrication, waste from a nuclear reactor,

and waste from reprocessing of the spent nuclear fuel. Uranium materials, such as
pitchblend, wer e reported as ear |lwasnas utnhte | mitdn el 51¢
when uranium ore became a highly sought after material for the manufacemergf and
weapons®® 33 A variety of methods such as; open cast or open pit, underground imines,

situ leachirg (ISL), heap leaching and also recovery from sea water have been used for the
recovery of uranium or&? 34 35 36:37:38) o || the methods mentioned create large amounts of
wastewhich have arimpacton the environment

Ore retrieved from the mines is sent to a mill where it is turnedjyeltowcake (UsOg).
This is performed by crushing the ore and leaching it in order to extract uranium and other
deposits. Separation of the uranium and constituents such as molybdenum, vanadium,
selenium, iron, and | ead occurcsakadrénspdised mi | |
to the processing plants for enrichment. Large amounts of wasjenerated from the mine
and millwhich areknown as tailings.

Early methods for disposal dditingswere to placet in large ponds opiles whichwere
subsequentlgbandoned®” Potential hazards from the ponds or piles containing the tailings
consist of radomexhalation, gammaeadiation, seepage of hazardous materials into the
aquifer, and a failure of the dam containing the tailif§s.In recent years, reclamation of
the tailings deposits hawarted; however, each site requires an in depth investigation
order to assess the site for safe disposal of the tailings previously created.

In order to ench Oyellow cakedrefining, conversion and enrichmeate first performed
before fabrication of the fuel. Refinirige uranium ore frondyellow cakéto UO; or UG, is
completed by one of threprocessg; thermal denitration (TDN), namonium diuranate
(ADU), or ammonium uranyl carbonate (AUE)’ Converting thedyellow cakéto UO, or
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UO; by one of theemethods for 1000 t of uranium produces over 600 t of solid waste and up
to 10,000 m of liquid effluent.*®

After refinement, conversion from UWOor UQ, to uranium hexafluoride (W is
performed. Because Ufis thermally stable and has a high volatility, it is the only compound
generallysuitable for enrichment®® This process (if necessary) reduces the; tHOUO,
through the use of hydrogen or cracked ammonia followedytdyoHuorination where U@
is converted to UF by either an aqueous hydrofluoric acid or with gaseous #F.
Fluorination is performed in order to convert U6 URs by exposing U to fluorine.
Typical waste for production of 1000 t of uranium during the conversion process is
approximately 90 tonsistingof bothsolids and sludge$?

After conversion of U@and UQ to UFRs, enrichment of>®U from its natural abundance
to 3-5 At% in UFR; can beperformed. The majority ofcurrentmethodsperformedn industry
involve gaseous diffusion or centrifugesowever, othetechnologies do exist® *© Waste
arising fromgaseous diffusion or centrifugesminimal. This is attributed to rexditionsof
material or rejects of intermediate or waste products. Waste whichodoasfrom the
diffusion or centrifuggrocess is a result of gsatis passed through scrubbers before being
released into the atmospherdédowever, a byproduct from the production of 1000 t of
enriched uranium is approximately 850 t of depleted urarfftn.

Fabrication of the fuel for use in reactartflizes production of uranium dioxide through
similar methods as refinement followed by pellet manufactuferocessessimilar to
refinementare ADU, AUC or the integrated dry roufédDR) for production of uranium
dioxide ®¥ The ADU process is primarily used for production of naturah \g&wder for
use in CANDU reactors. Fabrication of fuel by the IDR process is used for enriched UO
The AUC procss is used to fabricate both natural and enrichegl UO

Pelletizing the uranium dioxidend assembly of the fuel elemerggperformed in several
steps.®® The first step is blending of the Y@owder for homogenisatiofollowed by
additions of BOg or other additivessuch as neutron poisenPrecompaction of the powder
followed by granulation isgrformed by some facilities; howevérjs not used all the time.
Granulated powder is pressedo a pelletand sinterd in a reducing atmosphere. After
sintering, the pellets are grourahd loaded into zirconum alloy tubes with a helium
atmosphere awaiting assembly. The fuel elements (zirconium alloy tubes with pellets) are
assembled to make the fuel assembliesthe case of Magnox reactors as used in the United
Kingdom, the process is as follows; blending, pelletizing, reduction §Mgf byproduct),
billet cleaning, vacuum casting, machining, uranium metallic rods, canning and then fuel
assembly®?
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Waste generated from manufacturing of fuel assemblies is different depending on which
fabrication process is used. The AUC process generates approximately 0&0€otutions,
sludges, residues and about 40 t of miscellaneous metgh $or 1000 t of uranium
throughput®® The ADU process generates approximately 408@fsolution less than the
AUC procesdor 1000 t of uranium throughpdue to ammonium fluoride solution not being
present® The IDR process creates approximatdl@00 t of hydrogerfluoride, 40 t of
miscellaneous metal scrap and 508 @fi combustibles and filters for 1000 t of uranium
throughput ®® In the case of the Magnox reactors in the United Kingdom there is about
450t of magnesium fluoride, 300 t of graphite and 500 afi combustibles and filters for
1000 t of uranium throughput?

In generalnuclear reactorsurrently in use today rely on fissioning of tffaJ isotope by
neutrons which have passed through a moderdtoiThe moderator can be watdreavy
water, or graphite ani$ used to slow down the neutrons needed for fissfc™>°U. When
fission occurs it releases heat used to produce stedime steam produced generates
electricity byturning a turbine. The fuel assemblies contain the enric&t) (excluding
Magnox or the CANDU reactors which use natural uranium) infohe or rods or fuel
assemblies. The reactor design determines the type of fuel assembly required. Advanced gas
cooled reactors(AGR) use oxide pellets in stainless steel rods whikd is enclosed in
zirconium alloy fuel rods fompressurized water retors (PWR), boiling water reactors
(BWR) and CANDU reactar In the case of the UK Magr reactors, uranium metal rods
are encased in magnesium alloy fuel rods with coolingfis.

The waste from the reactors is maifilgm the spent fuel (used fuel assemblies) and the
reactor itself. The composition of the spent fuel depends on the fuel assembly used; however,
the fission products obtained from the spent fuel are very similar. The used fuel assemblies
in the UK are rprocessed in order to retrieve unused uranidvaste from reprocessirigel
assembliest Sellafieldcomesfrom the Magnox and the uranium dioxide fu€fsin order to
reprocess the spent fuel, the cladding surroundinduitlehas to be removed. TIRUJREX
(plutonium and uranium extraction) process is one method for reprocessing spent nuclear
fuel. After removal of the fuel cladding, the uranium and plutoniumisugissolvedn nitric
acid and Pu and U are separated eswbvered byhemical solvent extractionThe solution
can be concentrated by evaporation, or neutralized by additions of alkali such as sodium
hydroxide. The composition of theaste solution from chemical solvent extraction
comprises of fission prodts; fuel alloying elementsransuranic (TRU) elements formed by
neutron captureglements from the fuel cladding, and also process chemitals.resulting
solution is known as high level liquid waste (HLLW) and is calcined fenittation. At
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Sellaield, the calcined waste has been vitrified for immobilisation awaiting final geological
disposal.

2.1.2 WasteClassifications

There are currently four major classifications of solid wastes in thé*UKThese are; high,
intermediate, low, and very low level wastes (HLW, ILW, LLW, and VLLW, respectively).
These classifications for the UK only take into account the current radioactivity and neglect
the radionuclidehalf-life, while the US classifies wastbased on the source of the material.
Liquid wastes are also divided into high, medium, and low level wastes. Table 2.1 lists the
classification and the activity level for each waste.

Table 2.1Current UK solid waste classifications.

Classification Activity level

HLW > 4 GBg/ta-radiationor 12 GBg/tb-/g-radiationand heat generating
ILW > 4 GBg/ta-radiation or 12 GBgh-/g-radiation

LLW < 4 GBg/ta-radiation or 12 GBgh-/g-radiation

VLLW Each 0.1 mof material containing <@ KBq b-/g-radiation

2.1.21 LLW Classification

Building materials, miscellaneous organic and inorganic materials, protective clothing and
equipment used in and around radioactive facilities are classified as LLW. Activity levels set
in the UK for LLW are <4 GBq/t a-radiation or 12 GBqg/tb-/gradiation. This waste,
although seemingly ordinary, cannot be disposed of as normal civil wastéo possible
exposure to low levels of radiation

2.1.22 |LW Classification

Intermediate level wastes are those with radioactivity levels greater than 4aGBglation

or 12 GBg/thb-/gradiation. As defined by Donald, ILW may also be heat generating but to a
lesser degree than HLVEpecifically< 2 kW m™ of material™ ILW is generallycomprised

from components inside the nuclear reactor such as reactor cores, fuel cladding and fuel
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element debris. Other sources of ILW are medical equipment, experimental instruments,
filters, and chenwmal sludges.

2.1.2.3 HLWClassification

High level waste is classified as such due to radiogenic heapegifically> 2 kw m=. @

Because of this, disposal methods need to take into account the temperature changes durin
storage. To date, there is no international consensus on the definition of the HLW
classification™® Sources of HLW from the civil industry include liquid wastes from spent
fuel reprocessing containing shdited fission products, longived fission products, and
actinides. Weapons manufaauwreates HLW from the production of plutonium metal and
tritium.

2.1.3Immobilisation of RadioactiveWastes

Due to the difference irthe radioactive inventoryghe wastes generated from nuclear
facilities, various classification schensehave been incorporated. There are different
classificatios between countries such dhkose put forward by the UK National
Decommissioning Authority (NDA), International Atomia&rgy Agency (IAEA), and the
US Nuclear Regulator@ommission(NRC).“* 4% 43) Eachclassification of wastahether it
be LLW, ILW, or HLW involves a different method ofmmobilisation and / or disposal
This is due to the difference inventoryassociatedo each classification or in the case of
UK HLW, radiogenic hetng.

In the UK, LLW is supeixcompactedising a force otip to 2,000 tonnes per square metre
in either drums or boxesThe compacted drums aadedinto freight containerswvhich are
subsequently filled with cement apthced into vaults®* *Y The containers are sent to sites
near Dounreay or Drigg for final geological disposalnear surface concrete lined vaults.
The Low Level Waste Repository near Drigg has a limited capacity and either an alternative
disposal means or facility will need to be foufd. Similar methods are used in the US
whereLLW is disposed of in low level repositorié¥)

ILW is immobilised before it is sent fanterim storagein the UK Current practice in the
UK is to encapsulate ILW in cement because @urrentlythe most suitable meti.® The
choice of cement is based on mixes of blast furnace slag (BFS), ordinary Portland cement
(OPC) or pulverised fuel ash (PFA). The two main matrices for ILW immobilisation are
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BFS/OPC and PFA/OP®&Y An advantage the BFS/OPC mix has over OPthasBFS (a
cementitious materiabeacts with water to produce a completely hydrated system. Additions
of PFA improve the rheological properties and it is used when high fluidity is requiites.
encapsulation process of ILW has 8 major stépstoad swarf, (ii) install anti-flotation
device (iii) de-water and grouyt(iv) cure, (v) cap andcure, (vi) fit lid, (vii) decontaminate

and (viii) monitor and store.The immobilised ILW should be robust and stable until final
disposal; usually up to 100 years and onward.

2.1.3.3Vitrification of HLW

There arethree mainfull scale operationsisedfor immobilisation of HLWin use today
Atelier de Vitrification de La Hague (AVH), Atelier de Vitrification de Marcoule (AVM),
and theJoule Heated meltef® In each of the operations, evaporation, decomposition,
melting and casting steps are needed to immobilise the liquid high level #aste.

The first and secondstep, evaporation of the free nitric acid and wateng wih
decomposition of the nitrates and calcinations of the waste components toisxjdaeerally
performed using a calciner, or rotary kiln in which thegdbses are seto scrubbers and
condensers. From the calciner, melting is performed. This cdartf®eusing pot melters, or
through a continuous process in which the melt flows to a stainless steel container. After
casting, the final vessel can be stored before final geological disposal.

The UK currently employs a similar methtmithe two stage AVHprocess? The two
stage process consists of cailegthe waste followed by melting. Before waste is calcined it
is fully characterized by chemical analysisda quantityof lithium nitrateis added, which
inhibits refractory oxides fronforming during the calcinatioprocess. Without additions of
lithium nitrate to thdiquid HLW stream aluminium, chromium and iron oxides could form
causing an increase in melting temperature, or worse, blockage of the drain tube during
melting. After characterization and additions of lithium nitrate the HLW is sent to a calciner
for denitration: the first stage of the twsiep vitrification process.

The calciner is a largetating inclined (at 1.7 cylinder heated up to 850 °C irreducing
atmosphere® Rumble bars (tumbling large iron bars) are used inside the calciner to
prevent caking of the waste. HLW solution is fed into the top portion of the calciner. During
calcination, the waste is detrated and liquid is evaporated leaving a fine powdeeagents
are used in order to suppress volatilisation of ruthenium and to prevent caking. The calcined
waste is then mixed with a glass frit of a specified compositidnch can change depending
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on the waste being calcined) and subsequently fed into the melter: the second stage of the
two-step process, via an air lock system.

The calcine and frit are fed into an induction furnace at a temperature of ~1100 °C.
During melting residual nitratesdecompose Wasteis addedtypically to 25 wt% of a
borosilicate base glass; however, there have been studies showing higher waste loadings are
possible with phosphate glasséd. After approximately 8 hourshe melter is drained ia a
stainless steel container which is subsequently washed and placed into interim storage to cool
before final déposal.

2.1.3.4 UKNuclearWasteGlassCompositions

From the beginning of the British nuclear program, the Highly Active Storage Tanks
(HASTSs) have been used to store various HLW waste stré&hithese waste streams were
comprised, mainly, of the Magnox waste with changing amounts of U, Al, Fe, and Cr.
Simplified compositions of different UK HLW waste sams are given in Table 2%

Table 2.2 Simplified compositions in mol % dhe UKHLW waste streams.
Oxide Magnox  Blend HAST A HAST B
Al ;03 16.62 0.84 43.22 30.20
Cr03 1.44 1.53 0.70 1.91
Fe0s 4.31 3.44 10.13 10.81
GO3 0.49 4.33 - --
MgO 45.53 18.56 16.37 37.95
MoO; 4.38 10.81 1.45 1.04

NiO -- -- 1.25 1.93
UG; Trace Trace 14.24 6.83
ZrO; 4.95 12.3 1.68 1.32
Others 22.28 48.19 10.96 7.91

The base glass composi ti on, vitfifieeibn Bfahe BK 0 cur |
high level nuclear wastes is based on a four component borosilicate glass with the nominal
composition of 61.7 wt% Si§) 21.9 wt% BOs, 11.1 wt% NgO, and 5.3 wt% LiO. There
are two major waste compositions from the UK: Magnos Bfended waste&) Magnox
waste arises from reprocessing of only Magnox fuel, whereas the Blend waste is a mixture of
the Magnox HLW and HLW from the Thermal Oxide Reprocessing Plant (ThORRa&b a
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of 25 wt% and 75 wt%espectively™® General compositions of the base glass and the base
glass with additions of the waste calcine at a 25 wt% waste loading are given in Table 2.3.

Table 23 Nominal compositions of MW Base glass, M¥dse ghss with theMlagnoxHLW
(MW Magnox), andthe MW base glass with thielendHLW (MW Blend) glass in wt%

Oxide MW Blend |MW Magnox MW Base
(Wt%) (Wt%) (Wt%)
SiO, 46.28 46.28 61.70
B,Os 16.43 16.43 21.90
NaO 8.33 8.33 11.10
Li,O 3.98 3.98 5.30
Al,O5 1.91 4.86 --
BaO 0.47 0.40 --
Ce(, 1.45 2.25 --
Cr,03 0.51 0.68 --
Cs0 1.59 1.17 --
Fe03 2.06 3.15 --
Gd,05 4.16 0.12 --
La,O3 0.73 0.66 --
MgO 1.61 5.05 --
MoO3 2.49 1.52 --
Nd,Os 2.17 1.94 --
NiO 0.34 0.45 --
PrO; 0.66 0.61 --
RuG, 0.55 0.42 --
SmO; 0.49 0.43 --
SrO 0.41 0.31 --
TeG, 0.28 0.18 --
Y,03 0.31 0.20 --
zZrO, 2.82 1.59 --
Total 100.0 101.0 100.0

2.2 Silicate Glass &ucture

Current knowledge of glass structure has increased signifcapy s i nce Zadnhari as
1932.49) Since then, other scientists have challenged or expanded upon his model of glass
structure.  Structural theories such as Zachaa s en 0 s random networ
Gol dschmidtdés radi us a eotordimatiorc mumkereondem whilear e b a
Smekal 6s mixed bonding rul e, Stanworthos el
strength criterion are all based aspects obonding.“” Ot her t heories i ncl
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field strength criterion and Phillipsd topo
random network theory can still be thought tdobeadly corregtbutwith many criticisms.

2.2.1 Zachariasen heory

Zacharasencomparedhe mechanical properties of glasseshtmseof crystals. In his paper,

he states all bonds or atoms are not structurally eghi@h explairs a norabrupt melting

point in glasses since the energy required to detach an atom from theknetidoe

different for each bond or atorff® As in the case of a crystadll bonds or atoms are
equivalent and at an exact temperature there is enough thermal energy to detach all the bonds
or atoms simultaneouslgausingthe crystal networko break downabruptly Zachariasen

also stateshatglasses and crystals are linked together by foilta@isarealmost equivalent

and atoms oscillate about definite equilibrium positions.

The results fromZ a ¢ h a r X-aay diffractton (XRD) experiments show the glass
network is not periodic and symmetrical as in crystadsvever, atoms in glasses must form
extended three dimensional network# crystallattice must contain an integral number of
stoichiometric molegles since all unit cells are alikend since there is no periodicity in
glass the glass unit cell can be thoughtasf beingnfinitely large having an extended three
dimensional networkacking symmetry and periodicity*® Becausethe crystal ad glass
have similar interatomt forces, Zachariasen postulatdte glass networks should have
polyhedra of oxygen atoms around atosmwilar to that of crystals. It is also knovtimat
when atoms are ionizedations are surrourd by as many anions as possitds long as the
anions do not contact one other.

This is also true for a glass network; however, condittonshich this applieseedto be
specified In the case of Sif linking silicon atoms to oxyge atoms yieldsoxygen
polyhedrasuriounding the silicon atom. Thexygen polyhedra share corners and are linked
by two silicon atomgatom A) Zachariasen describes the glass as a network of oxygen
polyhedra with a set of rulgé® 47: 48:49)

1. Oxygen atoms are linked to no more than two atoms.

2. The coordination of oxygen atoms surrounding atom A is small.

3. The oxygen polyhedra share corners, but not edges or faces.

4. At least three of the four corners of the oxygetyhedra must be shared.
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Some oxides readily satisfy these four rules of glass network and some do not. Oxides
which do not satisfy these requirements are based Ah 0f XO oxides. Zachariasen
concludedn his studieghata glass can be expressedfaB,O, where B represents one of
the cations from the fore mentioned oxides, A represents all other cations presemgrahd
n are the number of cations A and B per oxygen aespectively

2.2.1.1 Random Networkh€&ory

The radial di stribution function (RDF) was u
of the random network theory afiolir rules of glass formatiof® Warrenshowed thathe

RDF of vitreous silica gives the sarpair @rrelation as thadf the crystal SiO,; however,

the peak widths differ indicating the structure of the glass is random anddeotd Warren

also suggests strong evidence of a continuous glass structure due to an absence of small angle
scattering inlie XRD pattern.

It wasproposed, oithe basis ofvhatwaslatertermednonb r i d gi n g NBOg)thate nds (
the total number of oxygen atoms is greater than twice the number of silicon alfoting
number of oxygen atoms iwice that ofsilicon atomsthereareoxygen atoms only bonded
to one silicon atom. In the caseatdkali or alkalineearth silicate glasses the alkali or alkaline
earth atoms are assumed to be randomly situ
network.

2.2.2 Other Theories

Since Zachariasen presented his rules of glass formation there have beencsécenals

One othertheory of glass formatioris the single bond criteriofrom K.-H. Sun ©® Sun
basedhe conditions ofglassformationon the bond strength difie glass componentsBond
strengths are calculated using-aalination numbers for the metals in the oxides and are
obtained by dividing the dissociation energy of the oxide by the oxygesrdomation
number of the meta The bond strengths are said to give a representation of network formers
(DH > 80kcal), intermediates (80 BH > 60 kcal), and modifiers (60 BH kcal); however,

the transition between the formers, intermediates, and modifiers is gradual so the
classifcations can be thought of Aging rathearbitrary. Sun summarizes a glass structure,
which he postulates as being a liquid structure cooled below the meltingljyosatying:
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iTo secure such |l ong chains or dmamcthechamobrwor ks,

networks must be very strong; (2) small ring formation of these strongly bonded atoms should be
at a minimum; (3) the relative numbers of various atoms in the chains or networks should be such
that at least a continuous chain is configtively and structurally possible; and (4) at the same
time, the coordination numbers of the glégsming atoms should be as small as possible to keep

the bond strong 6°

Almost at the same timeas Zachariaserpublished histheory in 1931, Randallet al.
suggestd that a glass structureés made up of small crystallites of trstoichiometric
equivalentcrystal ®? By exposing liquids to XRaysRandallet al. were able toachieve
XRD patterns similar to that of glasses. It vpmsposedhatatoms in the liquid were trying
to arrange themselvestina crystalstructure however, the atoms were only able to succeed
for short time periods and in very small groups of atdths

Another similar approach to the work by Randetl al, which suggested evidence of
shortrange order similar to that found in crystals, wablished by Lebedeseveral years
before Zach anofi gassestrictsre®™ Hebelyedevds wor k
accumulation of crystallites dfifferent silicateswith a definite chemicakomposition He
alsoproposedhe crystallites are separated by amorphous layers which beicameasingly
random thethicker the amorphouslayer gets and that the crystallites are a deformed
structural formation with pronounced features of a crystal lattice. Lebeslev t impgliedr y
t he RDF of a borosilicate glass could be
both B,O; and SiQ in appropriately weighted proportios) Experimental evidence of the
constructi on cshowedthatthe gide ahesxBaOyRMD Bystem where the

SIORDF was mul tiplied by RDFGthasydemNaOdysSid,act ed

gives a similar shape tthat ofthe experimentally produceda,0 RDF.5% 47

Further developmentof the crystallite theoryby Hagg states that in borate glasse
structure is made up of chains of borate gsopud not small groups of crystals in a random
network ®¥ The borate groups, when lined ugxt to each otherare consideredo bean
unlimited radical and are kept together by strong bondingggtheorisedthat in a glass
melt, atom groups are kept togetheredto strong forces.When cooling a liquid, fithe
groupsof atomsare large enouglthe furtheraddition of atom groups to tleeystal latticeis
difficult which leads toa random networkformation of the crystallattice (i.e. a glass) If
however,an addition to a crystal lattice from a group of atoms is,edsgre these groups are
formed by single atoms or small radicals, crystallization is very likely. As the irregularity of

c
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the groupsncreasethe tendencyowards glass formatioalso increases, as in the case with
nearly all inorganic glasses.

More recent workon the structure foglassby Greaveset al. studiedthe local order in
silicate glasses around the sodium and silicon atd™¥’ The work presented agrees with
that of Lebedev where . : . the structure o
structure of crystalline silicates. As such it will be made up of two interpenetrating sub
lattices: a covalent networkonsisting of the Si9gc o mpone rctal @it etdédr by an
fraction made up of the modifier component (such asO)Na8® Greavesalso used Xay
absorption spectroscopy (XAS) to stuthe Na and Ca environments in silicaiasseso
supporthis theory of the modified random network (MRNY The MRN is suggested to be
made up of two regions. The first regiondsi s| ands & rmetworkofdrrackse s 6 o
surrounedd byan intekn et wo r k eolrs 06 cohfa Mndte iiskride aresa network
which follows the rules presented by Zachariasen. The channels of modifier ions contain
network modifier cations and ndaridging oxygen (NBO).

2.3 Borate and Borosilicate GlassStructure

Many of the arrent ideas of glass structupeeviously discussed aréor silicate glasses

These structural ideas are not suitable for borate and borosilicate glasses due to the different
co-ordination number in which boron takesthe glass network. Bray and his colleagues
postulaéd onthe structure of borate glasses h e | aattheugtvtife@arliest studies were
published in 1962%% 57:%9)

2.3.1 Krogh-Moe Model of Borate Glasses

Krogh-Moe suggested that boron chasges speciationwith a change in alkali content

through different boron groupings. These groupings are a boroxol, pentaborate, triborate, and

a diborate grouping. At low alkali percentages the boroxol group is prevalent; however, an
increase of alkalinitiates formatio of tetraborate (triand pentaborate groups) and diborate

groups. At approximately4 0 mo | % t he numb significaritin theBl@sss b e c
structure. KrogkMoe gives an example of viscous flow of a boron oxide glass comparing it

to that of a siton oxide glass: even though the bonds eD Band SiO are similar in

strength the viscosity of the boron oxide glass is less than the silicon oxide glass. - Krogh

Moe suggests this is due to the ability of boron oxide to change betweetfioldraad four
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fold co-ordination bybonding withavailable oxygerin the glass network Boron atons
becomeless likely to change eordination with an addition of alkalidue tothe more
polarisableoxygen. This polarisation of the oxygen atom would normally incrélase
viscosity; however, the addition of alkalieakens the structure subsequedtgreasing the
viscosity resultingin a maximum and minimum in the viscosity curve of an alkali borate
glass® This work led taheworkont he 6 bor on 80 xiyd & r Sfgdimavoye .

2.3.2 Boron Oxide Anomaly

Both Warren and KrogiMoe suggest théboron anomal§can be attributed to additisrof

alkali to the boron oxide glasé® *” The addition of alkalthangs the ceordinaton of the
boron structurefrom threefold to fourfold co-ordination % °? For dkali additionsup to

~13 mol %in the glassthe fraction of boron intetrahedral cerdinationcan beeasily
calculated; however, above this the extra oxggetroduced from the alkatio not all bond
with boron It iswidely accepgd thathere is a maximunmumber of four cebrdinated boron
units around 15 mol % alkaliheory of saturationhowever, KroghMoe disagree@nd later
work by Brayet al. gave experimental evidence of saturation of féald co-ordinated boron
unitsnear35 mol% ©’: &% €9

Early work by Brayet al. developeda modelgiving four different regimes otlkali
(Na:O) borate glasse§® %2 Theseregimesare dependertn two molar ratios R and K,
where R = NgO/B,0; and K = SiQ/B,0s. ©®

1 The first region(R < 0.5), the boron groups are either trigonal or tetrahedral. This
is due to the modifier ion being consumed and converting the trigonal boron units
into tetrahedralboron units. The modifier ion compensates the total negative
charge of the boron units thetetrahedrafjroups.

1 The secondeagion (0.5 < R < 0.5 + K/16), is the linear increase of K to the
maximum value of thd co-ordinated boron with respect to R.

1 The third region(0.5 + K/16 < R < 0.5 + K/4), is when tieco-ordinated boron
becomes constant and independent of alkali content.

1 And the fourth region (0.5 + K/4 < R < 2 + K),is the decrease in thé
co-ordinated boron units due to an excesdkidla
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The classic theory suggested the alkali or modifier goes into the voids in the glass network
and doesnot contribué to the total volumghowever, i has also beensuggestedhat the
modifiersmaycont ri bute to t he f iamdslonthen $uuwomraingdbue t o
©9 The work KroghMoe presented gives evidertbatthe oxygen volume is independent of
alkali and decreases with increasing alkali contentou® mol %.®” After 30 mol % of
alkali additionsthe oxygen volume increases significantly suggesting a reversion in-the co
ordination of boron.

Sinceborate glasses hava anomalywith additions of alkaliadditions of silica makthe
structure more complex. Much of tlearly work performed on silicate glasses and boric
glasses can be used to describe the structure ofsbimate glasses; however, the structure of
the boraesilicate glasses is still under discusstlue to the boron anomaly

2.33 Dell-Bray Models o Borosilicate Qasses

Some of the earlier work on besilicate glass structure was performed by Brayn, and

Dell. ®& 59 The work performed by Yuat al.in 1978 and 1979 proposddiifferent regions

of the structure of the boron uniggmilar to that of the four regions of a boron glass by
Krogh-Moe. The basis of this model demonstrated that an increase in alkali up to an R value
of 0.5 (R = NaO/B,0;) destroyeddiborate groups. Hese diborate groups then form
reedmergnéte groups by combining witlexisting SiQ. The reedmergnerite groups are
made up of a boron tetrahedron surrounded by 4 silica tetrahadditions of alkaliin the
borosilicate network breakp remaining dibate groupsvhich form other borate unite/hile
leftover alkali formNBOs on reedmergnerite groups.

In a later paper, Xaio revisited this modsliggestinga modification vhich better
correlatesto the experimental data presented by ¥ural.®® | n Xi a qthesmopeh p e r
suggested PRy, and KO8, where R = NgD/B,0z and K = SiQ/B,0s. Xiaoconcludeghat
after the depleédbn of available diborate unitthe un-bondedtetrahedron boron units may
react subsequently rather than all at ondé.was alsopropose that the initiation of
orthoborate units ay start at lower boric oxide concentrations (higher R values).

Collaborationbetween Xiao, Dell, and Bray continu#ite modelling of an alkaboro
silicate glass structure through the usé’8f nuclear magnetic resonance (NMRY The
new model presented by Dell, Bray, and Xiao still contains 4 regions; however, they are
slightly charged from the original work by Yuet al These regionsas shown in Figure 2.2,
are:
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1) R < 0.5 The alkali forms four ceprdinated boron units, and the number of four
co-ordinated boron units is equal to R £ NgO/B,03).

2) 050 R md(RB= 1/2 + 1/16K) The additional alkali form reedmergnerite
groups

3) RmaxO R pi@RoiR 1/2 + 1/4K) Formation of NBOs on the silitatetrahedra

starts to occur from the reedmergnerite groups absorbing all additional alkali in
the system.

4) RpiOR Qs (Rs =2+ K) A fraction of the additional alkali ((K K/4)/(2 +
K)) combine with left over diborate groups to form borons with two NBOs and
the other fraction((K + K/4)/(2 + K)), combine with reedmergnerite groups.
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Figure 2.2 The 4regionsof formation for borosilicate glasses as given by Be#l.®®

The structures of silicate, borate, and borosilicate glasses are still studied today. Many
methods have been employed to develop models of these structures. Early methods such as
diffractometry and spectrometry have been used to explain the differermesbetween
bonding of the different speciegthin these glasses. Current methods used today are still

through the use of spectrometry and diffractometry methods; however, these methods have
been developed further.

More current work on glasses has beerthe corrosion and dissolution mechanism in
order to study how glass reacts to a solution. These reactions are important in nuclear waste



NJC; 18" January 2013 28

management due to final geological disposal deppgnoh the conditions and durability of
the glass wasteforms wke

2.4 Structural Role ofZn in Silicate Glasses

Zn has been shown to improve the mechanical properties of silicate and borosilicate glasses
andto decrease the softening point of phosphate gla&éésin particular, the increased
chemical durability fronsmalladditions of ZnO to silicate glassisof interestfor long term
dissolutionbehaviourof nuclear waste glasses; howewvee role of Zn in silicate glasses is

the subject of controversy dueftodings of both fouror six-fold co-ordinatons ofZnin the

glass network!® ) The crystal field theory classifies Zras an intermediate due the ability

of Znto adopt either fouror six-fold co-ordinatian. *”

Several structural studies of Zn in silicate glasses have been performed usyg X
absorption spectroscopy (XASY % Recent work byMcKeown et al. modelled the short
range structure around Zn of sevebalrosilicateglassesused for vitrification of nuclear
wasteand conclude that Zactsas a network modifief’® This was supported by work from
Le Grandet al modeling silicate glasses with small additions of Z6& n O O 2t0 5 wt %)
the composition®f borosilicate glasses which are, again, derived from glass compositions
for use in vitrification of nuclear wasté® Le Grandet al conclude that Zn performs as a
network former with low additions of ZnO to borosilicate glass®s. Other studies
suggesting Zn perforeas a network former and nos anetwork modifier were performed
by Lusvardiet al in 1987 and Rosenthal and Garofalini2004 /% ™V

XAS has been a useful tool in determination of the local structure around Zn in oxide
glasses. Other methods to study the local structure af&Ramarspectroscopy molecular
dynamic (MD) simulationd®” ’? Lusvardiet al suggest that Zn performs as a weak network
former independentf the alkali concentration in glasses; however, Minseral give
conflicting evdence that Zn performed as a simple network modifiesodium silicate
glasses doped with Zn®” " The contrasting evidence of Zn performing as a network
former or modifier, along with studies suggesting sradHitions of ZnO to silicate glasses
increases the durability, lead to work being undertaken to study the mechanisms by which
ZnO increases the durability of glass through the use of structural modelling by XAS and
durability tests!™
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2.5 Durability of Glass

The mechanisms of glass corrosion have been studied for several decades; howeser, it
not until recentlyit hasbecome important to understatie: rates of corrosion, mainly due to
the use ofglass as a waste form for vitrification of nuclear waste. When useditffied
nuclearwaste form, the glass needs to be chemically durablepbilise a wide variety of
elements, must not crystallize after being poured into the final stainlessatésier and
must remain stable for many thousands of yéar®ther reasons for understanding chemical
durability are for preserving artefact glasses, makiiige optic interfaces reliabldyonding

of bio-glas®sto living tissue, and prediction of serviceable lifetimes of glass and ceramic
materials!”

The surface chemistry of glasses during water/glass reactions have been studied and
several models have been developed in order to prisdidbehaviour of glass corrosidH.
Different methodsof modelling glass corrosion abased orgeochemical or thermodynamic
approaches® ™ Most models base dissolution of glass on the breakdown of the glass
network. However, saturation effects, formation of alteration layers, diffusion processes and
the composition of the solution reacting with the glass need to be taken into aétount.

Surfaces of glass from reactions betwetie glass matrix and solution have been
described by Hench and Clafk. These authors suggest thtany point in its lifetimea
glasshas one of fivaypes of surface§” These surfaces depend largely on the environment
surrounding the glass. A Type | glass daeshave any significant change the surface
composition. The surface of the glass has undergone slightatigech; however, this layer is
typically less than 50 A in thickness. Type Il surfaces have undergone selective leaching of
the alkali on the surface and this layer acts as a protective film or gel layer. The selective
leaching causes dealkalization twe tsurface and an increase in concentration of silica in this
area. Glasses which have,@4 or P.Os additions will normally show a Type Il surface.
These are glasses which show a dual protective gel layer. This occurs due to a silica rich
layer between the bulk of the glass and an alussili@ate or calcium phosphate layer in the
gel. The dal gellayer is usually frondealkalization, surface structural modifications, or
precipitation in or on the gel layer. Glasses which contain low concentrations of silica will
normally have alype IV surface. This surface is similar to that of a Type Il surface
however, the gel layer doe®t act as a protective film due to the concentration of silica
being too low The low concentration of silickeads to rapid dealkalization or network
dissolution. Glasses which exhibit congruent dissoluéihibit a TypeV surface. Silica
concentrations on the surface and the bulk show little to no difference. Normally, this type of
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surface will lead to frostingnd crazingof the surface. Figure.3 (modelled afterfrom
Hench& Clark, 1978) illustrates the five type$ glass surfaces’
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Figure 2.3. The five types ofglasssurface aft% exposure twater. After Hench & Clark,
1978.

Initial reactions of the glass surface with an aqueous solution are suggested to be from two
independent processes; ierchange of the alkalnto solutionand dissolution of the glass
matrix. " 2® The rate of excangeof the alkaliinto solutionfollows a parabolic shap&®
As the exchangef the alkali into solutionprogressesthe rate of exchange decreases and
matrix dissolution becomes dominafi® Figure 2.4 shows the rate of corrosion with the
concentration of species in sobri. As the reaction proceedsth time, the concentration of
the species starts to increas&his cauesthe rate of corrosion to decreaselowever, f
another speciestarts to exchange out into solution, the rate of corrosion abruptly increases
andwill then continueto decrease as the concentration of that species incréases.
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Rate of Dissolution vs Species Concentration
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Figure 2.4. Rate of glass dissolution verssygecieoncentrationn solution

This coeexistence of the exchandeetween thealkali ions and hydrogenprotons and
matrix dissolution can be described mathematicallyheysolution td= i ¢ k 6fer mdviagv
boundary onditions ® The overall rate of coosion of glass depends dhe diffusion
coefficient, D (nf sec'), and matrix dissolution, a (secl). ® At very short timest <<
&/D, the corrosionrate is controlled by the exchange of tkkali ions with hydrogen
protons The amount of alkali released, Q, can be determined by the initial concentration of
alkali in the glass, & and multipliedby thesquareroot of the diffusion coefficient, Dard
time, t (Equation2.1).®

Equation 2.1 0 6¢ Ozg*

At longer timest >> &/D, matrix dissolution becomes dominant and the amount of alkali in
solution thenfollows equation22.® The term 6a t6 describes th
breakdown and 6D/ ad describes the depth of w

~

Equation 2.2 0 0 WO -

At short times, thealkali can also bealescribedby equatios 2.3 through equatior2.5,
wh e r e adalali orimonovalent metal ioH* ™

Equation 2.3 [ SOM + H,0é Si-OH + M+ OH
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In Equation2.3, the cations released af®m the ion exchange with the protons in
solution. The forward reaction of equatich3 gives a release of silica into solution as the
siloxane bonds are broken ®H" ions in solution (Equatiog.4).

Equation 2.4 [ SO-Si [ + [OFDH + NBO

During attack of the siloxane bonds, Aorr i d g i n g (NBOs)yare domieéd These
NBOs then react with water foing additional silanol bonds on the glass surfadgch
release other hydroxyl ions (Equati®h).

Equation 2.5 NBO + HOé [ SOH + OH

These reactionshowever, can be simplified through a simpreaction equation
(equation2.6) which represents forward dissolution and a reverse condensation reaction, both
of which are responsible for silica in solution and the gel I&r

Equation 2.6 SiO + HOé H.SiO;

Because glass ielatively inert, most chemical durability tesisvolve reactivity with
water, aqueous solutions, and weathering. These readtiolsle ion exchange of the
hydrogen protonsfrom water and dissolution of glass into solution. The digsmh rate of
the glass is affected by glass composition, solution pH, temperature of the environment, and
solution chemistry.

The rate of glass dissolution has been studied by several authors in order to model the
durability of glasses which will besed for vitrification of nuclear wast@” 1% 278 "garly
modelling of glass dissolution was based on diffusion kinetics; however, this did not take into
account changes in the raté corrosion due to formation of alteration layet®. Recent
work based on the kinetic rate equation for mineral dissolinyohagaard andHelgeson has
been performed by Grambow and further developed by Strachan and ‘€rédR

2.5.1 Derivation of theKinetic Rate Equation of Glass Corrosion

Early investigations of silicate mineral dissolution tests have lead to theories about the
formation of a protectivéilm, or residual surface layer during corrosion of minef&is This

was due to early results demonstrating that dissolution of silicates resulted in molar ratios of
ions in solution differing from that of the mineral under stidy’® It was also discovered

that componentsf minerals were exchanged as ionic species rather than colloidal’Yels.
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According to Aagaard and Helgeson, this protective film has become the basis for many
current theoretical models of silicate hydroly$i®. Aagaard and Helgeson, among others,
also suggest that precipitation of a gel layer from reaction products is consistent with
incongruent silicate hydrolysis; however, the ability of a gel lagetecreas diffusion d
material through an aqueous phase in the interstitial pore areas of the film has not been
experimentally verified®

Several authors have failed fiod supporing evidence of a protective geDther studies
haveconfirmed, through the use of scanning electron microscopy aray ¥hoto electron
spectroscopy, the absence of a coherent coating on the surface of a mineral, ruling out the
theory of a gel layer thicker than ~17 %& 7% 89 The confirmation of the absence of a
coherent and continuous surface layer suggests that the observed rates of hydrolysis are not
fast enough for the rafemiting stepto be interstitial aqueous diffusidf' ®

Work performed by Wollast determined that the rate of hydrolysis was affected by the
incongruent nature of feldspar dissolution processes which are describedl diffuglon of
species through a precipitated surfaagel and (2) later formation of an amorphous phase of
a different chemistry®? It has since been confirmed that changes in solution composition,
which accompany silicate hydrolysaeconsistent with a later formation afgel layer"®

Aagaard and Helgeson suggest sequential changes in the rate of hydrolysis with time can
also be attributed to methods of sample preparation. Lagache, Wyart, and Sabatier first
suggested surface reamts were the ratimiting mechanism of feldspar hydrolysis, which
led to recognition between the time and surface area dependence for both of the integrated
forms of the rate equation for diffusion and surfaeaction control of the kinetics of the
hydrdytic processes®) However, it has also been shown that stirring decreases the
thickness of the boundary at the solution/grain interface, increasing the rate of diffffsion.

It is proposed that with a high surface area, surface reactions control the dissolution rate at
high stirring rates; however, lowering the stirring rate causes diffusion transfer through the
aqueous phases to become aniting. '® This has been shown for calcite at room
temperature and low pressure (1 bar) by Sjoberg, but for silicates the stirring rate is negligible
due to the low rate of hydrolysi€® 8 Stirring rateswill; however, affect the rate of

precipitation of reaction products for silicaté®.

The above has demonstrated that the rate of hydrolysis of silicates is controlled by kinetics
of reactions at activated sites amat by diffusion andalsothat stable or metastable reaction
products formed during dissolution of silicates do not form a coherent and continuous layer
on the surface of reactant minerals. They do; however, affect the apparent rate of silicate
dissolutbn."®
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Early work performed by Aagaard and Helgeson derived a general rate equation for
mineral dissolution, which was based on activated surface complexes and solution chemistry.
(76: 85) | ater work, performed by Grambow applied the work by Aagaard and Helgeson to
silicate glasses which included steady state chemistry within the reaction zone on the surface
of glasses’®® Gr ambowdés work focused on bulk soluti
reaction path model to calculate pH variations, solution composition and precipitation of
solid reaction products as a function of reaction progf&sBelow is a summary of the
derivation of the general rate equation by Aagaard and Helgeson and the application of the
rate equation to silicate glasses by GramB&if®

25.1.1 A GeneralKinetic Rate Equation ofMineral Corrosion

Transition state theory (TST) is based on chemical equilibrium being maintained from the
reactants and activated complexes during any reaétfoff) In TST, the criticalcomplex,

which is the decomposition of one activated complex, islmaiéng. Initially, the rate of
dissolution can be described by the concentration of the critical activated complex in the
transition state and increases linearly with reaction predf&€® Near equilibrium, the rate

of dissolution is proportional to the overall reaction chemical affinity ofjtthe@eaction A;
(Equation 27). In Equation2.7, dQ ey is the inexact differential of the heat associated with
all irreversible reactions, G is the Gibbs free energy of the systeim,the extent of the
reaction,x is the constant progress variable for all reactions other thgthtreaction mis

the dhemical potential of théh species¢ f, is the stoichiometric reaction coefficient of the

ith species in thgth reaction, Kis the equilibrium constant for thigh reaction and Q
corresponds to the reaction quotiéfit®

Equation 2.7 6 — — B &y Y'YOjO

h iz
Equation2.7 takes into consideration the conservation of mass for stoichiometric reaction
coefficients that are independent of reaction progress, pressure, temperature, the total

chemical affinity at a given pressure and temperature of hydrolysis of a silicateagthsthe
effect of surface area.

The overall dissolution process at constant temperature and pressure can be expressed by,
Equation2.8, wherer is the dissolution rate at constant temperature and pressisehe
total rate of thgth elementary step of hydrolysis, asdis the rate of thgth intermediate
reaction step relative to the overall reaction.
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Equation 2.8 i i,

Activated complexes, according to absolute reaction rate theory, form during each step in
an ireversible reactiod’® The activated complexes can be described by a cluster of atoms
similar to a knownmolecule; however,they have a high tendency to dissociate. The
dissociation corresponds to the energy of the activated complexes in a transition state at the
top of an energy barrier separating the reactants and prodtié®. The rate at which this
occurs an be calculated from Equati@® wherebp is the forward rate of thgh elementary
reaction in a hydrolytic process; is the transmission coefficientf is the frequency of
dissociation, ancd:yj is the concentration of ¢hjth activated complex on the surface of the
reactant mineral.

Equation 2.9 b | QY

Assuming each activated complex is in equilibrium with the reactants, Eq@a&iocan be
expressed as Equati@ilO, wherei is the backward rate of thth elementary reaction in a

hydrolytic process and A is the chemical affinity of ftieelementary reaction.

Equation 2.10 pi AgHj24

The addition of the average stoichiometric numtsr for the overall reaction process as
defined by Temkin ad given in Equatior2.11 leads to Equatior2.12 wherep is the

forward rate of reaction for th&th mineral and is the backward rate of reaction for the

f.th mineral & 7®

. B
Equation 2.11 . K 5 5
Equation 2.12 b i Aoy ,2 4

The overall reaction rate&A) can also be written as a ratio of the forward and backward rates
as given in Equatio@.13, which relates the chemical affinity and the overall rateeattion
and hence, it constitutes a link between the kinetic and thermodynamic rates.

Equation 2.13 i P i P p i b p p A@DOj,24

Equation 2.13 suggests that near equilibrium the chemical affinity on the reaction rates
increases; therefore, becoming rhieiting. The exponential term in Equati@il3 can be
re-written as Equatio@.14wherel = 1 , P, 3, é
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Equation 2.14 A@Dlj,24 p B ’—A

At | = 1, the error for the reactions near equilibrium is negligible leading to the overall
reaction rate (combination of EQ.14 at| = 1 and the final term in Eq.13), given in
Equation2.15 wherei®  corresponds to the forward rate of reaction atilibgium. As
equilibrium is approached, the effect of the chemical affinity on the reaction rate increases
and becomes rate limiting.

Equation 2.15 i b !'j,24

For geochemical processes which involve minerals and an aqueous phase, the reaction rate
is proportional to the chemical affinity near saturation. Far from saturation, the chemical
affinity becomes insignificant arid| i for all j specieswhich gives Equatior2.16.

b

Equation 2.16 i P —

If onejth reaction becomes rate limiting the chemical affinities of the other reactions become
negligible resulting in Equatiol.16 reducing to Equatio2.17. According to reaction rate
theory, tte rate limiting step in the overall reaction process corresponds to decomposition of
thejth activated compleX’®

Equation 2.17 i 5}

The formation constant for thgh activated complex can be described by Equa®ds,
whereajy is the activity of thgth activated complex on the surface of reactant mingYais
the activity coefficient of thgth activated complex on the surface of reactant minerad,
the ativity of the ith species in the system,; is the stoichiometric reaction coefficient of
theith reaction representing the reversible formation ofjttmectivated complex, ar1<§l,-y is
the equilibrium constant for the reaction.

Equation 2.18 SB Otr & IB ey 09

Since thejth elementary reaction step which corresponds to decomposition gththe
activated complex is rate limiting, assumingg is constant,s; = s and SA = A,
Equation2.18 can be combined with Equatidhl5 to give the general rate equation for
hydrolysis of minerals at a constant temperature and pressuas given in Equatio.19,
where k; is the steady state rate constant,i§$the effective surface area,s the overall
reaction progress and t is time.
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Equation 2.19 i MBO® "p Qoi— — Y

The steady state rate constdaqt, is defined by EquatioB.20 and reduces Equatidhl9 to
Equation2.21.

~

Equation 2.20 Q =

Equation 2.21 — QB O "p Qui—

Far from equilibrium the chemical affinity is insignificant and, therefore, the general rate
equation can be given as Equatibp2.

Equation 2.22 i P QO B® &

Near equilibrium however, the general rate equation reduces to Equag8nwhere c; Yis
the equilibrium concentration of thi¢h activated complex on the surface of the reactant
mineral.

zd

Equation 2.23 i

Equations2.13, 2.15, and 2.19 take into consideration the naetachment related surface
reactions which are analogous to Dibble, and Dibble and Tfifef® Dibble and Tiller
attempted to couple interface and transport kinetiasctarporatethe possible roles fronthe
fluid boundary layer, electspatic potential, fluid motiongdiffusion transport through the
boundary layer, interface attachment, surface reconstruction,-ddger generation and
excess surface enerd: ®

Far from equilibriumwhere the degree of interfacial undersaturation is high, the roles of
the interface attachment, surface reconstruction, dagge generation and excess surface
energy have an insignificareffect on dissolution suggesting that early precipitation of
reaction products during dissolutionCimrol on:
acidic solutions, diffusion rates in solution are faster than the rates of silicate hydrolysis. In
the acidic solutions, transport through the fluid boundary layer has a negligible effect on the
rate of hydrolysis; therefore, a small degree of interfacial undersaturation occurs in the
vicinity of equilibrium. Assuming the chemical affinities of thendetachment related
reactions on the surfaces of reactant minerals are negligible compared to the chemical
affinities of the overall reactions, the rate that a given silicate dissolves in the vicinity of
equilibrium is proportional to the chemical affinof the overall hydrolysis reactiod® The
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stoichiometry of the activated complex on the reactant surface may be affected by the
electrostatic potential in the reaction zone suggesting that Equaf8ns only valid if
diffusion rates through the reaction zone are faster than the rate of reaction at the activated
sites on the surfac&®

The relative rate at which two minerals react with an agueous phase can be described by
Equation2.24.

Equation 2.24 —

If the same activated complex controls the dissolution rate of both minerals, Equation
reduces to Equatio25. "®

Equation 2.25 —

Near equilibrium, the relative rate of dissolution is proportional to the ratio of the chemical
affinities of the independemtverall reactions’® Far from equilibrium, the dissolution rate
becomes constant as given in Equatib®6, which is controlled by the same activated
complex.

Equation 2.26 —_ —

B 2]

Aagaard ad Helgeson propose thabdelling the stoichiometry of thi¢h activated complex
for values ofks and € ,, suggests that many activated complexes may form, buttoaly
decomposition of thgth complex is rate limiting’® The identity of theth complex may
change as the reaction proceeds and the aqueous solution changes composition.

The configuration and stoichiometry of tjie activated complex varies between minerals
and the identity of thgeth complex on th surface may vary under different conditions.
Formation of thgth activated complex is from 'HHsO", H,O, and possibly OH As is
internationally accepted, the main mechanism of silicate dissolatedreaking of bridging
oxygens to form hydroxyl gups, which are formed by direct action of, ldar HO" to form
OH and the 1:1 reaction of water dipoles with bridging oxygen to form two hydroxyls.
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25.1.2 Application of th&eneral Rate Equation to Glasses

The general equation of kinetic minedissolution derived by Aagaard and Helgeson was
applied to silicate glasses by Grambd(®.% In order for dissolution of glasses to take
place, complete hydrolysis of Si has to occur and the concentodttbe activated complex
is, therefore, dependent on the crosslink density of the reaction @¥n€he interaction of
water and the glass matrix in the reaction zaae be described by two reversible equations
and one noieversible equation; EquatioB7, 2.28, and2.29, respectively, where the glass

matrix is designated as d6édmatri x. 0

Equation 2.27 matri x + aqueouBSi(GHkeci es 2Z2 matri X
Equation 2.28 matrix-O-Si(OH); + H,O  Znatrix-OH + OH-Si(OH);

Equation 2.29 matrix-OH + OHSI(OHR Y  IBiOy (ag)

If there is a largemount ofcrosslinkng within the glassnatrix, the more dissolutiowill

tend towards Eq2.27. The Gibbs free energy of reactiddGg(X), can be expressed as
Equation2.30 whereQ is the ion activity product in solution at reaction progreds, is the
solubility product which includes the solid activity of the end memheand the activity of
water in the reaction zone amd is the stoichiometric sum of the species constituting the
mineral and is defined by Equatiar81. &

Equation 2.30 Wor , @241 1C-11C
Equation 2.31 - B ¢j

The Gibbs free energy of reaction of the glass with the solufiGa(x), is the sum of the

free energy of reaction of the end members of the glass solid solution model and can be
expressed as Equati@32, wheres is the fraction of the mineral in thelgbsolution. As

DGg(x) becomes dominant, the activity of the surface silanol gragps,is governed by the

Gibbs free energy (Equati@i33). &

Equation 2.32 WO , B ., wOj ,

Equation 2.33 &) "AoBp——
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Combining equatior2.33 with 2.19 yields a general rate equation for matrix dissolution,
Equation2.34, which assumes that matrix bound silanol groups and water molecules are the
only reactants participating in formation of activated compexehere k(t) is the rate of
matrix dissolution, X is a proportionality constant that takes into account entropy of
activation, the activity of water and the constant B 2838), Ea is the activation energy and

A is the chemical affinity of the rate liting reaction and is described by Equation ©> 7©)

Equation 2.34 i 0o 8zAgb—— A@b— p AP

At the onset of glass dissolution, far from saturatignis large and the reaction proceeds
forward. The continuation of the reaction increases the concentration of silica in solution and
decreases the affinity of the rate limiting reacti8®. For glassesA; cannot become zero
since saturation only involves reacting surfad®s. For a simple silicate glass, the rate
limiting reaction can be written as Equati2i®35 where the desorbing silanol group may be
bound to another silicon atom on the teagsurface.

Equation 2.35 SiO; + 2H,0 Y 4Sid,

In dilute systems, the activity of water is one and for Equéi8h, the degree of saturation
is described by Equatio2.36, where Q is the ion activity product and K is the equilibrium
constant

Equation 2.36 — 3

When transport processes are neglected, silicic acid concentrations in the bulk solution can be
used which allows Equation2.34 to be reduced to Equatich37, where K is the forward
rate constan®®®

Equation 2.37 i o Q, p Aob-—

Combining Equatior2.37 with Equation2.35 gives the current general rate equation for glass
dissolution, Equatio2.38.

Equation 2.38 i 0o Q, p -

The reactions of water with an alkali silicate glass is the exchange of alkali ions in the
glass with hydronium ions from the water; equati®i3s2.6. In the case of sodalime silica
(SLS) glass, the forward reaction of sodiungdhoxide dissolving inwater increases the
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alkalinity and therefore, the pH of theolution increases. If the volume of the solution is
small compared tthat ofthe glasssurface areahe pHwill increase rapidly.

For a silicate glasssasilicic acid (HSiO,) continues to béormed bybreaking the SO-Si
bondsfrom interactions with kD, the pH ofthe solution increases and witicrease the
dissolution rate. |fhowever, the volume of the solution is low compared to the surface area
of glass, the solution becomes saturatatth silicic acid and the dissolution rate decresase
due to the probability of the €-Si bond being restablishedFigure 2.4. If a phasesuch
as analcime precipitates rapidly, the demand for silicic acid increases and the reaction
becomes more irrevsible. The more irreversible the reaction, the more the dissolution rate
increaseslue to the ion activity product, @s given by Strachan in Equation 2.39

Equation 2.39 E Epm A p -

Where k is the rate of glass dissolution (g? d?), ko is the intrinsic rate constant of
dissolution § m? d™), h is the power law coefficient for solution pHg B the activation
energy (Jmol), R is the gas constand (mol™),), T the temperature (K) and K is the
equilibrium constant of the dissolutioraction ®® If it is assumed a chemical reaction is
ratelimiting, the limiting factor in Equatior2.4 involves the breaking of the-8Si bonds
andformation ofsilicic acid. As put by Strachan and Croék. . there is always a driving
force for the reaction of glass with watfand] Q can never equal. k&% The ion activity
product, Q is generally given liquation 240;

Equation 2.40 171 A 11 ¢ AliaA B Al lscCi

where R is the stoichiometric coefficientay,o the activity of water,fo, is the oxygen
fugacity, M the number of aqueous species in reactjan,the activity coefficient of species
s, and mis the molar concentration of specieé,lgé. In dilute solutions, the first two terms
of Equation 2.4(@ecome constants, and only3#0, is involved in the ratéimiting stepfor
silicate glasses™® If H,SiO, formation becomes the rafémiting step Q becoms the
activity of silicic acid (HSiO,) due to the terms on the left side of Equato4D becoming
constants. During the reaction, if Q/K starts to approach one, the probability thatQHei Si
bond will be reestablished will increase atite dissolution ratdecrease$™

Figure 2.& shows the total concentration of silica increasing as the reaction continues
with a corroding glass. At lower concentrations of cations in solution, secondary ptaases
to precipitate (Figure 215). At each major slope change in the total Si concentration, a new
phase begins to precipitate. When analcime becomes the dmbaidng precipitating phase
the dissolution rate decreases due to the solution becoming saturdtegilioat Once the
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solution becomes saturated, the®85i bonds have a higher probability of being re
established.

Total Si

Total 5

Concentration
Concentration

Eeaction Progress Reaction Progress

Figure 25 A) Concentration of Si in solution from a corroding glass and B) the
concentration of Si in solution from a corroding glagsch results in changes of;&i0;,
concentration.Modelled after Strachan and Cro&R),

It has been shown, in the presence of claysgkissdissolution rate increasé®® This is
due to silica in solution being taken up by the daythatthe driving force for dissolution
contines. Lemmens suggests the species transferred to the clay such as Si and Al decrease
the protectiveness of the daler.®® This would be due to the gklyer being deficient in
protective species and allowing furtherffasion of these species out of the bulk glass.
Conclusions fronthe work ofLemmens are that clay will initially delay the reduction in the
dislution rate however, a decrease in the corrosion rate to very low-temg rates have
beenobservedwhich can be attributed to the high concentrations of silica in the interstitial
solutionbetweerthe clayand the bulk glas&§”

It has been showthatin a simulated Magnoxuclearwaste glass the dissolution rate is
dependent on both silicic acid and species of Al in solutionAbraitis et al. suggestedor
systems with a low Al species activity, glass dissolution decseaseahe activity of Si
species increases to saturatiomd that removal of Al by formation of secondary phases gives
rise to a decrease in saturation limits for Al with respect to the. §i#lsAbraitis et al. also
suggest that the formation of surface gels may function as a transport barrier which could
moderate the rate of dissolutiét?
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2.6 Alteration Product and Gellayer Formation

Early studies of natural analogus nuclear waste glassesuch as basaltic glasses have
shown formation of alteration layers on the surf4te. These alteratbn products, or gel
layers, arein general, a result of water permeation and alkali interdiffusion formed by a
process of crecipitation of dissolved elements from the gl&$s’ Studies of the French
SONG68glass a R7T*#type nuclear glas$iave observefbrmation ofalteration produston

the surfacesimilar to that formed othe natural analogueS?

Formation of the gelayer occurs after interdiffusion of the alkali cations in the surface of
the glass®® At short times, after formation of the interdiffusion layer, a collapsed gel with a
density similar to that of the glass without alkaline elements is formed. This is followed by
formation of a homogeneous galer on thesurface of the glass. At longer times, a gradient
in the density of the alteration layer has been obsef7édbservations by Cailleteat al.
suggest similar results as Rebiscetilal. wherethe density of the gdhyer decreases with
time.®% 12 Cailleteauet al. propose that insoluble oxides in the glass, such as, prévent
reorganization of the alteration layer, which inhibits pore ripening leading to higher corrosion
rates *?

It has been suggested that the decrease in the dissolutia@t latger timess attributed
in part,to the formation of alteration products on the surface of the.§i@sédvocatet al.
have observe@ decrease in the dissolution rate for both radioactive andadimactive
glasses; however, they obsenadignificantly different behaviour betweéme active and
inactive glasses with similar compositiofi8. The radioactive glass at short times resulted in
a higher dissolution rate than the p@ulioactive glass. The formation of a ¢gjer was
observed in both glasses; however, the alteration layer on the active glass was not as
protective. It is suggested that the gklyer on the surface of the radioactive glass is less
protective due to a difference in the microstructure allowing enhanced diffusion as compared
to the noAradioactive glas$

Several studies havshown changes in the dissolution rate with the formation of-a gel
layer on the surface of the glass sampiés’> °% 12 Contrasting studies suggest either the
alteration layer on the surfacer saturation effects in the solution are responsible for the
decrease in the corrosion rate. Xiag al. suggest that there is a large range of glass
composition that vary in corrosion rates and thicknesses of tHaygeland that the reaction
rate isstrongly affected by the formation of the {j;aryer.(“’) Experimental results from Gin
indicate that the gdhyer formed under saturation conditions controls the kinetics of glass
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alteration.®® Contrasting results by Advocat al. suggest the alteration products do not
constitute a shotterm kinetic barrier®®

Early results from the vapour phase hydration tests (VHT) of the Magnox waste glasses
by Hyattet al. indicate that the durability, according to the generalised Avrami equation, is
less than that of the French SON68 gl&&s Further VHT experiments on a blended Oxide /
Magnox simulant HLW glass exhibited similar results where the thickness of the alteration
layer were several orders of magnitude greater than that of the French SON68 glass after 21
days in a humid environmeat 200 C.©®

2.7 Current State of KnowledgeRegarding HLW GlassDissolution

Currently, there argeveralcountriesconsideringvitrification to immobilise spent fuel from

the civil nuclear industry and also from theapons program§® These countries are the

UK, USA, France, Russia, Belgium, Germany and Japan. As mentioned previously, glass is
a suitable host matrix due to the ability to accommodate a wide range of waste compositions
while sustaining a suitable durability. The bagass used for vitrification is a borosilicate

with a waste loadings ranging from a few weight percent up to greater than 20 weight percent
depending on the composition of the waste added to the basé’glass.

2.7.1 Intemational Understanding of HLW G lassCorrosion

Several studies have been performed on silicate glasses in order to understgamkthe
dissolution kineticof nuclear waste glassesrhis has beeachievedusing both static and

flow through tests. Eadr dudies by Vernazt al. have shown thahe final corrosion rate
decreases from 8810 g m? d* to much less than 8 10* g m? d™ in solutiors at 90~ as

the surface areatvolume (SA/V) ratio increase$® It was suggested by Grambow that

il .. a slight difference in the chemical potential between the hydrated gel and a gel formed
under saturation conditions maintai®ita resi
waslater suggested by Vernaz and Dussossoy that the final rate of dissolution is only affected

by precipitation of silicate phases which renew corrosion by diminishing the activity of silicic
acid.©

Early workhas suggested 5 regions of glass dissolutmtial diffusion or interdiffusion,
initial or forward rate, a ecreasen the initial rate, the residual rate, and precipitation of
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alteration phases!®® These regions areldktrated in Figure 2.5 which represents the
concentration of ions in solution with time.

/

Concentration

Region 3 Region 4 Region 5

Region 1 =

Region 2

Time

Figure 2.5 The 5 regions of dissolution for a silicate glass.

As mentioned previously in section 2.5, interdiffusion is the ion exchange process between
the modifier cations in the glass network gmdtonsin solution. Recent work on silicate
glasses have proposed that the dissolution of these glasses can beertbedaby the
i mmedi ate release of boron in solution foll

leaching in solutions saturated in silica in order to prevent region 1 of glass disséitition.
104)

The secondegion, the forward ratds from hydrolysis of the glass network forming
cations and breaking the bridging oxygen bonds in the-pitase which were created from
the exchange of the mobile glass modifiers’he layer formed during region 1 quickly
readies a constant thickness under the initial dissolution rate, which depends on the
temperatureand pH of the solutionand the compositionof the glass Oelkers suggests the
initial dissolutionrate depends on the concentration of aluminium and iron itic@olwvhile
others suggests ions can catalyze or inhibit the corrosion kif&fic¥® Several models on
the intial dissolution rate have been made in order to relate the initial dissolution rate to
various stratural properties of the glass. These models are based on thermodyuofatimécs
free enthalpy of glass hydration and the standard enthalpy of formation of thé'8Xide.

¥ See section 2.5 for a basic review on silicate glass network hydrolysis.
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The third region occurs when the concentratiorsibfon in solution reaches saturation
and then begins to condense to form a gel layer on the surface of the pristine glass.
Previously, there have been two approaches to account for the decrease in the initial
dissoluton rate (region 3); one based apassivating effect on the gel layer, and the other
based on the chemical affinityith respect to the pristine glas$” 1% Early work on the
dissolution rate, as reviewed in section 2.5, was based on mechanistic models from Aagaard
and Helgeson and later modified for glasses by GramB&&> However, it has recently
been estalished that the decrease in the dissolution rate (region 3) is attributed to the effects
of the affinity and passivation of the gel layer.

The residual rate (region differs between a closed and open system. In a closed system,
the alteration kineticslecrease over an extended time and become linear, however, in an
open or reactive system, the residual rate depends onetirefield materials, diffusion
elements, and on the solution chemistry. In the case of nuclear waste glasses, the residual
rate isgenerally referred to as the long term dissolution rate in a geological repository taking
into account the effects of hydrolysis and condensation mechanisms.

The large increase in concentration after the residual rate of dissolution is defined as a
resumpion of alteration, or precipitation of secondary phases (region 5). The difference
between region 2 and region 5 is that in region 5 precipitation occurs rapidly after extended
times. As suggested by Fruggadral, region 5 is kinetically limited or higy activated when
either the pH or an activity threshold is exceeded in the sol{fign.

The French have observed several different amorphous phases in their simulated waste
glass, SONG68, after corrosion. These regionsshasvn in Figure 2.6, are an amorphous
layer consisting of a water interdiffusion region, a hydrated glass region, a zone of
proton/alkali ion exchange, a passive reactive interphase (PRI),capdetecyel.*%?

The first layer in the amorphous phase on the pristine glass after dissolution is from
interdiffusion of water and solvated ions and is known as a hydration layer. The second layer
is the exchange reaction between the protons and the alkali and alkaline eaithtimns
glass that follows hydration of the surface of the pristine glass. The third layer, the PRI,
occurs when the solution becomes saturatedlall the alteration layer forming elements are
preserved. This layer can be characterised by a concentigitamient for the mobile
elements such as boron and for the elements such as zinc which limit the formation of
crystalline phases. A depleted gel is finally formed on the surface and occurs when the glass
is significantly altered.

Recent work on the diehition kinetics of glass by Frugiest al have suggested a
mechanistic model known as the glass reactivity with allowance for the alteration layer, or
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the GRAAL model®%% 1% As given in the name, this model takes into account the alteration
layers formed during dissolution of the glass network. The GRAAL model is based on
simplified hypothesis along with predominant dissolution mechanisms that have been

identified.

Passivating
Reactive
Interface

Pristine
Glass

Solution

Hydration
Alkali Interdiffusion
Depleted Gel

Figure 2.6 The amorphous layers on SONG68 after corrosiBigure modelled after Frugier

et al.1%?

The simplified hypothess of the GRAAL model are that only water diffusion in the PRI is
considered to be the ralieniting factor, the hydration, alkali interdiffusion and depleted gel
layers are ignored and the reactivity of the PRI with the leaching solution is described
through thermodynamic equilibriutt®® Currently, the GRAAL model is avail&bin two
forms, an analytical GRAAL and a geochemical GRAAL. The analytical GRAAL is a
solution with very simplified chemistry suitable for sensitive calculations. Currently, only
silicon and boron are specifically describ€® The geochemical GRAAL is a numerical
solution using a geochemical calculation code. It will provide a chemical description such as
the pH and speciation in potentially complicated geometry and possibly with materials other

than glass’®

Frugieret al. propose that the GRAAL modelling is validr anysurface area to volume
(SA/V) and flow rate per surface area (Q/S) rdtindifferentexperimental geomess %%
It is also suggested that the current mod#dsnot account for the SA/V effect without
modifying their parameter values, however, the GRAAL model resylt&rugieret. al.
have shown when the element speciation in solutionnatidan allowance for ion diffgion
in the PRI thata simple hypothesisis sufficient to explain the effects with set ofsingle

parametes; (0%
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2.7.2 Current State of UK HLW GlassDissolution Understanding

Currently, there is little known about tkiéssolution of UK HLW glassesSome of the most
current work on the UK HLW glasses has been performed by Abraitis, Abeaigk and
Hyatt et al. on the dissolution and alteration layers of the Magnox waste gldésts?®: 110

97: 98 111) | ittle work has been performesh the dissolution othe blended waste (2%

Magnox waste and 75 wt% ThORP wadt#)V glasses; however, Hyadt al. have looke

at the alteration phases which form at high temperatfire.

Initial work by Abraitis et al. on the Magnox UK HLW glassuggests that there are
different mechanisms that govern tgessdissolution.**? It was observed that at in the
absence of buffers, the dissolution rates are lower than the dissolution rate in buffered
solutions during short term experiments. It was also proposed that the dissolution of glass at
low pH occurs by a protepromoted process, which leads to a selective release of boron and
network mdlifiers and the formation of a gel layer rich in silicon. At high pH levels, the
release of soluble components in the glass have been shown to occur in approximately equal
molar poportions, which result in an apparent congruent dissolttigh.

Later work by Abraitiset al. use static leach tests in order to observe the effect of silicic
acid, aluminate ion activity and hydsilicate gel development on the dissolution rate of UK
HLW glass.®® It was shown that the dissolution rate oMagnox HLW glass that the
dissolution rate idependenton both the silicic acid activity and the aqueous aluminate
species.

Abraitis et al go on to study thk&inetics andmechanisms of UK HLW glass dissolution
They conclude that there are pH and terapge dependent molecular proceshat govern
the Magnox HLW glass dissolutioff> This is in agreement with their earlier work where
they suggest two mechanisiios the corrosion of a Magnox waste glaaselective relase
of boron at bw and intermediate pH levels, and congruent dissoluticakaline solutions
(110; 15)

Continuing work by Abraitiset al. proposs that alumnium in solution has a more
significant influence tharsilicon in solution on the corrosion ratg? It is suggested that the
solubility of aluminium is limited due to the formation of alteration layers and this gives an
indication there are processes which will influencedbieibility or speciation of aluminium
leading to an influence in the dissolution of the Magnox HLW gfts5.

Dissolution of Magnox HLW glass at high temperatures in order to study the
crystallisationunderdeep borehole isposalconditionswas performed by Hyatt al. **?
Conclusions suggest that there is partial crystallisation of the Magnox ¢la¥¥;however,
it does not impose any detriment to the disposal of HLW glasadhis disposl schemeas
long as there is no infiltration of hydrous fluifd?
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Studies using the vapour hydration test (VHT) in order to analyze the alteration layers
which form on the surface of the glass were performed on both tgedWavaste glass and a
blended Oxide / Magnox waste glass by Hygittal. ©” %® |t was found that within the
alteration layer of both glasses, there is a distribution of elements in the gel layer from the
pristine glass. On the Magnox waste glass, a magnesium sodium aluminosilicate phase
formed which does not form on the French waste glass, SON68.

From theliteraturereview aboveit can be deduced that there is still much needadt in
the area of nuclear waste glass dissolution; Bmtprediction of the overall dissolution rate,
but also in understanding the thermodynamic and/or kinetic mechanisms in which glass
corrodes. The work presentbdlow will help to understand the meatiams of current UK
simulated HLW glass dissolution by using static and flow through dissolution experiments.
It will also help to underpin the role of zincimcreasingdurability of these glasses.

One of the concepts currently being considered forodspof the UK nuclear waste
glasses is in a elocated geological disposal facility (GDF) where ILW will be placed in a
hyper alkaline backfill The resulting phase may encounter regiohthe GDF containing
HLW vitrified wasteforms. Few studies havedn performed on UK simulatétLW waste
glasses in hyper alkaline solutions giving rise for the need to understand the rate and
mechanisms that the UK HLW glasses corroBeart of this Thesis aims to understand some
of the dissolution mechanisms of sinteld UK nuclear waste glasses under hyper alkaline
environments.

The Nuclear Decommissioning Authority (NDA) strategic priorities include the
development of waste solutions and final disposal of radioactive w&stedhe NDA also
carriesout activities and researdb support the development of waste soluti6Hg. The
RadioactiveWasteManagemenDirectorate (RWMD) which is part of the NDA, was put
together to deliver a GDF and provide radidee waste management solutiohs’ Both the
NDA and RWMD strategy has detailecbncepts regarding a GD#hich will is currently
considered tdnost all of the wastes and materials in the baseline inveatawywhat type of
environments are expected for alooated disposal sit€&:

Previous work on dissolution mechanisms of ILW glass in high pH solutions by SERCO
show the dissolution rate of simulant ILW glass is lowedlkaline solutions as compared to
neutral solutions™? It is believed that a protective layer forms on the surface of the glass
(alteration layer formation) reducing the forward rate of dissolution of the glass. The final
chaptergives results from a study on theechanisms of alteration layer formationorder to
understand how an alteration layer may decrease the forward rate of dissolution.
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3.0 Experimental Techniques

3.1 Preparation of Glasses

All glasses wereprepared, in general, by batching, mixing, melting, casting, and then
annealing. Batch constituents were either from raw oxides measured out and mixed, or from
a supplied simulated waste calcine and a base glass frit fnemNational Nuclear
Laboratory which is similar in composition to what is currently in use at the research melter
at Sellafield, UK. Nominal compositions of the glasses used for experiments in the work
presented in later chapters are given in Table 3.1. Compositions of each glagealyesed
usinginductively coupled plasmddP) and X-ray fluoresencgXRF) spectroscopic methods

by the Sheffield Assay Office in Sheffield, UK.

Table 3.1 Nominal glass compositions in wt% of all glasses used for experiments in this
thesis.

Oxide NCZS| NCZS| NCZS| NCzZS| CazZn MW Feznzr Cazn Cazn MW MW 25 MW 30
3 35 4 5 Base Base Magnox | Blend [ Magnox Blend Blend
SiQ 45.40 | 44.00 | 42.60 | 60.00 | 55.92 | 61.70 49.47 44.26 45.42 45.28 46.28 44.10
B,0; 22.68 | 21.90 17.56 17.95 18.42 16.43 16.43 14.24
Na&O | 23.40 | 22.60 | 21.40 | 20.00 | 11.38 | 11.10 8.90 9.01 9.24 8.33 8.33 7.22
CaO | 23.20 | 22.40 | 21.50 1.76 1.39 1.43
ZnO 8.00 | 11.00 [ 14.50 | 20.00 | 5.60 3.08 4.43 4.55
LbO 2.67 5.30 4.25 211 2.17 3.98 3.98 3.45
ALG; 4.11 1.49 4.86 1.91 2.67
BaO 0.40 0.34 0.40 0.47 0.66
CeQ 0.96 1.12 2.25 1.45 2.03
CrO; 0.63 0.41 0.68 0.51 0.71
CsO 0.89 1.33 117 1.59 2.23
FeO; 12.08 2.79 1.68 3.15 2.06 2.88
GdOs 0.06 3.29 0.12 4.16 5.82
LaOs 0.52 0.55 0.66 0.73 1.02
MgO 4.10 121 5.05 161 2.25
MoOs 1.32 1.77 1.52 2.49 3.49
Nd.Os 1.53 1.71 1.94 2.17 3.04
NiO 0.39 0.27 0.45 0.34 0.48
PrOs 0.52 0.52 0.61 0.66 0.92
RuQ 0.52 0.00 0.42 0.55 0.77
SmO; 0.32 0.38 0.43 0.49 0.69
SrO 0.24 0.27 0.31 0.41 0.57
TeQ 0.15 0.21 0.18 0.28 0.39
Y203 0.16 0.24 0.20 0.31 0.43
ZrQ 4.66 1.24 1.96 1.59 2.82 3.95
Total | 100.0 | 100.0 | 100.0 | 100.0 [ 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0 1000

Batching of NCZS 3, NCZS.8, NCZS 4, NCZS 5, and tHeeZnZr irradiation glasses
were prepared by measuring out the raw chemicals (oxides, and carbonates), from Alpha
Aesar at 99.9% purity, to specified amounts and mixing for approximately 2 min. After
mixing, half of the batch was added to a platinum crucibldchvivas then placed in the
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furnace for melting. Once the batch in the Pt crucible was melted (after ~10 min.), the Pt
crucible was charged with the rest of the batch. Charging of the batch is performed in order
to keep the batch from foaming over the tipthe crucible, damaging the furnace, and
having to remelt the batch due to a large change from the nominal composition. After the
final charge of batch to the Pt crucible, the batch was melted for 1 h before a Pt stirrer was
inserted into the melt anithe melt stirred for 3 h at 60 rpm. After stirring, the stirrer was
removed and allowed to rest above the melt for ~10 min in order for any melt from the stirrer
to drip back into the melt. The melt was then removed and cast into a block using a
preheded stainless steel mould and allowed to cool until the melt would not flow. Once
cooled, it was placed into an annealing oven at &@r 1 h and then the oven was cooled

at 1°C min™* to room temperature.

The simulated high level waste (HLW) glass€sZn Base, CaZn Magnox, Cazn Blend,
MW Base, MW Magnox, MW 25 Blend, and MW 30 Blend, were all melted using mullite
crucibles. This was performed due to several oxides of the simulatedoametedise the Pt
crucible which produceholes allowing the nieto flow out of the crucible and onto the floor
of the furnace. Although melting in mullite crucibles introduces small amounts efa8tD
Al,O3 into the melt from corrosion of the crucible during melting, these amounts were taken
into account during melting and, hence, one of the reasons for analysing the composition of
the glass after melting.

All the glasses, with the exception of the NCZSesenf glasses were melted at 1060
The NCZS series glasses were all melted at I200The batch was melted for 1 h without
stirring (batch free), and then stirred for three hours with either a Pt stirrer, or a mullite
stirrer. The stirrer used depad on the type of crucible used. If a Pt crucible was used, a Pt
stirrer was then used to stir the melt. If a mullite crucible was used for melting the glass, a
mullite stirrer was used to stir the melt.

All glasses were annealed at 5@ in order to elieve any stresses in the glass.-Glass
was used to find a suitable annealing temperature for all the glasses‘itadennealing
was performed for fabrication of monoliths of the glass sample. If the glasses were not
annealed, the glass could fracture during processing of the samples.

3.1.1 Fabrication of Glass Powder and Monoliths

Preparation of glass powder for bothray spectroscopic measurements and durability tests
was performed by crushing the annealed gylsamples with a stainless steel percussion
mortar. After crushing, the glass powder was size fractioned using a stainless steel sieve.
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For X-ray spectroscopic measurements, glass powder less tham 75L00 mesh) were
collected. Due to small fragmeni$ stainless steel in the glass powder from the percussion
mortar, a magnet was passed through the powder for approximately 3 min to collect magnetic
particles from the glass powder.

Glass monoliths were prepared by cutting the annealed glass blod¢ksa witamond
impregnated blade in an Isomet low speed @dadel #111280) The speed was set to speed
8 and approximately 75 g of mass was placed on top of the cantilever to give a small amount
of pressure on the sample against the blade. If too much ismassed on top of the
cantilever, the pressure against the blade will cause the blade to warp and possibly
catastrophically fail.

3.2 X-ray Spectroscopy

3.2.1 Xray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) is a useful techniquegttenn detailed information on
non-periodic systems such as theamlination environment of a core atom, atom types, and
contact distances to neighbouring atoms. XAS covers both XANE&Y Absorption Near
Edge Spectroscopy), which is approximately E30below the absorption edge to 100 eV
above the absorption edge, and XAFSré¥ Absorption Fine Structure), which encompasses
XANES data up to 800 eV above the absorption edge.

XAS is the modulation of the -Xay absorption coefficient at energies justolae and
above the absorption edge. As the energy of tmayXombarding the sample is increased,
the energy at which the-Kay becomes absorbed is known as the absorption edge and gives
rise to the large peak in the XAS spectrum as seen in Figure 3.1.

X-ray absorption occurs when anry is absorbed by an atom and ejects a-lewel
electron into the continuum, leaving the atom in an excited state. After excitation, an
el ectron from a hi dihthe core mkrelegsngeitherlafluoreScerg | a x 6
X-ray, or an Auger electron. -My fluorescence and Auger emission occurs at discrete
energies depending on the absorbing atom and is used to identify the atom of interest.
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Figure 3.1 Zn K-edge XAS spectrum ohemimorphite a naturalmineral with the
composition, ZgSi,0-A FD. Both XANES and XAFS regions are circled and the absorption
edge idabelled

Generally, XAS measurements are performed at a synchrotron with the use of mirrors and
monochromators to measure the XAS spectrum foefow to above the selected absorption
edge of the absorbing atom. In the case of Figure 3.1, the-etigK energy of 9659 eV is
the absorption edge. The spectrum can be gathered in one of two ways: transmission or
fluorescence. In transmission modke tintensity of the transmitted beam is measured
(Equation 3.1), while in fluorescence mode, the intensity of releasags<from secondary
X-ray emission is measured (Equation 3.2).

Equation 3.1 mME) t =-In(1¢/1o)

where | is the transmitted beam intensity,d the initial beam intensity, and t is thickness of
the sample.

Equation 3.2 m E)¢/l@ |

where ] is the fluorescence intensity off of the sample.

The absorption coefficient is strongly related to the -¢ewvel energies of the absorbing
atom and, therefore, information on the absorbing atom caobtzened. The energy
dependent oscillations im(E) can be described by -pdy energy, or the interference effect
with respect to energg(E)), Equation 3.3,

Equation 3.3 .0 —
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where my(E) is the bare atom background energy, &h@{E) is the edge step. This
normalises the oscillations in the XAFS signal to one absorption event. In order to model the
XAFS signal, it is useful to express thedrierence effect;, in terms of the photelectron

wave numberk, which is described by Equation 3.4.

Equation 3.4 Q

o}

wheremi s t he mass oFanck&hcenstant, and (EEo)dsrenergk | s

The photeelectron wave numbek, can be thought of in terms of an outgoing wave
propagating away from the core atom and interacting with neighbouring atoms which reflect
the photeelectron wave back towards the core atom.

Figure 3.2 Single scattering (A) and multiple scattering @)the photoelectron spherical

wave from the absorbing atom with the next nearest atom. For the closest scattering the label
1 represents the closest shell and the label 2 represents a further shell. The black sphere
represents the core atom, the ligitey spheres represent the first neamsstghbouring

atoms, and the dark grepheres represent the second nearest neighbouring atoms.

Figure 3.2 illustrates a representation of a core atom with a -elettbon wave
propagating out and interacting witleighbouring atoms. The wave is reflected back either
by single scattering, or multiple scattering. Single scattering, as shown in Figure 3.2 A,
occurs when the photelectron wave is reflected straight back to the core atom. Multiple
scattering, as gen in Figure 3.2 B, occurs when the reflected pladéatron wave interacts
with a neighbouring atom before being reflected back to the core atom. The oscillations in
the XAFS signal occur from constructive (a maximum in the spectra) and destructive (a
minimum in the spectrum) interference from the outgoing and reflected -plemtivon
waves.
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The XAFS equation is written in terms of the sum of all the contributing p#etron
waves, or scattering paths. The probability ofay absorption is determinedy the
interference of the outgoing and backscattered wave, and thus, the absorption coefficient
(c(k)) can be expressed as Equation 3.5.

~ ~

Equation 3.5 ..Q B ...Q

whereci(k) is a single phot@&lectron wave.

Each of the photelectron waves, can laescribed by Equation 3.6,

~

Equation 3.6 D Q —————— Y - Q0Q Q

where N is the number of cordinating atoms within a particular shell>$ the passive
electron reduction factor (k) is the &ective scattering amplitud¢,(k) is the phase shift

of the photeelectron,s;? is the thermal and static disorder, dr{#d) is the mean free path of
the photeelectron. R is the distance to neighbouring atoms and is described by
Equation3.7,

Equation 3.7 R = Roi + LR,

whereDR; represents a change to the interatomic distance relative to the initial distance to the
neighbouring atom, iR

Both N and Qfmodify the amplitude of the XAFS signal. ; Mepresents the eordination

number for a particular shell of atoms for single scattering events. If multiple scattering
occurs, Nrepresents the number of identical paths. The passive electron reductiorﬁ{zpctor,

accounts for the presence of a cti@de which has been vacated by the plelaztron.
Typical values of5 are between 0.7 and 18® The effective scattering amplitudesfk),
accounts for the element sensitivity in the XAFS signal. For ssag#ering paths, it is the
atomic scattering factphowever, for multiple scattering paths, it is an effective scattering
amplitude in terms of a single scattering formalism. The oscillation wavelength is accounted
for by the term, sin[gR; +j i(k)]. The phase is determined by the path of the pbt#otron,

Ri, and its wave vectok. The phase shift of the phesbectron caused by the interaction
between the photelectron of the nuclei of the absorbing atom anémbnating atoms of
the photeelecton path isj i(k). Static (structural heterogeneity) and dynamic (thermal)
disorder are taken into account by the term, @g3{k’], wheres? takes into account the
disorder in the interatomic distances between the absorbing anddheéicating atoms. The
distance that a photelectron travels before scatteringalastically and before a core hole is
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filled, is the mean free path of the pb@lectron,l (k). The mean free path of the photo
electron is accounted for in the term, e / | (K], and is the reason why the XAFS signal

is dominated by the scattering contributions from atoms within approximately 10 A of the
absorbing atom.

3.21.2 XASExperimentalSetup

Data collected for this work was performed at a variety of synchrotron beam lines; BL 11.1
X-ray Absorption Fine Structure at ELETTRA, X23A2 of the Natio&ghchrotronLight
Source, B18 at the Diamond Light Source, &MC-2 at the HelmholtZentrum Berline

Fur Materialien und Energie HZB on the third generation synchrotron source, BESSY II.

A general beam line set up from the synchrotron source is illustrated in Figure 3.3. The
high energy Xrays travel from the soce to the monochromator, which scans the energy of
the X-rays between the desired energies, through slits to the first ion chamber which
measures the intensity of the incident beam. The sample is placed between the first ion
chamber, a second ion chambehich measures the transmitted-rays and also a
fluorescence ion chamber generally situated atté3he face of the sample.

Sample

X-ray Source

r' N I lonn Chamber | [on Chamber

S~ I LN 1

Monochromator

Slits I

Figure 3.3 A general XAS experimental setup from the synchrotron source through to the
ionisation chambers.

All beam linesutilised for the work presented in later chapters utilised a Si(311) double
crystal monochromator that was detuned for harmonic rejection. TéugH of interest was
calibratedn situusing a metal foil for the energy of interest placed in front of@eete ion
chamber. Data was acquired in both transmission and fluorescence mode at room
temperature. Generally, unless otherwise specified in later chapters, finely ground samples of
glass powder (< 7%m particles) were used and dispersed in jmbhylglycol (PEG) to
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achieve one absorption length and then pressed into 13 mm diameter pellets using a stainless
steel uniaxial hydraulic press. The pellets improve sample homogeneitytremdfore,
improve data quality and reliability. ThHerange normajl scanned during acquisition was
typically 3 A'to 18 A™.

3.2.1.3 XA®ataAnalysis

Data acquired in this work was analysed usirtbe programsAthena and Artemis in the
IFEFFIT package*” Normalisation of the measured absorption spectra performed in
Athena of the data given in Figure 3.1 is shown in Figure 3.4. This is performed by
accounting for the effects afoncentration of the absorber element, sample preparation,
sample thicknessind response of the detectors (ion chambers).

Hemimerphite
T T

— bkg
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E {eV)

Figure 3.4 Normalised Zn Kedge XAS signal of Hemimorphite (blue) and the subtracted

background (red) as performed in Athena of the IFEFFIT package.

As shown earlier Figure 3.1 is a Kedge spectra obtained for hemimorphite. After
normalisation, Figure 3.4, the resulting XAFS spectigk), can be plotted as given in
Figure3.5. The Fourier transform (FT) from the data in Figure 3.5 is written ak*ETK]],
which indicates a multiplication &fby a weighting of x. A multiplication dt is performed
on the data due to the dependenck @i the mean free path of the phetectron| (k). The
mean free path of the pheedectron decreases from ~15" 4o a minimum at short wave
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numbers of ~1 &, and then increases up to ~30 & a wave number of 157A This causes
the XAFS signal to be a local structural probe.

Figure 3.6 illustrates the Fk{c(k)] for the Zn Kedge of hemimorphite. As mentioned
earlier, the XAFS equation is the sum of the pkalaxtron waves, or scattering paths.
Fitting the c(k) data collected for work in this thesis was performed using Artemis in the
IFEFFIT package utilising single and multiple scattering paths. As showigure 3.5 and

3.6, the fitted spectrum was performed using several single scattering path€) aath,
three ZnSi paths, and three Zn paths.
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Figure 3.5 As obtained Zn Kedge c(k) spectra (dotted) and fitted spectra (solid) of
hemimorphite.
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Figure 3.6 As obtained Zn Kedge FT E c(k)] spectra (dotted) and fitted spectra (solid) of
hemimorphite.
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The general approach to fitting data obtained in this work was by building structural
models from known chemical species and using Artemis tosadhe parameters in the
structural model to fit the experimental (obtained) spectra. The model parameters were
adjusted as needed (different scattering paths and different neighbouring atom types) until the
most plausible fit to the data was obtainethe quality of the fit, Ractor, is the sum of
squares of the differences between the data and the fit at each point per the sum of the
squares of the data and is given by Equation 3.8. In general;fdatdR should be less than
0.05 to be considered a plausible fit.

Equation 3.8 Y EAAOD &g—

3.2.2 Xray Diffraction

X-ray diffraction was used in order to ensure glass samples were homogenous and
amorphous in nature. This was performed using a Siemens DX0@&Yy Powder
Diffractometer with Cu I radiation. Xr ay di ffraction i s base
(Equation3.9) where the intensity and angle of the diffracted beam from the sample is
measured.

Equation 3.9 nl = 2dsim

Where n is an integel, is the wavetngth of the incident Xay beam, d is the crystalline
lattice spacing and is the angle of diffraction.

Unless otherwise noted in later chapters, all glass samples were also finely ground
powders (< 75mm average particle size) and, in general, all gt@saples were measured
from 5 to 70 2q with a step size of 0.02 at 0.min™.

3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a useful technique for microstructural analysis of
materials. Its usefulness increases with theitiatidof a backscattered electron (BSE)
detector and an energy dispersiveray spectrometer (EDS) detector. The basis of SEM
analysis is performed by introducing a sample to an electron beam and allowing the electrons
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to interact with the surface of theample. Signals are produced through the interaction
between the incident electron beam and approximatelym2into the sample surface.
Figure3.7 illustrates a typical SEM microscope.

The electron beam is producky a tungsteriilament generally operated at R8V. The
electron beam first passes through a set of apertures and then through the first and second
condenser lenses. The condenser lenses increase or decrease the spot size of the electron
beam. The objective lengydated after the condenser lenses, focuses the electron beam on
the sample. In the case of Figure 3.7, scan coils which direct the electron beam over the
sample are included in the objective lens. The apertures limit the size of the electron beam
passingto the sample. The first aperture, just after the filament, is used to condense the
electron beam, while the second aperture, just after the objective lens, is used to control the
contrast in the electron image.

Filament
| - Electron beam

[
—— |.— Aperture

— First condenser lens

— Second condenser lens

Objective lens
~| _ Aperture
Backscatter detector

9 - X-ray detector

Controls

CRT ||

s

Sample Secondary
electron
detector

Photo-multiplier
tube & Amp

Figure 3.7 A typical SEM microscopealyout.

The interaction between the sample and the incident electron beam causes secondary
electrons to be emitted within the excitation volume of the sample. The excitation volume is
generally only ~2mim in depth from the surface of the sample. As showiigure 3.8, the
interaction of the incident el#on beam and the sample emitagkr electrons, secondary
electrons, backscatter electrons, characteristiays and photons.



NJC; 18" January 2013 61

Electron Beam

Auger electrons Secondary electrons
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Figure 3.8 Excitation volume generated from an electron beam interasfithga sample.

The emitted secondary electrons are attracted to the secondary electron detector by a
corona placed over scintillator plate. The scintillator place sends the signal through a
photomultiplier tube which is sent through an amplifier drehtto the monitors which show
the image of the sample. The backscatter electron detector, as shown in Figure 3.7 is
generally located after the final aperture and the objective lens and is a disk surrounding the
electron beam. As the backscatter eledrare emitted, the detector above the sample
collects the emitted backscatter electrons as a function of sample composition.

The X-ray detector for EDS analysis, as shown in Figure 3.7, makes used of the emitted
X-rays when the incident electron beam ratés with the surface of the sample.
Characteristic Xays are produced when the incident electron beam excites electrons in the
sample surface to higher energy shells. When the electrons relax back to their initial energy
state they release characticis<-rays which are detected using thaay detector. The X
ray detector measures the energy of th@y) photon which is equal to the difference of the
initial energy state and the excited energy state of the sample. Because each element has
discreteenergy level changes it allows qualitative and quantitative analysis of the sample.

3.3.1 SEMSample Preparation

Samples used for SEM analysis were first polished to a median grit sizenof USing SiC
polishing paper with water as a lubricant. After using the SiC polishing paper, diamond
paste with an average particle size of six, three and one micron with an oil based lubricant
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was used. In order to decrease electron lpldcharging) on the swa€e of the sample,
samples should be coated with a conducting coating, such as gold or carbon, using a vacuum
sputter coater. Samples used in this work were coated with carbon. After coating, silver
paste was painted on to allow flow of the electronmftbe sample to the grounded sample
holder.

3.4 Glass Durability Testing

Several durability experiments are used for determining the final dissolution rate of glass.
These experiments contain both powder and monolithic samples. Experiments such as the
product consistency test (PCT) and the materials characterisation centreljM€sIs are

static tests while the single pass flow through (SPFT) and the “whemmnel flow through
(MCFT) testsmake use of dlow through solution to negate the effectsnfrcsolution
saturation™® Several glass durability experiments were performed in these works and are
discussed below.

3.4.1 Single Pass Flow Through

The single pass flow through (SPTF) test was conducted at the Paadiffovdst National
Laboratoy in Richland, WA, USA. Glass powders of compositions M2&wt% Blend and
MW+30 wt%f Blend (compositions given in Table 3.1) were prepared as in section 3.1.1 for
use in the SPFT tests. Cleaning of the powders was performed as given in the ASTM
standard for the PCT'® The method of cleaning the powdessto rinse the powder in
deionised water and then to decant the water. This is repeated three times. After rinsing the
glass powder with deionised water, it is then cleaned ultrasonically with deionised water for
2 min. and then the water decanted. Tikisepeated three times. The glass powder is then
ultrasonically cleaned with ethanol for 2 min. and the ethanol decanted. This is repeated two
times. After cleaning with ethanol, the glass powder is dried in an oven & &@ernight

(>16h) and therplaced in a desicator until further use.
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3.4.1.1 Buffer Solutions

Three water based buffer solutions were used for the SPFT measurements; .p6 = 8
pH=1000 and pH = 120 For pH = 80 and pH = 1@0,
Tris(hydroxymethyl)aminomethar(@RIS) from Fisher Scientific at 99.9% purity was added
to high purity HO to make 0.05 M TRIS. These solutions were pH balanced with
concentrated HNgxo either pH = 80+ 0.05, or pH = 1@0+ 0.05. For pH = 120, LiOH

and Lid from Alpha Aesar at 999% purity were added to high purityy® to make a
solution of 0.01 M LiOH and 0.01 M LiCl which was then pH balanced with 0.01 M LiOH to
pH = 1200 £+ 0.05. After pH balancing, solutions were allowed to sit overnight and the pH
was measured again. He pH drifted away from the target pH, the pH was balangadha
and the solution allowed tat ®vernight. This was performed in order to confirm the buffer
solutions would not have a drift in pH during the measurements.

3.4.1.2 SPFT Setup and Cakibion

The SPFT experimental setup, as pictured in Figure 3.9, shows the buffer solution in a HDPE
vessel connected to a Kloehn V6 syringe pump which pumps the solution to a Savillex Teflon
digestion vessel located inside an oven. The solution is theagas to a HDPE collection

vessel located outside of the oven. The connection tubing in the setup is PTFE tubing with
an inner diameter of 1/8 in. Figure 3.9A is an illustration of the SPFT setup and Figure 3.9B
is a picture of the actual setup used rehile buffer solution is contained in the oven at the
same temperature as the reaction vessel. This allows the buffer solution to be at the same
temperature as the reaction vessel solution in order to diminish effects of a varying
temperature outside tlowen.

Before starting the SPFT experiments, a flow rate calibration of the pumps being used is
performed. To do this, the reaction vessels were filled 80 % with the solution to be used for
the test. For calibration of the pumps in this study, 0.05 MST®RIpH = 8 was used. After
filling reaction vessels with the buffer solution, vessels were sealed and the pumps started at
the desired flow rates. Flow rates used for the Q/S study were 5, 10 (for two vessels), 20, 40,
80 (for two vessels) and 125 nal*.
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Figure 3.9 A) SPFT setup illustration B) Actual SPFT setup with the oven door open for

refilling of buffer solution bottles.

Solutions were collected in collection vessels outside the oven and then waftgred
every 24 h. This enablazhlculation of the flow rate by assuming the density of the solution
to be equal to that of J@ and measuring the mass of the solution per solution collection
time. Once each pump was calibrated to within 10% of the desired flow rate, the flow rate
per suface area (Q/S) measurements was started.

3.4.1.3 Flow Rate per Surface Area (Q/S) Measurements

After calibrating the flow of the pumps, the clean glass powder was added to the reaction
vessels and then the reaction vessels sealed and placed batle iot@n set at 40 + 2.

The addition of glass powder with a particle size ofitb< X < 150mm was added to each
vessel to give Q/S values of 6.80107, 2.40x 10° 6.00x 10° 1.60x 10°, 4.80x 10°,

9.60x 10°, 3.20x 10* and 5.00x 10 m s, respectively. Table 3.2 gives tiew rateand
themassof glass needed for each Q/S measurement performed for the full Q/S sweep.

Solutions in the collection vessel during the measurement were collected evegn4
the mass of the solution measdiin order to confirm the flow rate was on target. Aliquots of
10-20 mL were there taken and subsequently acidified withrdO0f concentrated HN®
before beingubmittedfor ICP analysis. For the Q/S measurements, solutions were collected
every 24h until a steady state dissolution rate was achieved. Depending on the flow rate and
amount of glass powder added to the vessel, this can take anywhere between 5 and 60 days.
Once the final dissolution rate for each Q/S measurement was attained, a phet of
concentration of ions as a function of log (Q/S) is plotted. At steady state conditions, the
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concentration of Si, B, and Na will not significantly change with an increase of Q/S. At the
Q/S where steady state conditions are reached,-aephperaturesweep can be performed.
Acidified solutions weresubmittedfor ICP analysis for concentrations of Al, B, Fe, Li, Mg,
Mo, Si, Na and Zr for the Q/S measurements.

Table 3.2 Flow rates and mass of glass powder for each Q/S measurement performed on
glasses MW 25 Blend and MW 30 Blend.

Flow (mLd") | Mass (g)| Q/S (ms")
5 5.00 6.00E07

10 2.5 2.40E06

10 1.00 6.00E06

20 0.75 1.60E05

40 0.50 4.80E05

80 0.50 9.60E05

80 0.15 3.20604

125 0.15 5.00E04

3.4.1.4 Temperature and pH SPFT Measurements

The pHTemperature sweep for the SPFT experiment is performed after the constant Q/S is
attained from the Q/S measurement. This allows information on the final dissolution rate
with changes in pH and temperature to be acquired. Buffer solutions aspde section
3.4.1.1 of pH of 80, 1000, and 1200 were used at temperatures of 26 (room
temperature), 40 £ 2C, 70 £ 2 C and 90 + 2C were used for the pHlemperature sweep.

Both MW 25 Blend and MW 30 Blend attained steady state conditions at aofQ/S
9.60x 10° m s* which was used for the pflemperature sweep measurements.

Setup of the pHremperature sweep experiments was, in general, the same as the Q/S
measurements. The only difference was the temperature of the oven, the buffer solution
usal, and the amount of glass powder placed in the reaction vessel during the experiment. To
achieve a Q/S of 9.68 10° m s', a flow rate of 80 mld™* with 0.5 g of 75m$m < X <
150mm glass powder was used for both the MW 25 Blend and MW 30 Blend glasses.

Once the pHTemperature sweep was started, solutions from the collection vessel were
collected, measured, acidified and analysed as in section 3.4.1.3. This measurement was
continued until steady state conditions were met for each pH at the differqrérétuamnes.
Acidified solutions of the pH'emperature sweep measurements veremittedfor ICP
analysis for concentrations of Al, B, Fe, Li, Mg, Mo, Si, Na and Zr.
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3.4.2 Product Consistency'ype Test

Co-disposal of UK HLW glass with ILW wastes may in@ueyper alkaline solutions which

can interact with the HLW glass after long periods of time. The Product Consistency Type
Test (PCTFt) was performed in order to study the dissolution rates of UK simulated HLW
glasses under the hyper alkaline solutionsictvithey may encounter at long time3he

glass composition used for the long term durability testsyperalkaline solutionvas MW

25 Blend. The glass for the long term powder durability tests was crushed using a stainless
steel percussion mortar angwed to two different size fractions; 15 > X > 75mm and

53mm > X > 35mm. After sieving, the powder was rinsed with high purigPHhree times.

The glass powder was then cleaned with high puri® Hitrasonically for 2 min and the

high purity HO decanted. This was repeated three times. Cleaning the powder
ultrasonically using ethanol and decanting the ethanol was also repeated three times. After
cleaning, the powder was placed in a drying oven at®@or 24 h and then placed in a
desicatowuntil use.

500 ml. HDPE wessel

| Pt Whire

| — Ultra-filtration TTnit

H_ﬁ__ — Top of Solution
—— Cal{OH) 4 Buffer

| . Glass Powder

Figure 3.10 Vessel used for the PCTdurability study with the Ca(OHhsaturated solution.
For the PCTt with high purity HO, the platinum wire, Ultrdiltration Unit with the Ca(OH)
buffer was not used.

The long term durability tegierformed is similar to the ASTM standard for the product
consistency test (PCTj*® The PCT generally uses several small vessels (volume = 50 mL)
which are removed at specific time intervals in order to characterise iitmalis®d mass loss
(NL,) of species, X, in the glass at a constant temperé&ttifeThe PCT type (PCT) test
performed in this work used one large vessel with 400 mL of solution in which aliquots of
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5mL were removed at spiic time intervals. Two solutions were used for the RGT 50

“C in this study; deaerated high purity 0 and a deerated Ca(OH)saturated solution
buffered with a Ca(OH)slurry. Two SA/V ratios were also used; 1209 and 10,000 .

The PCTt vessel, as shown in Figure 3.10, is a 500 mL HDPE with an-filttaion Unit

(UFU) attached to the lid with platinum wire. The mass of the powder added to 400 mL of
solution was determined by the SA/V ratio used for the test; 95.23 g for SA/V = 18,900
and 24.87 g for SA/V = 1200 T The Ca(OH)buffer was a slurry of Ca(Oblvith a small
addition of deaerated high purity water.

In order to keep COfrom reacting with the Ca(OHKpuffered solutionforming CaCQ
precipitates and also reducing hid of the solution, the durability tests were performed in a
glove-box under a B atmosphere. A slow flow of Ngas was used to keep a positive
pressure inside the glodmx. The inline N gas system was filtered with soda lime pellets
before enteringhie glovebox and in the glowox to filter CQ. Oxygen content was
monitored using a Drager Pac 3009g@nsor in order to monitor the atmosphere. Typically
the oxygen percent was less 0.2 vol% except during short periods of time when items were
transfered in or out of the gloweox. The furnace (LT Scientific OP39%) inside the glove
box was kept at a constant 50 H2throughout the experiments.

The ASTM Type 1l H,O with >18 MW (high purity HO) and Ca(OH) saturated solution
were both prepared from @erated high purity $#0. Deaerating the high purity # was
performed by boiling high purity #D for 10 min under a blanket oh)das. Once daerated,
the high purity HO was transferred intdhe glovebox. For the PCT experiments
performed with high purity bO, the deaerated high purity ¥0 was measured and
transferred to the vessels. The Ca(©$turated solutions were prepared in the glowe
using the deaerated high purity 0 and adding Ca(OHup to the saturation point at 5G
which was calculated using solubility limits froBassett and Taylof'® > The pH of the
de-aerated high purity ¥0 and the Ca(OH)saturated solution were measured prior to
adding the powder to the vessels to start the -P@Bt. The pH measurements were
performed with 1 mL aliquots at room temperature using a Fishefragmo pH probe.

After the glass powder was added to the R@E&ssels, aliquots were removed from the
PCT-t vessels for the 7B8m < X < 150nm particle size powder at 1, 3, 7, 14, 21, 28, 35, and
42 days. For the 33m < X < 53nmm patrticle size powders, aliquots were removed at 1, 3, 7,
14, 21, 28, 42, 56, 70, 84, 112, 140, and 168 days. After removing aliquots, 4 mL was
filtered through Fisher Scientific 46m filters and acidified with 40rL of concentrated
HNOs. The 1 mL lefover solution was then used to measure the pH.
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After collection of the solutions and acidifying, samples wseremittedfor ICP analysis
by the Sheffield Assay Office to analyse concentrations of selected ions in solution. These
ions were; Li, Na, Mg, AICr, Fe, Ni, Sr, Y Zr, Mo, Ru, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd,
S, Ca, and B.

3.4.3 Long Term Monolithic Durability Tests

Long term durability test using monolithic samples from the Materials Characterization
Center (MCGL) testwere performed orhe MW 25 Blend glas$* The MCG1 test was

also performed at 50C using the Ca(OH)buffered solution with excess Ca(QHP 1 g)
added to the vessel before the monolith and Ca{@blution were added and the vessel
seaéd. The MCGC1 test was performednder a N atmospheren a glove box The SA/V

ratio used was 10 Thas is specified in thBCTASTM standard™® Figure 3.11 illustrates

the MCG1 test vessel setup. Monolithic samples were cut to 10 mm x 10 mm x 4 mm and
then polished with a median grit size of® with diamond paste and ethanol as a lubricant.
The monolithic samples were cleaned as the posai@ples in section 3.4.1. After cleaning,
the monolithic sample was placed on a Teflon cradle in theedsted Ca(OH)saturated
solution situated above excess Ca(@ptwder. Blank MCEL vessels were also used and
contained everything as shown in Figu2 except the monolithic sample. Samples were
removed from the oven at 1, 3, 7, 14, 21, 28, 42, 56, 70, 84, 112, 140, and 168 days.

. Wesszel

Top of solution

sample Cradle

- — Monolithic Sample

Figure 3.11. Vessel used for the MGC test with the Ca(OH)saturated solution with
excess Ca(OH)

Excess CalOH) 5 powder

After removalof the samples from the vessel, samples were dried and stored in a desicator
in the glove box until further analysis. Aliquots of the solution were taken as per section
3.4.2, and acidified with 401 of HNOz;. The remaining 1 mL of solution was used to
measure the pH of the solution as per section 3.4.2. After collection of the solutions and
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acidifying, samples of the solution wesabmittedfor ICP analysis by the Sheffield Assay
Office to analyse concentrations of selected ions in solution. ThesavéasLi, Na, Mg,
Al, Cr, Fe, Ni, Sr, Y Zr, Mo, Ru, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Gd, S, Ca, and B.

3.4.4 Vapour Hydration Test

Glass samples were cut to a size of 20mm x 10mm x 1.5mm using a diamond impregnated
saw and polished with SiC paper uspaper designations of P220, P600, P800, and P1200.
Water was used as a lubricating agent while polishing with the SiC paper. After polishing to
P1200 with SiC paper, further polishing using diamond paste with median grit sizas0f 6
3mm, and Irm pastewas performed using a water based lubricant. Once polished, samples
were cleaned.

Samples were cleaned by rinsing withionizedwater twice and again witdeionized
water in an ultrasonic bath for 2 min. and the water decanted. This was repeated twice. After
cleaning with DI water, samples were cleaned with ethanol ultrasonically for 2 min. and the
liquid decanted. This was repeated once. After cleaning, sametesplaced into a drying
oven at 90 °C for 1 h. After drying, samples were placed in a desicator until further use.

Figure 3.12 Vapour Hydration Test sample vessel and sample holder. The Left column
shows the sample holder and sample, the middlenaolshows the vessel sealed, and the
right column shows the sealed vessel.

Vapour hydration test (VHT) vessels and sample holders were cleaned in the same manner
as the samples. After cleaning, the vessels and sample holders were placed in a desicator
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until use. Figure 3.12 shows the VHT vessel, sample holder and sample. Stainless steel wire
with a diameter of ® x 10° in. was used to hold the samples in place during the test. After
the sample was placed into the vessel, 20@f high purity wate was placed in the vessel.

The amount of water used was sufficient to give a saturated water vapour atmosphere without
dripping water from the specimen which could lead to transport of leached species from the
sample. After placing the water into thessels, the vessels were sealed and placed into an
oven at 200 °C (4 °C) for 3, 5, 7 and 14 days. Different times were used in order to
investigate the rate of dissolution and change in hydration layers.
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4.0 TheStructural Roleof Zn in Model UK Nuclear Waste
GlassesStudied by X-ray Absorption Spectroscopy

4.1 Introduction

In the UK, and elsewhere, alkali borosilicate glasses are the current matesfadice for
vitrification of high level radioactive waste (HLW) arising from reprocessing of spent nuclear
fuel by the Plutonium and Uranium Recovery by Extraction (PUREX) pro¢e8sAlkali
borosilicate glasse have been selected on the basis of their ability to chemically and
physically incorporate most waste stream elements and their acceptable processing
temperature, chemical durability, radiation tolerance and mechanical staBilityThe
Sellafield Waste Vitrification Plant (WVP) employs the Atelier de Vitrification Marcoule
(AVM) process, similar to that operated at Cap de la Hague in Ff&hde.this process, a

nitric acid solution of HLW ispartially denitrated in a rotary calciner and the product is
combined with an alkali borosilicate frand thernvitrified in an induction melter operating at
~1060°C. Although the operational processes at Sellafield and la Hague are broadly similar,
the vitrified products differ in three crucial respects. First, the waste loading of UK HLW
glass product is typically in the range-28wt% (on the basis of metal oxides), with a
possible move toward higher incorporation levels in the future. In compatts®rwyaste
loading of the comparable French product is typicalbi&swt%.?% 1% 2 Second, although

both processes employ a sodium lithium borosilicate glass frit, the composition employed at
la Haguecontains different amounts of SiOB,0s, Li,O and NaO to the UK glass and
crucially, also contains additions of ZnO and CaO which are believed to confer certain
beneficial effects, as summarized beld®: ®® Third, the UK HLW glasses typically
incorporate a significant quantity of MgO and,®} derived from partial dissolution of
Magnox fuel cladding during reprocessing; in comparison the French HLW composition is
deficient in AbO; and contains no MgFY As a result, the compositions of the French and
UK wastes being vitrified differ considerably from one another.

The addition of ZnO to alkali borosilicate glasses at low concentrations (typically
<5wt % ZnO) is reported toonfer several beneficial effects, including improved chemical
durability and mechanical processing abilft§.*>* ¥ In contrast, ZnO is reported to act as
a nucleating agent when present at low catregions in both alkali silicate and
aluminosilicate glasse$? In general, Zn has been shown to exhibit a marked preference

* This chapter is presented in a modified version of a published paper; Cassingham, N.J., Stennett, M.C.,
Bingham, P.A., Hyatt, N.C., Aquilanti, Gnternational Journal of Applied Glass Scien2d4] (2011) 343.
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for tetrahedral coordination in simple alkali silicate glas§&$® However, with increasing

Zn /| modifier ratio, the ratio of-@o 4 fold coordinate Zn species is reported to increase due
to the availability of charge compensating modifier cati§fis:*® Furthemore, comparison

of crystalline alkali and alkaline earth silicates, shows tHaid coordinate Zn species are
stabilized by high field strength cations (e.g. Mg), whereas the lower field strength cations

(e.g. Li, Na, Ca) stabilize-tbld coordinate Zrspecies'*?®

The UK glass frit, commonl vy k-alaWborosdicate,i MWO ¢
with a nominal composition (wt %): 61.7 SiC21.9 BOs, 11.1 NaO, 5.3 LpO. & % 19
Modi fication of the UK AMWO fridt composi ti
currently under consideration, with the aim of improving the waste incorporation rate and
improving long term chemical durabilit}® ZnO additions are also reported to reduce melt
viscosity, thus facilitating better melt homogenization and increased levels of waste loading
at lower processing temperaturé$) This potentially offers the combinebenefits of
reduced melter corrosion rate, a reduction in the number of waste packages required and
hence accelerated immobilization of UK hazardous liquid HLW stocks. The motivation for
the current study was to develop an understanding of the struaileraf Zn in model UK
HLW gl asses in order to scientifically wunde
base glass composition. A particular point of interest was the potential role of ZnO as a
network modifier, intermediate or former in modifietatrix compositions relatively rich in
Mg which is unique to the chemistry of UK HLW.

X-ray Absorption Near Edge (XANES) and Extendeday Absorption Fine Structure
(EXAFS) are useful techniques for the study of amorphous, aperiodic and metamict
materials providing information on the local structure around an absorber atom (i.e. number,
distance and type of coordinating atomg$or a recent overview see Kellgt al). (116)
Previous EXAFS studies of Zn speciation in Frenchratooy-prepared and fulbcale model
nuclear waste glasses, incorporating simulant HLW derived from PUREX and advanced
reprocessing flowsheets, have determined the presence of tetrahedyapZoi@s®® These
Zn0Oy units ma possibly form part of the glass network, as evidenced by (weakhearest
neighbourscattering path€® In this investigation we confirm the presence of Zisfecies
in UK nuclear waste glass compositions and, by comparison with simpldisedsilica
compositions, we conclude that Zp§pecies indeed participate in network formation.
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4.2 Experimental Procedure

4.2.1 Preparation ofGlasses

Simple soddime-silica (SLS) glasses doped with ZnO were prepared as model glass
compositions to aid in fitting the EXAFS data of simulated, inactive, UK HLW glasses and
comparison to previous molecular dynamics simulatidfis®” Three sodium calcium zinc
silicate (NCZS) glasses were prepared for this study with-8@.5 mol% ZnO. The
compositions of these glasses are given in Table 4.1. Additionally, an alkali zinc silicate
glass was prepared with a stoichiometry eqentlto NazZnSiOg, which has been
previously reported in crystalline forfft?® Compositionswere analysed by quantitative
EDS (simple glasse$TP (simulant waste glassem)d XRF (simulant waste glasses) did not
deviate sigificantly from nominal compositionslt should be noted that there is a limitation

to analysis of compositions using EDS analysis due to excitation of Na whinglectron
beam. This may produce a false measurement that is higher in Na than irktgagsil For

the EDS analysis, three spotsremeasured and the average used.

Table 4.1 Analysedcompositions of the simple sodium calcium zinc silicate and zinc silicate
glasses.The errofin the EDSanalysis was 0.5 wt ¥%ased oranalyzing three regions

Glass SiO, Na,O CaO ZnO
(wt %) (wt %) (wt %) (wt %)
NCZS 3 44.19 2329 20.85 11.67
NCZS 3.5 41.58 18.55 19.89 19.98
NCZS 4 39.81 20.83 18.65 20.72
NCZS 5 53.52 18.28 0 28.20

Glass batches were melted in a dispersion hardenerducible at 1350 °C. The glass was
melted for 1 h after the final charge and stirred with a dispersion hardened Pt stirrer for 4 h.
Glasses were cast into blocks using atprated stainless steel mould, allowed to cool until
the melt would not flow i@d then placed into an annealing furnace at 450 °C and held at this
temperature for 1 h, where upon the furnace was cooled at 1 ®Goninom temperature.

Three simulated, inactive, UK HLW glasses were prepared to aid the understanding of
ZnO speciationn model UK HLW glasses and their nominal compositions are given in
Table 4.2. All three glasses were melted htmgstallized alumina crucibles at 1060 °C with
1 h batch free time after the final charge and then stirred forwith a recrystallized
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alumina stirrer (platinurware was avoided due to partial reaction with the glass during batch
reactions and melting). After melting, the glass melt was poured into a block using a
pre-heated stainless steel mould and annealed at 500 °C fobeffore beig cooled at
1°Cmin™ to room temperature.

Table 4.2 Analysed compositions of the three model UK simulated HLW glasses.
Compositions were analyzed using XRF Uniquant andM3Pwith an error of 0.1 wt %.

Oxide CaZn Base | Magnox Blend
(wt %) (wt %) (wt %)

SiO; 56.10 44.27 46.44

B,O3 21.54 18.45 18.95

Na,O 11.48 8.8 9.32
CaO 1.94 1.70 1.54

ZnO 6.03 4.53 4.28

Li»O 2.92 2.24 2.27

Al,O4 -- 3.65 0.11
BaO -- 0.90 1.67

Ce(, - 1.40 1.28
Cr,03 -- 0.18 0.19
Cs0 - 0.89 1.42
Fe,O3 -- 1.44 0.49
Gd,0O3 - 0.68 2.62
La,O3 -- 0.76 0.71
MgO -- 3.2 0.11
MoOs3 -- 1.33 2.41
Nd2O3 - 1.9 1.69
NiO -- 0.29 0.18

Pr,03 -- 0.50 0.46
RuO, - 0.39 0.46
Sm03 - 0.32 0.28
SrO - 0.24 0.43

TeO, -- 0.09 0.12
Y203 - 0.1 0.11
ZrO -- 1.72 2.48
Total 100.0 100.0 100.0
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4.2.2 XRay Absorption Spectroscopy (XAS) Measurements

Zn K-edge XAS spectra were acquired on beam line BL 1lhyXAbsorption Fine
Structure at ELETTRA in Basovizza, Italy and bedime X23A2 of the National
SynchrotronLight Source, Brookhaven National Laboratory, Upton, NY, USeam lines
utilize eithera Si (311)or Sl (111)double crystal monochromator, detuned for the purpose of
harmonic rejection. The Zn-Kdge energy was calibrated situ using a Zn foil place in
front of the reference ion chamber. Data were acquired in transmission mode, at room
temperature, using finely ground sample dispersed in-gibiyleneglycol (PEG) to achieve
one absorption length. To improve sample homogeneity, and hence datg theapowders
were pressed into 13 mm diameter pellets using a stainless steedialnnydraulic press.
The k-range scanned during acquisition was typically 3t8 18 A'. Data analysis was
performed using the programs Athena, Artemis and Hephsagst

4.2.3 XRay Diffraction (XRD) Analysis

The mineral standard wasalyzed using a STOE-WPSD XRay diffractometer with Cu &
radiation while the glass samples were measured using a Siemens D5@@9 X
diffractomete with Cu Ka radiation Glass samples were measured in powdered form
(< 75um) in order to ensure they were homogeneous and amorphous in (agune 4.1)

This was confirmed by SEM and EDS analysis. The mineral standard was analyzed and
verified to ke hemimorphite (Z48i,07(OH),Ad,0).
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Figure 4.1 X-ray diffraction patterns of the glass samples analysed -bgyXabsorption
spectroscopy.

4.2.4 PropertyMeasurementf Glasses

Glass powder was used to perform differertti@rmal analysi¢DTA) in order to determine
the glass transition temperaturg)(df each glass studied in this chaptér.Metler Toledo
DTA was used at a heating rate of 70 min* up to 1200°C and the difference in
temperature between a blank reference crucible and theesarmaplmeasured.

Density measurements were also performed using the Archimedes method. Several
different monolithic samples of each glass were measured and the average of the density
measurements calculated and used as the density.

4.3 Results

4.3.1 XRay Absorption Near-Edge Structure (XANES) Analysis

Zinc K-edge XANES data for the glasses and hempibe are compared in Figure 42s
expected for oxidized Zn samples, the Zred#ge is shifted to a higher energy than that of a



NJC; 18" January 2013 77

(nonroxidized Zn meta (Eo = 9659 eV) ¥ Edge energies measured as the maximum in
first derivative for all samples in this study, were 9664.0 + 0.5 eV, whighrisrallytypical
for zn?*, (6869

Hemimorphite

NCZS Series

Waste Series

Normalized Absorbance

9650 9660 9670 9680 9690

Energy (eV)
Figure 4.2 Normalized Zn kedge XANES data for the crystallographic mineral standard

(Hemimorphite), the NCZS glasses (NCZS Series) and model UK simulated HLW glasses
(Waste Series).

4.3.2 Extended XRay Absorption Fine Structure (EXAFS) Analysis

As prevously mentioned in Chapter 3, the EXAFS signal is calculated as the sum over all
paths by which the excited photoelectron may be scattered by the atoms surrounding the
absorber, according to Equation 4°1 3%

Equation 4.1 c(k)=3 ¢ (k)

For each scattering pathgci(k) is evaluated as Equation 4.2:

2 -
Equation 4.2 C; (k) = MSII‘I[ZKR +/- | (k)]e Zsizkzeffi)

R

with
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Equation 4.3 R =R, +DR

where, k) andj (k) represent the effective scattering amplitude and phase shift of the
photoelectron, for each scattering path (k) is the photeelectron mean free path, ang R

the nominal path length used in the computation. These terms were calculated @sing th
theory FEFF 6117

The parametric terms in Equation 4.2, which must be evaluated for each scattering path
are: N, the number of geometrically equivalent pathé;cSmmonIy referred to as the
amplitude reduction factomvhich accounts for relaxation of the passive electrons on the
absorber atom following photo excitation of a core shell elecBBp;the difference between
the input (R;) and calculated (R scattering path distancs;? the root mean variation in
distance between absorber and scatterer; ajnéi adjustment to zero the kinetic energy of
the photeelectron.

EXAFS data were analyzed by constructing local scattering clusters based on the known
crystal structures of ZBi,0;(OH),-H,O (hemimorphite), N&ZnS30g (disodium
zincosilicate), ZpSiO, (willemite), CazZnSkO; (hardysonite) and NZnSLOs (zinc
chkalovite).*?® 30 These compounds are all characterized by JZte®ahedra linked to

SiO, groups, and are chemically similar (as far as reasonably possible) to the glass
compositions under study. Single scattering (SS) and multiple scattering (MS) paths were
calculated over all possible scattering geometries, within a specified radius aijsthder

atom. In general, the summation of Equation 4.1 is dominated by a small number of short SS
and MS paths, as was found to be the case in this study. Paths were selected from the FEFF
calculation based on the significance of the effective saagtexmplitude; where possible
paths between atom pairs with similar phase were grouped into a single path in order to
minimize the number of independent variables.

A key aim of the current study was to determine, with confidence, the coordination
number ofZn species within the glass matrix, corresponding to theznumber of geometrically
equivalent ZrO paths (Mn.o). However, the parametric terms &hd S, both appear in the
product of the amplitude term, given in Equation 4.2. These terms are, themefgmetely
correlated, and reliable determination afriquires independent determinationSyf It is
typically assumed the value ﬁ Is transferable between different species from the same
elzement and the same edge when measured at the saméirtgedf? In the present study,

S, was determined independently by fitting EXAFS data from a mineral specimen of
hemimorphite with thenumber of geometrically equivalent paths, dbnstrained according
to the knowrcrystal structure.
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The EXAFS data for hemimorphite and the glass samples were background subtracted and
converted tok (A™), and the resulting(k) data werdd weighted and Fourier transformed
using a(z).S&H anning window ovk®r AlPlee anpitadg edu@ion2 5 O
factor, S, was determined bynodelling the mineral standard, hemimorphite, using the
crystallographic model of Libowitzkgt al **2) Three paths from the FEFF calculation were
selected; ZrO, ZnSi, and ZnZn; unique paths between these atom pairs were grouped into
a single path with an appropriate degeneracy since the path lengths determined by fitting
unique diste;nces were identicaithin the estimated precision of the analysis. The global
parameters$, and b, and for each path,; Rnds®, were allowed to refine. Table 4.3 gives
the results of the fitted model for hemimorphite, determined \Sith 0.90 + 0.15 and
Eo=2.2+2.3 eV. In general, it is considered tﬁé‘s houl d f all iSjOl.OSh e ran

as determined her€'” Inspection of the fit to the EXAFS data in Figure,4and the
resulting Rfactor of 0.036, demonstraten aacceptable fit of the model to the data, and
comparison of path lengths determined by EXAFS and crystallography showed these to be
identical within the mutual precision of measurement. The Zn bond valence sum was
calculated to be 2.1 + 0.1 valence unftsu.), demonstrating the refined Zh contact
distance to be consistent with tetrahedral Zsgkcies.

Table 4.3. Fitted model parameters from analysis of EXAFS data for hemimgrphite
(ZnsSi,07(OH)H20). The degeneracy of the paths, Was held constant while allowirg),
R, ands;® to refine. The resultin@é, Eo and Rfactor are 0.90 + 0.15, 2.21 £+ 2.29 and 0.38,

respectively. The number of independent variableg édd data points (N determined
from the Nyquist theorem)as N, = 8 and Iy, = 12, respectively.

Path Model R (A) + si? (A9 + N;
Zn-0O 1.95 1.94 0.02 0.006 0.002 4.0
Zn-Si 3.11 2.96 0.08 0.03 0.02 3.0
Zn-Zn 3.38 3.28 0.03 0.009 0.003 4.0

Determination of the local Zn en\gironment in the glass samples followed the same strategy as
the hemimorphite standard takigg= 0.90 (as previously determined). The crystallographic

model used to fit the glasses was that 0fA4&k0s reported by Hese et al. which has a
similar structure to sodic plagioclase feldsp&f€: note, this compound has the same
stoichiometry as glass NCZS Fhe EXAFS data were fitted using a single@rand ZRrSi
path, with N, R ands;” allowed to refine. This model provided an acceptable fit to all data
sets as shown by the-fRctors reported in Table 4.4 and demonstrated bicthék) and FT

[® c(K)] plots shown in Figure 4.4Inclusion of the ZfBi path always improved the fit the
data, typically reducing the -Ractor by a factor of 2 or moreExamination of the fitted
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parameters in Table 4.4 shows, conclusively, that zinc is fourfold coordinated in all the
glasses analyzed in this study based on consideration of the refir@dc@ntact distance

and coordination number (corresponding to the path degener@bg coordination number

for all the glasses analysed is the same as minerals found in nature containing zinc, within
error. This is further supported by the-Bncontactdistance which is, within error, similar to

the same natural minerals containing zinc.

-==Data

—Data
—Fit
—Window —Fit

— Window

FT [ 2(0)]

i k)

0 6 12 18 0 1 2 4 5 6

k(AT R (A)
Figure 4.3. Model fit (solid line) to EXAFS data (points and dashed line) for the mineral
standard, hemimorphite: (A} weightedc(k) data, and (B) the Fourier Transformidfc(k),
not corrected for phase shift. The vertical lines indicate the Fourier transform range in k and
the fitting range in R.

. . 2
Table 4.4. Fitted model parameters from analysis of EXAFS data for glass compssigipn

= 0.90 was held constant whilg,[R ands? were refined. Nwas initially allowed to refine
freely and then constrained in further fits. The number of independent variales(Ndata
points (N,, determined from the Nyquist theorem) wasA\ and N, = 12, respectively.

Ro s% + N + Rsi + S’ * Nsi t (iyzon 1
A % o A G9! ° v.u.)

R Eo

Glass factor (eV)

+

I+

NCZS 3 0.006 4.1 0.5 1.95 0.01 0.005 | 0.001 | 3.9 | 0.2 3.58 0.02 0.010 0.007 | 26 | 1.0 2.1

NCZzZS 3.5 | 0.004 4.1 0.5 1.95 0.01 0.005 | 0.001 | 3.7 | 0.2 3.58 0.02 0.009 0.006 | 2.3 | 0.9 2.1

NCZS 4 0.005 4.2 0.5 1.95 0.01 | 0.005 | 0.001 | 39 | 0.2 3.56 0.02 0.008 | 0.005 | 1.7 | 0.7 2.1

NCZS 5 0.010 4.0 0.6 1.95 0.01 | 0.006 | 0.001 | 3.7 | 0.2 3.58 0.03 0.008 | 0.007 | 2.1 | 1.0 2.1

Cazn

Base 0.006 4.1 0.6 1.95 0.01 0.006 | 0.001 | 40 | 0.2 3.56 0.03 0.009 0.008 | 1.7 | 0.9 2.1

Magnox 0.007 4.1 0.5 1.96 0.01 0.006 | 0.001 | 40 | 0.2 3.61 0.03 0.011 0.010 [ 19 | 11 2.0

Blend 0.007 4.0 0.6 1.96 0.01 0.006 | 0.001 | 40 | 0.2 3.57 0.03 0.011 0.009 | 1.6 | 0.9 2.0

The bond valence model can heed to test the validity of EXAFS determined bond
lengths, where the sum of the valence contribution (v) from each metal oxygen bond,
Equation 4.4, should equate to the formal charge on a c&tibri® 2%
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where,R, is the tabulated reference metalygen bond length anR is the experimentally
determined valug®® 133 134 135:130) Ag shown in Table 4.4, the Zn bond valence sums are
consistent with the formation of tetrahedral Zrgpecies in all glasses. Our results are thus
in broad agreement with those of McKeoetnal. and Le Granet al.; %% however, in the
present study, the relative precision associated with the refinesi path degeneracies
provides strong evidence to support the presence of Si next nearest neighbour species.

4.3.3 Property Measurements of the Glasses

The Ty of each glass measured b¥Mis given in Table 4.5There is a resulting decrease in
the Ty with an increase of zinc for the NCZS glasses. ThefThe waste glasses does not
change (within & 5 C error) when the simulated waste is added to then@ase glass.

The density of these glasses was also measured by the Archimedes method and the results
are given in Table 4.5. There is an increase in the density with the increase of zinc in the
NCZS glasses; however, the density then drops when tloauroals removed from the
system. As expected, the density of the waste glasses increases with the addition of the
simulated waste to the glasses.

Table 4.5 Glass transition temperature measured by DTA and density of each glass studied
in this chapter.

Glass | T4(°C)+5 | Density (gcm™) + 0.02
NCZS 3 496 2.99
NCZS 3.5 518 3.03
NCZS 4 533 2.96
NCZS 5 547 2.96
CaZn Base 514 2.61
Magnox 510 2.79
Blend 517 2.81
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Figure 44 Modelfit (solid line) to EXAFS data (points and dashed line) for glass compositions: (A

G) k¥ weightedc(K) data, and (HN) the Fourier Transform d€(c(k)), not corrected for phase shift.

The vertical lines indicate the Fourier transform range in k anditthgfrange in R A through G

are; NCZS 3, NCZS 3.5, NCZS 4, CaZn Base, Magnox and Blend glasses, respectively. H through N
are also; NCZS 3, NCZS 3.5, NCZS 4, CaZn Base, Magnox and Blend glasses, respectively.
Compositions of the glasses can be foumd@ables | and II.
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4.4 Discussion

4.4.1 Interpretation of XANES Data

Figure 4.2illustrates that all of the glass spectra obtained exhibit XANES spectral features
and edge positions consistent with that of hemimorphite, where Zn occurs solely in
tetrahedral sites. This indicates that the local environment of Zn in the glassepasaidm

to that in hemimorphite and thus Zn is present in the glasses in tetrahedral coordination. This
conclusion is supported by previously published Zredge XANES forhardystonite
CaZnSkO;, a mineral in which Zn is also 4 coordinated, and for wtiehXANES exhibits

an absorption edge at the same energy (9659 eV) as the glasses and the mineral standard,
hemimorphite, studied her&”

4.4.2 Interpretation of EXAFS Data

Figures 4.3 and 4.4llow comparison of both’c(k) and FTkc(k) data of the mineral
standard, hemimorphite, and glass materials. KPb&) data of the glass materials show
smooth oscillations, whereas that of hemimorphite exhibits more complex oscillations
indicative of constructive and destructimerference arising from the presence of long range
periodicity. *® In the case of hemimorphiteJose examination of Figure 4r@veals two
distinct oscillations as shown by the split features between 8.6 A* and 7.5- 9.0 A*
which are contributions from next nearesighbouran the mineral ®andard. As shown in
Figure 4.4 this feature is not clearly resolved in tkfe(K) data from the glasses, indicating
disorder in the interatomic distance of next neameghbours(as expected for an amorphous
material). These results are comparable to those obtained by Mckt@lkmwho compared

Zn K-edge EXAFS for hardystonite and borosilicate glas¥es.

The FTK3c(K) data of thehemimorphite and the glass materials are similar at distances
below 2.0 A, as shown in Figures 4.3 and,4&dmprising a single feature located at 1.5 A
associated with four Z@ scattering paths (note: radial distances uncorrected for phase shift).
Howeer, considerable differences between thekfe[k) data of the hemimorphite and the
glass materials are observed near 3.0 A, the magnitude of this feature is consistently greater
than that of the Fourier transform ripples and is associated with scatbgringxt nearest
neighbourspecies, as discussed above. In the case of hemimorphite, b8iradd ZnZn
scattering paths were required to fit this feature, whereas or8i Zoattering paths could be
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fitted in the case of the glass materials. Attenptit Zn-Zn scattering paths in isolation, or
in combination with ZrSi paths, resulted in implausible values of path degeneracies in the
case of the glass materials.

Analysis of EXAFS data from glass materials points to the presence of spedies
participating in formation of the silicate glass network, independent of composition. The
determined ZrO contact distances, 1.95 + 0.01 A, are consistent with tetrahedral Zn species
in oxide glasse$® 8% 7% 131 for ZnQ, species, the Z® interatomic distance is generally
greater than 2.0 A" Furthermore, the refined 20 path degneracy and bond valence
sum are consistent with the presence of Zi3Pecies in alplasses, as shown in Table 4.4.
The mean squared displacement parameters associated withh@heath are similar for the
hemimorphite and the glasses, indicating comparable structural disorder. The refined
degeneracy associated with the-Zinpath issignificant for all glasses, within estimated
precision, consistent with the presence of Zsfecies situated within the silicate network.
The refined ZASi path lengths and mean squared displacement parameters are independent
of glass composition, withi precision, from which we conclude that Zn coordination
environment is broadly similar in the glasses studied.

The simple soda lime zinc silicattNCZS) and alkali zinc silicate(NZS) glass
compositions investigated in this study were selected to enable comparison of the
experimentally determined structural model with that derived from previous molecular
dynamics simulation of the same materid& *® The zZnO distance of 1.95 + 0.02 A
determined from analysis of EXAFS data is identical to that predicted from molecular
dynamics simulations, consistent with the presence of,Zp€cies. Furthermore, molecular
dynamics simulations demonstratéw network forming e of Zn, by sharing of oxygen
atomswhich bridge ZnO, and SiQ tetrahedra. However, the Z3i contact distance of ca.
3.58 + 0.03 A determined from analysis of EXAFS data is significantly greater than the
weighted mean contact distce ~3.23 A determined from molecular dynamics simulations of
nominally identical glasses and that of 3.29 A reported for hemimorf{iffite.

Molecular dynamics simulation of the glass with compositioaZN&50g identified the
presence of edge sharing Si and Zn polyhedra, each with more than four coordinated
oxygens. In the case of soda lime silica glass containing 14.5 mol% ZnO, clusteringsof ZnO
species was reported and the formation of estgging polyhedra was appatrésee Figure 6
in Ref.(138)). The presence of such edge sharing polyhedra could be expected to increase
the efficiency of atomic packing in the structures determined from molecular dynamics
calculation which might offer arxplanation for the shorter Z8i contact distance.
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Attempts to fit a ZrZn scattering contribution to EXAFS data for the soda lime silica
glass containing 14.5 mol% ZnO were unsuccessful. Such paths would be expected to
contribute substantially to photieetron scattering in the presence of significant clustering of
Zn0Oy units, and we ardherefore unable to confirm the presence of such clustering on the
basis of the present data. Alternatively, the actual charge compensating role of alkali and
alkaline species may differ between the experimentalnandelledglasses, which could also
lead to different ZfSi contact distancedrigure 45 gives a proposed structure about zinc in
the sodium zinc silicate glassetudied The bond valence unfor Zn in Figure 45 is
2.1+ 0.1. The dashed lines of the modifyirgtions of Na suggest that the alkefin
compensatthe charge ofon bridging oxygen associated to either the Si or Zn

Figure 4.4 Proposed structure about Zn in sodium zinc silicate glasse

4.4.3 Interpretation of the Property Measurements

The increase in gJiwith the increase in ZnO for the NCZS glasdesnotcorrelateto that of

Lusvardi et al. wherethe T, decreases with an increasetire mol fraction ofznO. ©”

Table4.5 gives an increase iny Tor the NCZS glasses with an increase in ZnO. This could

be due to Lusvardet al. melting their glasses at 155@ which would increase the
volatilisation of alkali within the melf®” The compositions given in their paper did not state
they were the as analysed compositions, but
batchedcompositions) whicliikely explains the difference in thg, ®f the glasses studied by

Lusvard et al.and the glasses in this stuff) The density of the NCZ§lasses are similar,
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within + 0.1 g cn?, to that of Lusvardet al. suggesting an alkali zinc silicate glass within a
similar composition range as the glesén this study®”

The increase in gfas given in Table 4.5 does; however, suggest that the clustering of the
ZnO, tetrahedra decreeswith less alkali in thenominal (batchedgomposition of the glass.
The densities othie glasses in this study areidintical(within error), whichimplies that the
clustering of the Zn@tetrahedromrmay besimilar for all alkali zinc silicates.

Although this study has made a considerable advance in validating molecular dynamics
simulatons of glass structure, by providing conclusive evidence for the presence pf ZnO
polyhedra in a network forming role, it is clear that further investigation is required to resolve
apparent differences in the geometry of the local cluster formed.

4.5 Conclusions

Zn K edge Xray absorption spectroscopy was applied to determine the Zn coordination
environment in model inactive UK HLW glasses. Comparison of XANES data between
crystalline hemimorphite and glass materials, pointed to the presencé’df Zetrahedral
coordination by oxygen, based on consideration of the precise energy of the absorption edge
and similar posedge features, which were damped in the case of the glass materials
consistent with an amorphous structure. Quantitative analysiSXAFS data provided
conclusive evidence for the presence of Zmpecies participating in network formation,
linking, on average, to 2 = 1 Sj@nits via bridging oxygen atoms. Excellent quantitative
agreement was observed between theOZiontact distace and coordination number
determined from EXAFS and previous Molecular Dynamics simulations of glasses with the
same nominal composition. Our analysis also provides evidence in support of the network
forming role of Zn as predicted from Molecular Dynamsimulation, but we were unable to
confirm the pedicted clustering of Zn specias high Zn concentration in simple soda lime
silica glasses.
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5.0 Flow Through Durability Experiments of Simulated UK High
L evelWasteGlasses

5.1 Introduction

In order to predict the performance of nuclear waste glasses in repository systems, an
understanding of the glass dissolution rat¢he context ofenvironmental surroundings is
needed. Several methods are currently used for analysis gladselissoluion rate (single

pass flow through test, product consistency test, and monoliths exposed to water) and surface
alteration product formation (vapour hydration test, and monoliths exposed to water).
Reaction rates of glass dissolution gemnerallymodellal using transition state theory (TST)
which is applicable to surface reactioontrolled processes; however, for glass dissolution,
modelling of the corrosion rate using a simplified TST rate law has been employed by several
authors and is given by equatib.1:

Equation 5.1 Y ovQ 1o p -

where R is the release rate of glass componerk, is the intrinsic rate constan; the
stoichiometric coefficient for elementE, is the activation energy, RT the product of the gas
consant and the absolute temperat@g,' the hydronium ion activity, Q the activity product

of the ratelimiting reaction K the equilibrium constant for the reaction, and the overall
reaction ordert’® The final term in square brackets describes the thermodynamic reaction
affinity which implies reactions governing dissolution are reversible (thermodynamic
equilibrium is possible). However, it i8ell known that for glasses the overall dissolution
process is irreversible and no overall equilibrium is attaindbie.For the given equation, it

is assumed there is a reversible microscopic reaction that is rate lirarithgs suggested by
Grambow, it is the hydrolysiof siloxane bond€®

Studies investigating the dissolution rate of borosilicate glasses containing UK simulated
nuclear wastes have been performed using the single pass flow through (SPFT) test method
with the experimentgeared towards studying the specific role of aqueous Si and Al species
during glass dissolution, and also an id&doratory study of the reproducibility of the SPFT
method ¢ 39 |t is widely accepted #t the ©rrosion rate of silicate glass influenced by
temperature, pH, and ion exchange. The main contributor to the dissolution rate of silicate
glasses ishowever, the concentration 8i in solution Other components in solution may
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also have anftect on the glass dissolution rate, and this is commonly referred to as solution
feedback!**®

The SPFTprocedurenvas designed to measure glass dissolution rates with limited solution
feedback effects using a continuousaflof fresh solution contacting the glass surface. The
dissolution rate is determined by measuring the concentrations of soluble glass components
in solution from a reaction cell and solution flow rate. Since there exists a minimum
concentration of glassomponents required for determination of the glass dissolution rate, the
SPFT cannot beonductedvith completeexclusion of theeffects from solution feedback.

Previous results for UK glasses have shown that at low pH, glass dissolution is governed
by reations at norSi sites while B, Al and modifier cations are selectively leached from the
bulk glass.*® Geklayers were also shown to develop at the glass surface and it was
suggested that the rate of the congruaessalution process is influenced by the activity of
silicic acid. Further studies by Abraitiset al. have shown that the dissolution rate is
influenced by dissolved Al analsothatt he very | ow o6l ong termbé di
batch experimentsush as the PCT and MCCtest, reflect near saturation conditions not
attained during the SPFT test§) However, it should be noted that the glasses studied by
Abraitis et al. were grossly phase separated, which can be seen in optical photomicrographs
of the glass surface in Figure 3.5 of referefigb.

This gudy makes use of the SPFT tesbrder to gain valuable information on simuthte
UK HLW glasses considered for use in vitrification of UK HLW. The dissolution rate with
changes in temperature and pH were analygiéid SPFT for both MW+25wt% Blend and
MW+30wt% Blend simulated nuclear waste glassksthis study only the high pH rege
was studied due limited funding and time available for the SPFT experiments. It should be
noted that in order to fully understand the mechanisms of dissolution at low pH one should
perform the SPFT at low, neutral and high pH.

5.2 Experimental Procelure

Two glasses were used for the single pass flow through experirivBhts25wt% Blend and
MW+30wt% Blend simulated nuclear waste glass€dasses were prepared frorbaseline
glassfrit and a blended simulated nuclear wastcine of which both weresupplied by
National Nuclear Laboratgrin Sellafield, UK. The calcinewvas added to the baseligiass
frit to give compositions atbulatedin Table 5.1. After batching, the frit and calcine was
mixed by hand in a HDPE bottl®r 2 min and then half dhe chargedbatch was added to a
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pre-heatedmullite crucible and placed in a furnace at 1060 After ~10 min, the batch was
melted and the second half of the batch added to the crucible and allowed to sit fitelr h

1 hbatch free, a mullite steer was lowered into the melt and the melt stirrecéfar After
stirring, the glass was cast into a block using ahmated stainless steel mould, annealed at
500 C for one h, and then cooled at@ min™ to room temperature. Glasses were crushed
and powdered using ananual percussion mortand then size fractioned with a stainless
steel sieve to 7%im < X < 150nm. After sieving a magnet was passed through the
powdered glass to remove any steel contamination from the percussion mortar. Tlaa gave
averageglassparticle radius of 5.6% 10° m. Density measurements of both glasses were
performed using Archimedes method yielding a density of 2.77 + 0.6@gfor both
MW+25wt% Blend and MW+30wt% Blend simulated nuclear waste glassésss powers
were cleaned according to the ASTM standard for the product consisten€y®est.

Table 5.1 Analysed compositiong1r wt % of MW+25wt% Blend and MW+30wt% Blend
simulated nuclear waste glassesed for the flow through durability experiments at Pacific
Northwest National Laboratgr

MW+25wt% | MW+30wt%

Blend Blend
SiO, 4628 44.33
B.O3 18.30 17.74
Na,O 8.12 7.74
Li,O 4.81 4.34
Al,O3 1.87 2.35
BaO 1.22 1.38
CeG 1.24 1.38
Cr0O3 0.37 0.46
Cs0 161 1.99
Fe0Os 1.87 2.06
Gd,O3 3.86 4.17
La,Os 0.67 0.73
MgO 1.34 1.64
MoOs 2.02 2.48
Nd,O3 1.81 1.86
NiO 0.28 0.47
PrO3 0.47 0.46
RuG, 0.49 0.51
SmO3 0.28 0.33
SrO 0.32 0.36
TeO, 0.28 0.30
Y,03 0.10 0.10
ZrO, 2.40 2.81
Total 100.0 100.0
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Setup of the SPFT wamerformedusing 1 L HDPE vessels to hold the buffer solutions for
the test, Kloehn V6 syringe pumps, Savillex Teflon digestion vessels with lids having two
ports and HDPE collection vessels all connected by PTFE tubing with a 1/8 in. inner
diameter. Figure 5.gjives picturesof A) the reaction vessels B) the Kloehn V6 Syringe
pump and C) the actual setup after assembly.

Solutions used for the SPF&xperimentwere water based solutions bufferéa a
pH=8.00+ 0.05, 1000+ 0.05and 1200+ 0.05 at room temperature & ~@).3 For buffer
solutions at pH = 80 + 0.05 and 1000 + 0.05, Tris(hydroxymethyl)aminomethan@RIS)
was added to high purity @& to make 0.05 M TRIS which was pH adjusted with
concentrated HN® to either pH = 8.00+ 0.05, or 10.00+ 0.05 at 23 C. For
pH=12.00+ 0.05 at 23 C, LiOH and LiCL were added to high purity,@8 to make a 0.01
M LiOH + 0.01 M LiCl solution which was pH adjusted with 0.01 M LiOH.

Figure 5.1 A) reaction vessels used for SPFT tests B) Kloehn V6 syringe pumpdaused
controlling the flow rate through the reaction vessels and C) the actual SPFT setup after
connecting the buffer solution, pump, reaction vessels and collection vessels with the PTFE
tubing.

The procedure forSPFT experimestis described in detailni Chapter 3 and also in
Reference(140) For eachexperiment glass powdebetween 76m < X < 150mm was
placed in thaeactionvessel located in an ovenapredetermined temperaturelhe buffer
solution was continuously pumped from the buffer solution vessel, through the reaction
vessel and into the collection vessel at agetermined rate. The first tests BIW+25wt%

Blend and MW+30wt% Blend simulated nuclear waste glaseesat a flow rate of 10, 20,
40,60, 80, and 125 mL/day to givlew rate, Q, per surface area of glassat¥alues 6.00x
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107, 2.40 x10° 6.00 x 10°, 1.60 x 10° 4.80 x10° 9.60 x 10°, 3.20 x 10" * and
5.00x 10*m s?, respectively Sampling of each effluent was performed and the mass of the
collection vessel was recorded at each sampling time to determine the flaafteaterhich
aliquots of each sample were taken and acidified before lmiatysed bylICP. Each
experiment randr approximately 30 days in order for the glass in each reaction vessel to
reach steady state dissolution.

5.3 Results

5.3.1 Q/S Measurements

Before performing experiments to understand steady state dissolution with changes in pH and
temperature, thelependence of the dissolution rate with changes in flow rate (Q) to the
sample surface area (S) was determined by varying either the flow rate or the mass of the
sample powder used in the reaction vessel during the SPFT. By varying Q/S, one can change
the chemical potential between the glass and solution. If Q/S is too low, effects from ion
exchange become observable, as in the PCT or {@&Rperiments, due to the higher
concentration of solution species. Figure 5.2 gives the results of the Q/S mesduram
MW+25wt% Blend simulated nuclear waste glass. The circled data points in Figure 5.2 at
approximately Log Q/S =8.1 and-8.4 do not correlate to Q/S data previously found by
Abraitis et al on MW+Magnox simulated waste glass in which there is @reayus increase

in the normalised rate up to approximately Log Q/S% where upon the normalised rate
becomes constarit*” If the highlighted data points in Figure 5.2 are set aside, the data
appears to be similar toork by Abraitiset al. where there is a plateau in the normalised rate

at values of Log Q/8 -7.5. Previous Q/S results by McGratl al at approximately pH = 9

and 40 C also became constant at values similar to MW+25wt% Blend simulated waste
glass (og Q/S =-7.5).*? McGrail et al. also obtained a similar start of the plateau of the
normalised rates neang Q/S =7.5.14?
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The data pointdighlighted in Figure 5.2 which doot follow trends previously seen by
Abraitis et al.and McGrailet al.can be attributed to problems with the syringe pumps during
the experiment!*% 242 The main issue witithe pumps was air leaks that would not allow
solution to be pumped at a consistent rate to the reaction vessel. This occurred several times
for these two samples causing artificially high NR.

Figure 5.3 shows an increase of NR with an increase in Q/$1¥#30wt% Blend
simulated waste glass. Again, pump problems occurred during the Q/S measurements for
flow rates of Log Q/S < 8.0. Previous work by Abraigs al. on a similar glass
(MW+Magnox) and results by McGradtt al. at the same temperature of 40, show that a
constant NR is expected to occur above Log Q/%.5: (141142

At lower flow rates(Log Q/S <-8.0) for the MW+30wt% Blend simulated waste glass,
there were again, problems with the pumps stagintpe target flow rate as can be seen for
the circled data in Figure 5.3. However, the Q/S measurements all appear to be constant
above Log Q/S =7.0 with a normalised rate of approximately 1.5 x*i m? d* as
previously obtained on the similar gt&s studied by Abraitist al (MW+Magnox), McGrail
et al, and Pierceet al. @ 4% 143) gince previous work shows similar regions of the Q/S
plateau as the normalised rate in this study, Log Q/.5+ 10% was used for the for
MW+Blend (both 25wt% and 30 wt%) simulated UK nuclear waste glass for studying
changes to the dissolution rate with pH and temperature. By using a higher Q/S, one can
account for increases in temperature which will incretge start of the Q/S plateau
(increasing the independent rate regime) for steady state dissolution.

From personal communication with E. Pierce, it is a common experience for older syringe
pumps and pump valves, such as the pumps used for the Q/S measumetimienstudy, to
have problems keeping a constant vacuum during the experiment resulting in air leaks and
inconsistent flow rate§*? In order to minimize the issues seen during this study one must
try to use new syringpumps and pump valves which were not available at the time of this
study.44

5.3.2 Effect of Temperature and pH

Several measurements of the normalised dissolution rate (NR) were performed at steady state
conditionsat different temperatures and pHs to study the effect different conditions have on
the dissolution rate of MW+25wt% Blend and MW+30wt% Blend sinealavaste glasses.

Table 5.2 and.3 gives the powdaw coefficients If) and the intrinsic rate constai) @s a
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function of temperature based on sieathte dissolution of Al, B, Na and Si for both
MW+25wt% Blend and MW+30wt% Blend simulated waste glasses, respectively.

The powerlaw coefficient was calculated by linear regression ofLthg NR vs pH of Al,
B, Na and Si at each temperatufghe fit of the data, R is also given in Table 5.2. Careful
inspection of Table 5.2 for MW+25wt% Blend simulated waste glass gives an average B
powerlaw coefficient fig) of 0.36 £ 0.5(unitless), which is similar (withn error) to the
values reported by McGradlt al, Abraitis and Piercet al.calculated for their glassé&® 24%
193 The B powetlaw coefficient h) for MW+30wt% Blend simulated waste glass resulted
in a slightly higher value than MW+25wt% Blend of 0.38 + 0.08 (unitless). The dawer
coefficient of other ions for MW + 30wt% Blend as compared to MW+25wt% Blend
simulated waste glass also showedghér variability between temperatures than the results
by Pierceet at **? The overall averages bffor both MW+25wt% Blend and MW+30wt%
Blend simulated waste glass were similar (within error) to previous results andtstigge
the poweflaw coefficient is not temperature dependent within the precision of this
experiment.

Table 5.2. Estimate of the powdaw coefficients Ii) as a function of temperature based on
the steadystate release of Al, B, Nand Siat a pH = 10at 23 C from MW+25wt% and
MW+30wt% Blend Simulated waste glass.

MW + 25 wt% Blend Simulated Waste Glass
T (°C) ha * Ry hg + R Nna t | Ry hgi * R’
23 0.45 |0.05 0.91 0.37 (0.04] 0.90 0.40 (0.04 0.78 0.47 |0.05 0.93
40 0.51 |0.05 0.93 0.38 |0.04 0.91 0.46 |0.05 0.89 0.48 [0.05 0.93
70 0.61 |0.13 0.86 0.34 (0.07)] 0.98 0.54 (0.71 0.99 0.42 |0.06 1.00
MW + 30 wt% Blend Simulated Waste Glass
T (°C) ha * R hg + R Nna + R hg * R’
23 0.52 (0.10] 0.93 0.40 |0.08 0.86 0.44 |0.09 0.83 0.49 |0.10, 0.89
40 0.49 |0.10f 0.95 0.36 [0.07] 0.92 0.50 (0.10, 0.97 0.50 |0.10, 0.99
70 0.56 (0.11 0.96 0.36 |0.07| 0.99 0.42 |0.08 0.98 0.35 |0.07| 0.70

Table 5.3 gives the intrinsic rate constakyt for MW+25wt% Blend and MW+30wt%
Blend simulated waste glasses. The intrinsic rate congtamtas calculated from equation
5.2;

Equation 5.2 ki =r/(10™)

Wherek; is the intrinsic rate constant base on elemggtm® d?), r is the dissolution rate (g
m? d') and h is the powedlaw coefficient (unitless). Inspection of Table 5.3 for
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MW+25wt% Blend and MW 30wt% Blend simulatedste glasses shows a general increase
inks from5.8+1.1x10and 8.4 +1.7 x Ibgm?dtat23 Cto 7.3+ 2.3x 18and 6.6 +

1.3 x 10° g m? d* at 70°C, respectively, with an increase in temperature, which is similar to
that of Pierceet al. ™*® As shown in previous studies, there is a general increase in the
dissolution rate with an increase in temperature. Since the pawearoefficient has been
shown to not be temperature dependent for a pH that is nominally similar, there should be an
increase irk with an increase in temperature according to Equation 5.2.

Table 5.3. Calculatedintrinsic rate constastk (g m? d?), as a function of temperature

based on the steadyate release of Al, B, Na and&ia pH = 10 at 23C from MW+25wt%

andMW+30wt% Blend Simulated waste glass.

MW + 25 wit% Blend Simulated Waste Glass

T(°C) Kaj R2A| Kg st Kna RZNa Ksi sti
23 |3.6+0.7x10| 091 |58+1.1x10| 090 |54+1.1x16| 0.78 [55+1.1x10| 0.93
40 [3.2+0.6x10| 093 [2.3+0.2x10| 091 |7.2+1.3x10| 089 | 24+0.6 x10 | 0.93

70 |2.7+05x18| 0.86 [7.3+2.3x1d| 098 |79+1.6x15| 0.99 |9.98+2.1 x 13| 1.00
MW + 30 wt% Blend Simulated Waste Glass

T (QC) kAl R2A| kB RZB I<Na R2Na kSi RZSi
23 |8.8+1.8x10| 093 [84+1.7x16| 0.86 [1.1+0.2x18| 0.83 | 29+0.6x1d| 0.89
40 |57+1.1x106| 0.95|56+1.1x10]| 092 [1.1+0.2x16| 0.97 | 3.3+0.7x15| 0.99
70 |16.0+1.2x18| 0.96 [6.6 +1.3x1d| 0.99 |5.7+1.1x1d| 098 | 6.8+1.4x10| 0.70

Figure 5.4 and 5.5 give the normalised dissolution rate with pH at each temperature based
on Si and B release for MW+25wt% Blend simulated nuclear waste glass, respectively. Both
Figure 5.4 and 5.5 show a gealencrease in the normalised dissolution rate with an increase
in pH and Temperature. Figures 5.6 and 5.7 give the normalised dissolution rate with pH at
each temperature based on Si and B release, respectively, for MW+30wt% Blend simulated
nuclear was glass. Both Figure 5.6 and 5.7, as expected, show a general increase in the
normalised dissolution rate with an increase in pH and Temperature. The LH@idR
Log NRg at pH = 10 at 23C for MW+25wt% and MW+30wt% Blend glasses &€l + 0.4,

-1.9+ 0.4 and-2.0 + 0.4,-1.9 + 0.4g m? d™, respectively, which for Si, isimilar (within
error) to that of Abraitiswho givesLog NRs = -2.07 g m? d* for pH = 9.9 at room
temperature(23 C). The NR; for MW+25wt% Blend is identical to that reported by
Abraitis (within error) at Log NB = -1.96 g m® d* for pH = 9.9 at room temperature
(237C).™
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Figure 5.8 gives the NR with respect to Al, Na, Si and B with changes in temperature at
pH = 8, for MW+25wt% Blendsimulated waste glass. As expected, the NR (for all
elements) shows a general decrease with a decrease in temperature (increas@ i) fod00
all pH ranges. Figure 5.9 and 5.10 gives NR vs temperature at pH = 10 and 12, respectively,
for MW+25wt% Blerd simulated HLW glass. Figures 5.11 through 5.13 stibes
normalised dissolution rate with temperature at pH values of 8, 10 and 12, respectively, for
MW+30wt% Blend simulated waste glass. Again, the dissolution rate of all elements has a
general decreaswith a decrease in temperature for all pH ranges which is consistent with

previous studies of Abraitis, Piereeal.and McGrailet al. (4 142 143)
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Figure 5.4 Normaliseddissolution rate, based on Si release, as a function of calculated pH at
different temperatures for MW+25wt% Blend simulated waste glass.
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Blend simulated waste glass.

It was shown previously that there is a general increase in NR with an increase in
temperaturg® 1% 16: 141 142 143)rha ghserved temperature dependence of the dissolution rate
follows an Arrhenius curve which can be described by Equation 5.3.

Equation 5.3 i 0Qw#a—

Where r is the dissolution rate (g°nd™), A is the Arrhenius parameter (G°nd™), Eais the
activation energy (kJ md), R is the ideal gas constant (J th&l™), and T temperature (K).
Using the Arrhenius dependeno€the dissolution rate with temperature, linear regression
was performed using the dissolution rate vs temperature curve for Al, B, Na and Si in order to
determine the activation energydjEat each pH. Table 5.4 gives the activation energies
associatedo each regression curve and the associated correlations for Al, B, Na and Si for
both MW+25wt% Blend and MW+30wt% Blend simulated waste glasses. The average
activation energy (& with respect to B and Siof MW+25wt% Blend is 52 and
84kJmol™* K, repectively. For MW+30wt% Blend simulated waste glasswiEh respect

to B and Si is 62 and 7&J mol* K*. The E& with respect to B for both glasses are
comparable to those for a surfagantrolled reaction process that has abEtween 41 and

84kJ md*t K™ 149
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Table 54. Activation energies (Ea) for MW+25wt% Blend and MW+30wt% Blend
simulated waste glass from regression analysis of the dissolution rate vs. temperature.

MW + 25 wt% Blend Simulated Waste Glass
E E E Eay
pH H +|Rou ® +| R a\lal Rna - 1
(kJ mol") (kJ mol)

I+
I+

1 1 RZSi
(kJ mol") (kJ mol”)
8 69 14/0.99 59 12/0.99 50 10(0.97 82 16| 0.87
10 79 16/0.99 68 14/0.99 79 16(0.98 92 18/ 0.98
12 81 16/0.99 42 15/0.99 59 12(0.98 68 14| 0.99
MW + 30 wt% Blend Simulated Waste Glass

E E E Eag

pH A . + R2A| ®B . + RZB a\la1 RzNa S .
(kJ mol") (kJ mol) (kJ mol") (kJ mol)
8 70 14/0.99) 44 910.88 47 910.93 73 15/ 0.83
10 73 15/0.98 89 18{0.97| 91 18| 0.97 92 18| 0.99

12 66 13/1.00 33 710.99 42 810.99 68 14| 0.95

I+
I+

R’

5.4 Discussion

The single pass flowhrough method is often used to measure the activation energy, ion
activity product along with the dissolution rate and is designed to measure reaction rates
under tightly controlled, dilute solution environmeft¥’) In dilute solutions, dissolution of
silicate glasses is subject to the common ion effect. This occurs when a solid precipitates in a
solution containing the same ions released from the dissolving miftérallt is widely
acceped that saturation of common ions in solution will decrease the net rate of reaction
relative to the rate in pure water. By removing solution and replacing it with pure water, the
solution never reaches saturation and maintains the chemical affinity Y&k in
Equation5.1) at a value near zero. This allows determination of the intrinsic rate cokstant,
and the activation energyafg**?

5.4.1 Steady State Dissolution of MW Blend
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Determination of the dissolution rate at steady state conditions with respect to B and Si in this
study had similar results as Abraitis, McGretilal and Piercet al where the plateau of the
normalised rate occurred above Log Q/8:0.14% 14319 This is apparent at values of Q/S >

Log = -7.5 in Figures 5.2 and 5.3. The Q/S measurements by Abraitis have a higher
normalised dissolution rate at steady state conditions with a similar Q/S aslseen in

Figure 5.2 and 5.3. This could be due to the heterogeneous glass samples which were tested
by Abraitis.™® If the samples were not completely homogenous, there could be regions of
the glass that are of fétrent composition and could result in a higher dissolution rate.
Samples tested here were completely homogeneous; as confirmed by baekbeliténon
microscopy which is not shown here.

The two highlighted data points in Figure 5.2 which are higher than normalised
dissolution rate at steady state conditions can be attributed to problems with the pumps used
for the Q/S measurements where the solution in the reaction vessel becanfier stgieriod
of time increasing the concentration of select elements in solution. In order to avoid issues
with syringe pumps, one should use pumps which have been well maintained and cleaned
correctly after each use. This will minimize issues with valwe the pump heads where the
majority of air leaks occur, leading to decreased reliability.

Steady state conditions for glasses similar to MW+25wt% Blend and MW+30wt% Blend
simulated waste glass as shownNdgGrail et al., Pierceet al and Abraitis ocas near
Log Q/S =-7.5.14 142143 pye to the compromised data shown in Figure 5.2 and 5.3, it is
difficult to determine rate dependent/independent Q/S regimes due to compromised and
limited databelow Log Q/S =-7.5. Thestudies ofrate dependencen flow rate from
McGrall et al.,Pierceet al. and Abraitisusingsimilar glass compositions as in this study give
the authoconfidence that steady state conditions at@@ccur at LogQ/S2 -7.5.(14: 142:144)

In order to determine which Q/S is needed for comparisons of temperature and pH of a
glass sample, the flow rate per surface area needs to give a constant normalised release rate,
NL in which no effects from ion exchange should be observable as was shown ireP#&rce
at Log Q/S <8.5.1%3 If there is a change ithe NL with a change in Q/S, differences in pH
and temperature cannioé comparedb each other due to differences in the chemical affinity.

At low values, such as Q/S < Leg.5, NL decreases with a decrease in Q/S. As shown from
previous results, at Q/5 Log -7.5, NL becomes constaft® % 143 Due to the problems
with the pumps used for the Q/S measurement in this study, a Q/S < Bogas used for
measuring changes between the glasses with a change in temperature and pH.

The Q/S measurements in this study were perddrat the same temperature (4) but

at a lower pH (approximately one pH unit) to Pieetal “*® It was shown previously by
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McGrall et al. that a lower solution pH will increase the time needed to reach steady state
dissolution at the same flow rate of solutidf? In their study, a sample at pH = 5.9 had not
reached steady state dissolution while the same samples in a solution of pH = 12.1 reached
steady state conditions in less thatgiays. This suggests that the dissolution rate dependence
on flow rate decreases at higher pH. It should also be noted that by decreasing the rate
independence on Q/S at high temperathesrate will also be independent of Q/& low
temperatures.

It is generally assumed the dissolution rate is controlled by the breakdown ef SiO
polymorphs®*? When changing the concentration of Si in the composition of the pristine
glass, one can assume the kinetic rate law paraméteksafd E) will change due to the
bonds available for hydration which can break up the glass network. With a higher
concentration of network modifiers, such as Na, in the composition, the motaidgimg
oxygers are available for hydration. This may cause an increase in the dissolution rate.
Therefore, a change in the composition should result in a changenmirtineum requirement
for the dissolution rate to be independent@§, albeit the observed differazsccould be
small for families of similar glass compositions.

As stated previouslyAbraitis performed the Q/S measurements on a glass composition
related to the two glasses studied in this chapter: a British Magnox simulated HLW nuclear
waste glas$’ However, from inspection of the micrographs of the glass samples used for
the SPFT measurements by Abraitis the British Magnox simulated HLW nuclear waste glass
was heterogeneous and not homogenous as the glassesegrap this study*® The
heterogeneous samples could cawbangesin the dissolution kinetics andausethe
dissolution rateto increasedue to changes in composition seen by the solution during
congruent dissolutn. Effecively, the dissolution rate will be dominated by the component
of poorest durability. In a B rich environment, one could expect to see a more polymerised
network as shown by the previous studies by Dell and Bfy.A polymerised network
would increase the durability as compared to a network containing severaridgimg
oxygen sites

5.4.2 Temperature and pH Changes to MW Blend Dissolution

The forward or intrinsic dissolution rate in this study wietermine by using SPFT
dissolution studies in order to maintain steathte conditions while comparing changes in

pH and temperature for two different glass compositions. The intrinsic dissolution rate, R, as
shown in Equation 5.1 above relates the effect qftphhperature, saturation of solution and
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the activities of solution species on glass dissolution and is essential in understanding
mechanisms related to glass dissolution. Previous work by Bowgtial. assigned the
equilibrium constant to that of a simple silicate phase such ag 8€ulting in better
agreement of the equilibrium constant for most silicate gla$48sThis better agreement

can be explained by the hytid surface layer that is expected during glass dissolution for
simple silicate phase€?

The simulated glasses in this study, MW+25wt% Blend and MW+30wt% Blend have a
forward dissolution rate with respect toaBpH = 10and 40 C of 0.11 + 0.03 g M d* and
0.19 + 0.08 g M d*?, respectively, as given in Table 5.2. Inspection of Table 5.2 illustrates
that the difference between the NRTr the glasses studied here is negligible, within error,
suggesting the glasses damt show any significant changes in NR with a change in
composition. This could be due to the subtle changes in the concentration for network
forming constituents in this glass such as,SB)Os, and an intermediate of AD; for these
glasses. It is pable there is a slight increase in pJRowever, the error associated with the
values obtained make it difficult to confidently suggest any influence on the change in
composition for the two glasses in this study. It is expected that larger changes in
composition will directly influence the intrinsic dissolution rate.

Table 5.5 Normalized dissolution rate (g“fd™?) for MW+25wt% and MW+30wt% Blend
simulated UK HLW glasses with changing pH and temperatures.

H Temperature MW+25wt% Blend MW+30wt% Blend DNRg
i (C) NRg (gm“d) | + | NRe(@m*dy) | = | (gm*d?)
8 23 0.01 0.01 0.01 0.00 0.00
8 40 0.05 0.02 0.09 0.02 0.04
8 70 0.36 0.15 0.37 0.09 0.01
10 23 0.03 0.01 0.02 0.01 0.00
10 40 0.11 0.03 0.19 0.08 0.08
10 70 1.0 0.3 1.6 0.5 0.57
12 23 0.39 0.11 0.75 0.29 0.36
12 40 1.2 0.5 1.8 0.5 0.61
12 70 4.1 1.2 4.9 1.5 0.85

The dissolution rate at steady state conditions for B in this study (Tableafe3)igher
than results obtained Wierceet al. who show a NB = 0.076 + 0.017 g thd™* at pH = 8
and NR; = 1.18 + 0.26 g Mmd ™' at pH = 12 for a low active glass (LAW). The composition
of the LAW glass has a similar Wt% of SiQwithin 1-3 wt%); however, BOs is lower by
over 8 Wt%. The concentration of 8 is higher in the LAW glassybover 5 wt% giving
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rise to Al possibly acting as a network former instead of a network modiigrdecreasing

the amount of network modifiers, the glass network becomes more polymerised and there are
|l ess NBOOGs. R etcak hate shownrthean mgreaséd amncentration of Al
along with Ca, which neither MW+25wt% Blend or MW+30wt% Blend contain, will result

in the lowest intrinsic dissolution rate$*” Abraitis obtained similar NR values of

0.16+ 0.03 g nf¥ d* on a British Magnox simulated waste glass at@@nd pH = 10, which

is similar in the nominal composition to the glasses in this study.

The poweflaw coefficient gives an order of reaction of the dissolution kinetics and was
calculated by regressiamnalysis from Equation 5.2 usingthe NRt di f f er ent pHOG:
MW+25wt% and MW+30wt% Blend glasses. Previous work has shown that there is no
temperature dependence (within error) as is seen for the glasses studied in this work in Table
5.2.14% 142 The averagdg for MW+25wt% and MW+30wt% Blend simulated waste glass
is 0.36 + 0.05 and 0.38 = 0.08, respectively, suggesting that there is no significant change
with compositional differences for the two glasseghis study. However, as mentioned
above, there is only a small difference in the overall change in the overall network former
concentrations (Sig£and BOs), which is consistent with no significant effectlon

Other glasses that have been studied bgMil et al. show similarh at 0.40 £ 0.03 as the
glasses in this study further showing the polagr coefficient is not as dependent on
composition as the intrinsic dissolution rate. The glass studied by Mdarall was an
aluminoborosilicate, a siftar family of glasses to the base glass in both MW+25wt% and
MW+30wt% simulated waste glass in this study; however, the composition contained over
10Wt% more SiQ and ALO; and over 10 wt% less,Bs. 4“2 Another glass with much
different concentrations of AD; and BOjs that resulted in similah are the LAW glasses
studied by Piercet al.**¥ The difference in compositions between the glasses of Mc&rail
al. and Piere et al. while having similar values df give the author confidence that the
powerlaw coefficient, h, is not compositionally dependent within the borosilicate glass
family.

The rate at which the surface of the glass hydrolyses is also known as thedforwar
intrinsic rate constant. The intrinsic rate consténtfor MW+25wt% and MW+30wt%
Blend simulated waste glass was modelled using the regressedlpamwarefficients and
Equation 5.2 and are given in Table 5.3. The results given in Table 5.3 shogvease irk
with temperature, similar to Pier@t al. who show values of similar magnitud&® As
suggested by Abraitis, the intrinsic rate constant in both acidic and basic solutions should
take the form of an Arrhéms equation giving a dependencykadn temperature as shown in
Equation 5.2.% It is suggested that as the temperature increases, the number of
deprotonated Si sites available increases promoting further detaabinsesites.
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As given in Table 5.6, the intrinsic rate constant calculated from the normalised rates at
40 C with the overall averagk obtained from Table 5.2 (0.45 + 0.1 (unitless)) does not
show any significant trends in the data (within error). This is consistent with Grambow and
Muller who show a general decreasekirwith an increase in pH (all within the same
magnitude of 18 g m? d%). **® However, Grambow and Mulleuggesthat there are large
errors associated to the correlation of acid consumption and release of B at pH > 9 (region of
interest in this study) and that the small decrease seémeinstudy in the forward rate
constantk, may be an artefact due to the large erft&.

Table 5.6 Intrinsic rate constant for MW+25wt% and MW+30wt% Blend simulated waste
glass at 40C with averagén obtained from Table 5.2.
MW + 25 wt% Blend Simulated Waste Glass

pH Ka (g % d™) ke (@ m?d?) Kna (9 % d™) ksi (g M d™?)
8 6.0+1.2x 16 6.7 +1.3x10 1.8+0.4x 16 95+1.9x 16
10 | 1.9+0.4x10 2.7+05x10 0.5+0.1x10 35+0.7x10
12 | 2.8+0.6x10 0.6 +0.1x 10 1.1+0.2x 16 8.0+1.6x106
MW + 30 wt% Blend Simulated Waste Glass
pH Ka (g % d™) ke (g m?d™) kna (9 % d™) ksi (g m” d™)
8 6.2+1.2x 16 8.7+1.7x10 23+0.5x10 8.0+1.6x106
10 | 2.0+0.4x10 34+0.7x 10° 1.2+0.2x 16 6.2+1.2x106
12 | 2.9+06 x 10° 5.6 +1.1x10 22+0.4x10 85+ 1.7 x 10°

Inspection of Table 5.3 and 5.6 shows that the difference of the intrinsic rate constant
between the glasses studied here is minimal. Again, this could be due to the small changes in
the composition of the network formers of $hd BO3; and the intermediate ADs. Pierce
et al. also observed a lack of compositional dependency for glagsesimilar composition
to each other which suggests that glasses of a similar family may not show a compositional
dependency for both the powlemw coefficient and the kinetic rate constant.

In a simplified transition state theory rate law, the activatrergy, as given in
Equation5.1, is the energy associated of an elementary reaction to form an activated
complex, which is a high energy, ground state species. This simplified transition state theory
rate law was derived by Aagaard and Helgeson andeabf glasses by Grambofff: &)

The formation of an activated complex followed by its disintegration into products is a low
energy path for the forward reaction. The formation of the activated complex is governed by
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a reversible equilibrium; however, once it decomposes into produbtsames irreversible
and is dependent on the crosslink density of the reaction zone.

In this study, regression analysis from the normalised dissolution rate, NR, versus
temperature was performed to compute the activation energy, Ea. This method wag used
Abraitis, McGrailet al. and Pierceet al in order to attain the activation energy and the other
kinetic rate parameterk and h. 4 142 143 Taple 5.8 shows that there is no significant
change in Ea (within error) with an increase in pH (with the exception gfaE@H=10 for
MW+30wt% Blend). The large difference in&ar MW+30wt% Blend as shown in Figure
5.12 shows a higher trend due to the high dissolution rate & 86 compared thather NLg
at p Howhere Nlg at 90 C are similar to the Nd.at 70 C. The average [dor
MW+25wt% Blend are 76 + 15, 56 + 13, 63 + 13 and 81 + 16 kJ'fiaolEay, Ea, Ea
and Eg;, respectively. For MW+30wt% Blend, the average Ea are 70 + 1413560 + 12
and 78 + 16 kJ mdl for Eay, Ea, Ean and Eg;, respectively. Within error, all of the
activation energies are similar. The average of the Ea for MW+25wt% Blend and
MW-+30wt% Blend is 69 + 14 and 65 + 13 kJ foalespectively. These ressi(within error)
are similar to that of Abraiti®t al. who obtained an Ea between 56 and 64 kJ'mol
suggesting the dissolution of these glass is through a swdatelled reaction process”
According to Lasaga, a dacecontrolled reaction process has an activation energy between
41 and 84 kJ mdl **® This is consistent with the previous suggestion where an increase in
the number of deprotonated Si sites available at the surfabe gfass will further promote
the detachment of Si sites.

Excluding error, there is a slight decrease of 4 kJ'nolthe activation energy with an
increase in the wt% of simulated waste in the base glass in this study. With a decrease in the
activationenergy, one should observe an increase in the dissolution rate with an increase in
either temperature or pH. Close examination of Table 5.5 results in MW+30wt% Blend
having a slightly higher NRfor all pH ranges and temperatures (excluding error) indgat
that MW+30wt% Blend does have a slightly lower Ea.

Pierceet al. suggest there isa relationship between the molar ratio glOB/Al O3 with
dissolution**® It was shown that with an increase in the molar ratio @3;8\I,0; there in
an increase in the normalised dissolution rate with respect #8°BThe difference in the
molar ratios of BOs/Al.O3 between MW+25wt% and MW+30wt% Blend simulated waste
glass is 4.8 with MW+25wt% Blend hang a larger ratio. This is not consistent with the
suggestion by Piercet al.that an increase in the molar ratio ofB/Al O3 increases NR
(149 The NR; is shown to increase with a decrease in the molar ratio®$/8l,0s in this
study (opposite of the results observed by Pietcal) suggesting thabther components in
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compositions used in this study may have more of an impact on the dissolution rate than just
the ratio of BO/Al,03. 149

The traditional view on glass dissolution is that the local coordination has a large effect on
the corrosion. Early work by Dell and Bray show that an alkatosilicate glass structure is
polymerised by <oordinated B units (#), which will serveas a network former when
charge compensated with a network modifying al&li.When NBO sites are formed due to
an excess of network modifying alkali, the formation efa®rdinated B units (8) are
formed which depolymége the glass network. The depolymerisation of the glass network is
suggested to lead to a decrease in the dissolution rate. @ieicassume that an amount of
Na equal to the amount of B + Al will fully charge compensdfé @hd Al units in an
aluminaborosilicate glass; however, for glasses where Na/(B+Al) = 1, there are '3till B
units that are observeé@'® MwW+25wt% and MW+30wt% Blend glasses have a®léB,0;

+ Al,O3) of 0.7 and 1.1, respectively. The loweRiNfor MW+25wt% Blend glass suggests
that there are less depolymerising” Bunits than that of MW+30wt% Blend which is
consistent with the suggestion by the earlier work of Dell and BfyIn order to fully
determine the concentration difference & Bnd BY units between the MW glasses in this
study,*'B MAS-NMR will need to be performed. Until then, one can only speculate as to the
concentrations of the tetragonal and trigonal Btsunn each glass, which lead to
increased/decreased dissolution rates.

5.5 Conclusions

This study has shown that the steady state dissolution of MW+25wt% and MW+30wt%
Blend simulated nuclear waste glasses is similar to that of previous studies. Hh& &>
results correlate to other results, with the exception of a few data points attributed to
experimental error, on a very similar glass: a British Magnox simulated nuclear waste glass.

As expected, the NR with respect to B, Si, Na and Al of thesgtasm this study have
increased with an increase in solution pH. Previous results on different glass compositions
have shown similar results where the NR of B, Si, Na and Al increased with an increase in
pH.

The activation energy with respect to SigfE®as shown to increase with an increase in
pH. The average Ea in this study is consistent for a surface controlled reaction with these
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glasses as was shown in previous studies. ThevaRs also shown to have an average value
similar to that of previoustudies suggesting these glasses are controlled by surface reactions.

Changes in composition through the addition aft% simulated waste to the base glass
did not show significant changes to the kinetic rate parameters for the dissolution rate of
these tasses. This could be due to the small changes in compositions; however, it is
suggested to perform nuclear magnetic resonance spectroscopy to determine the
polymerisation of both Si and B polymorphs.

There were; however, several experimental errors (flate of pumps, and constant
temperatures of the ovens) associated to these SPFT experiments. This suggests the need for
further SPFT experiments on these glasses to support the data which has been given above.
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6.0 Durability of Simulated UK High Level Waste Glass irHyperalkaline
Conditions

6.1 Introduction

Several methods have been proposed for disposal of nuclear hastever, there is an
international consensus for immobilisation of high level nuclear waste (HLW) by
vitrification. The Radioactive Waste Management Directorate (RWMD) in the UK has also
recommended immobilisation of HLW by vitrificatio? Following vitrification, waste
packagesvould beplaced inaninterim storageareaawaiting final disposalin a geological
repository. Currently in the UK, vitrification of the Magnox aBtnd (25 wt % Magnox
and 75 wt % ThORP waste) wastesperformed by the AVH process at the Sellafield site in
Cumbria, UK®

One of the suggestecbncepts for geological disposal in the UK, as selected by the
RWMD, is a celocated intermediate level waste (ILW) and HLW geological repositdry.
This concept utilises a mularrier approdt which includes; the waste form, waste
containerthe Nirex reference vault backfill (NRVB¥ealing systems, and also the geology
of the rock formations. The docated conceptual site wgsroposed based othe
information available from the opalinusagl concept from Nagra, Switzerlan®. The
consideration of geological disposal repository coimizng both ILW and HLW immobilied
packages in differentegions of the facilityrequires quantitative, longerm durability
experiments to further develop estimates on radionuclide release rates fquaiij safety
assessments of the disposal facility site.

The Nirex reference vault backfill (NRVB) is one concept currently being caesider
application in a geological disposal facility (GDF) for ILW to order to fill the voids between
the waste packages within disposal vaults. The NRVB is a cementitious material derived
from the hydration of a mixture of Ordinary Portland Cement (Qp&@}landite (Ca(OH),
and calcite (CaC¢). The resulting substance is a highly porous material that allows
migration of released gases from ILW packages, which also acts to retard the migration of
actinides (and other radionuclides) that have a lowbslitly under the local hyperalkaline
conditions imposed by the material. Thelecated geological disposal repository may, at
long times (> tens of thousands of yeaatlpw ground wateto flow from the ILW cement
immobilised waste packagesdontactthe vitrified HLW products.Hence, there is a need to
understand the dissolution behaviour of HLW glasses under conditions which simulate the
infiltration of hyperalkaline groundwater migrating from the ILW to HLW disposal zones of
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a colocated GDF. Since Grambow has shown that simulated waste glasses have an
increased dissolution rate acidic or alkaline solutionghe celocated geological disposal
repository may not be a viable concept for the UK geological reposftdry.

The durability of nuclear HLW glasses a&n important propest for disposal in a
geological repository.The use of glass as a host matrix for immobilisation of radioactive
wastes is due to the ability of glass to sustain a suitable durability widinge rof
compositions of the HLW streams. Studies on the durability of simulated and radioactive
HLW glasses have shown suitable corrosion rates in various environfirefit$ 1° Recent
flow through eyeriments on UK simulated HLW glasses by Abragtial have investigated
the role of Al and Si in the dissolution process and suggest both Al andySiuppress the
final rate of corrosion®® ® Furtherstudies by Abraiti®t al also suggest that higher pH
solutions will increase the final dissolution rat&”

This study was performed to determine effects of a high pH solution in contact with
simulated UK HLW glassesA semkstatic dissolution test wassed over a period of 168
days to determin¢he steadystate dissolution rates f@lass powders and glass monoliths
containing UK simulated HLW in unbuffered deionized wateand Ca(OH) saturated
solutions.

6.2 Experimental Procedure

The glass MW25wt% Blend with the composition as given in Talld was made by
mixing a75 wt%borosilicateglassfrit with 25 wt%simulated HLW calcine supplied Byhe
National NuclearLaboratory UK. After mixing the frit and calcineogether they were
melted in a mullite crucible at 106C for 1 h, stirred using a mullite stirrer for 4 h and cast
into a block using @re-heatedstainless steel mould. After casting, the glass was annealed at
500C for 1 h and allowed to cool at € min™ to room temperature.

The glass produatas cut into 10.5 mm x 10.5 mm x 4.5 nfin1 mm)monoliths for the
MCC-1 test(ASTM standard C 12208) and the rest of the glass crushed and size fractioned
to 35mm < X < 53mm (fine, or high surface area tolume ratiopowdes) and 75mm < X <
150 mm (coarseor low surface area to volume rapowdes). ‘Y Glass monoliths were
ground using SiC paper and polished to 10.0 mm x 10.0 mm x 4.@tr@rh mm)with 3 nm
diamond pasteising ethanol as a lubricant. After polishing, the monolithic samples were
cleaned by rinsing ihigh purity HO three times and then cleaning with an ultrasonicator in
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high purity HO for 2 min and then cleaning with an ultrasonicatorethanol for2 min.
After cleaning, the monoliths were placed in a drying oven at ®Oovernight All
subsequent procedures were performed under attHosphere in a glove box to avoid
carbonation of Ca(OH) solutions. Accelerated alteration experimentre typically
conducted at 90C, in order to increase dissolution kinetics. However, as shown in
Figure6.1, the saturation of Ca(Olecreases with increasing temperattif®. Therefore,

in order to achieve a balancetlween measurable dissolution rate on the laboratory time
scale and preservation of hyperalkaline conditions, experiments were conducted. at 50

Table 6.1 Analysed composition for MW25Blend used to make the glass powder and
monoliths for the long term durability tests.

Oxide [ wt% | Oxide | wit%
SiO, | 46.28 | MgO 1.34
B.Os 18.3 | MoO; | 2.02
NaO 8.12 | NdOs; | 1.81
Li,O 4.81 NiO 0.28
Al,03 1.87 Pr,O3 0.47
BaO 1.22 RuO, 0.49
Ce 1.24 | SmOz; | 0.28
Cr,05 0.37 SrO 0.32
Cs0 1.61 | TeO, 0.28
FeOs 1.87 Y203 0.1
Gd,0; | 3.86 ZrO, 2.4
La,O3 0.67 Total | 100.0

For the MCGCL1 test, the monoliths were placed anTeflon cradle in Teflonreaction
vesselswith a N, de-aerated Ca(OH)saturated solution (CSS), prepared wakionised
H,O; approximately 1.5 grams of Ca(OHyas placed underneath the cradle beftne
solution was added and vessels were sealed and placed in an oven inside thexglelieh
was set at 50C. Vessels were removehd sampledt 1, 3, 7, 14, 21, 28, 42, 56, 70, 84,
112, 140 and 168 days.

After size fractioning the glass powder, it was cleaned according to theBPESTM
standard*'® Once clean, the powderas placed in a desicatdn a glovebox under a bl
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atmosphere. Two solutions were prepared for the-sttic powder durability tests; My
de-aeratedunbuffered deionized watemnd aN, de-aerated Ca(OH)saturated BD (CSS)

400 mL of solution weredded to 500 mL HDPE vessels to contain the coarse and fine
powders and a vessel for a blank solutiom order to buffer the CSS throughout the
dissolution testa USY-1 ultrafilter containing a Ca(OHklslurry made from Ca(OH)and
unbuffered deionized wr was connected to the lidnd submersd in the solution. Glass
powder was added to the solutions and the vessels were sealed and placed in the oven within
the glovebox which was set at 5. Aliquots of 5 mL were taken, for the coarse powder,

at 1,3, 7, 14, 21, 28, 35 and 42 days, while for the fine powders aliquots were taken at 1, 3, 7,
14, 21, 28, 42, 56, 70, 84, 112, 140 and 168 days. Sudutvere analysed by ICP OBES

for concentrations of ions in solution.

14.0

pH 1

12.0 T

11.0 . I . i . % . } . | .
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Figure 6.1 Changdn pH of a Ca(OHysaturated solution (CSS) with temperature. Based on
data from(152).
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6.3 Results

6.3.1 Powder Durability Test Results

Dissolution of glasses can be measured by the normalised mass loss of el@hent For
the PCTt tests, lhe normalised mass loss was calculated according to Equation 6.1,

Equation 6.1 00 —

where Nl is the normalised mass loskelemeni (g m?), f; is the mass fraction of element
in the original glassSAis the calculated surface area of the pristine glass?, V is the
volume of the solution in litreandm is the mass loss in g of eleméntvhich was calculated
by Equation 6.2,

Equation 6.2 a # "

where Gis the coentration of elemeritin the aliquot in g [ andB; is the concentration of
element in the blank in g [*.

6.3.1.1 Low surface area to volume powder dissolution test

Figure 6.2 shows the NLfor powders with an initial surface area to volume (SA/V) ratio of
1200 m' in anunbuffered deionized watéDW) and a Ca(OH)saturated solution (CSS) at

50 C. For powders in UDW, the Niis approximately three times higher than that
measured in th€SS. It should be noted that B is generally accepted to be a good indicator
of the extent of glass dissolution since this element generally does not participate in
formation of an alteration layer or secondary precipitation. Both MLUDW and CSS
showa decrease in the rate of dissolution {Ntime) approaching 28 days which may signal
steady state conditions corresponding to the apparent plateau gin hidlever, longer
dissolution times are neededdonfirm that the powders have reached steady ctaigitions

at this SA/V ratio. A similar trend is observed for IN{Figure 6.3)

Figure 64 gives the concentration @ain solution for theexperimentsn CSS. The CSS
Blank isCSSwith no glass powdeadded to the solutionThere is an observabtkecrease in
the concentration of Ca for the CSS solution throughout the dissolution test (Figure 6.4),
while for the CSS blank solution, there is no change (within error) during the experiment.
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The NLg; for the glass powder with a SA/V = 1200%im solutionis givenin Figure 65.
For the duration of the dissolutiaest, the concentration ofi in solution is below the
detection limitsfor the powder in CSSTheinitial NLs; for the powdersn UDW increases at
a fast rate to a maximum of 8.4 + 0.8 x°1§ m? at 28 days and then becomes constant
(within error) forthe remainder of the experiment.

The evolution ofpH for powder in CSS and UDW ishown in Figure ®. There isa
constant pH for powder iDW atpH = 9.8 £ 0.1. However, there is a decrease in pH for
the glass powder in CSS from a pH = 12.7 £ 0dagtl to pH = 11.& 0.1at 28 days. After
28 days, the pH for the CSS solution becomes stable at pH = 12 £ 0.2. It should be noted that
the aim was to keep the CSS solution above pH = 11.5 in order to minimize precipitation of
Ca(OH) during the experiment, which was accomplished, as shown in Figure 6.6. As
mentioned previously, Abraitist al. suggest that the dissolution rate will increase for glasses
in high pH solutions which is in apparent disagreement with the results inutlis's? The
pH for the CSS blank remained constant at pH = 12.5 + 0.25.

The NLya is given in kgure 6.7, and similar to N4, dissolution inUDW is approximately
3 timeshigherthanpowders in CS&t 168 days There is an oarall increase in Ni, in both
UDW and CSS; however, the Nifor the glass powder ilDW becomes variable aftd?
days The NLy,for the CSS after 14 days is linear (within error).

Figures 68 and 69 give theNL, and the Nlyg, respectively. It is generally difficult to
determine dissolved Al due to low concentrations of Al in solution for dissolution
experiments. Inspection #figure 68 does not reveal any significant conclusions Nihry
for powders inboth UDW and CSS due to the loM concentrations in solution. It is also
visible from Figure 6.9 that the low concentratiasfsMg in solution make itdifficult to
determinesignificanttrendsof NLyg for powdersin CSS; however, there is a clear increase
of the NLyg to 3.0 x 10° g m? at7 days whereupon the ML becomes constant.

Figure 6.10 gives the N4 for the powders iHJDW and CSS. Again, due to the low
concentration of Fe in solution it is difficult to ascertain any significant information from
NLre However, the powders in CSIsetNL is initially higher than that in deionised water
and then declines at day 3 to a normalized mass loss of zero.
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Figure 6.6 Solution pH of the glass powdersunbuffered deionized wat€gDW) and the
Ca(OH) saturated solutiorQS9 at 50 C with a SA/V = 1200 rt.
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6.3.1.2 HighSurfaceArea toVolumeRatio PowderDissolutionTest

Durability experiments were also completed for powders with a SA/V = 10,00thm
both UDW and CSS. The Nk for the high SA/V powder durability test is plotted in
Figure6.11. The rapid saturation of solution as observed for the high surface area powder is
more representative of Afinal rateo dissolut
have reachkd steady state dissolution where there is a constanablcompared to the ML
at 142days. However, further data is required in order to reach a definitive conclusion on
whet her or not dAfinal rat eo dJDWshowandveraln has
increase in the Ni.to 168 days up to approximately 6.5 x31§ m? Between 21 and 28
days for powder in UDW, there is a decrease in the dissolution rate from approximately 2.0 x
10* g m? d* to near steady state conditions, which corresporttie plateau in N&. After
56days, the dissolution rate with respect to B increases, again, to approximately
2.0x 10°gm?d®. This second increase in the Ninay possibly be due to precipitation of
secondary phases. The Nfor the powders irJDW and CSS with a SA/V = 10,000"m
gave similar trends to that of the plLas expected, due ® andLi not generallybeing
involved with secondary phase formation. This is shown in Figure 6.12.
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When aliquots were removed from solution, visual oketésas of the powder in UDW
revealed that the powders agglomerattdhort times. There was also agglomeration of the
powders in CSS as observed from the top during sampling of the solution; however,
agglomeration of the powder on the surface occurited a longer time period.

The concentration of Ca in CSS, as plotted in Figure 6.13, decreases from approximately
700 mg L* until day 84 where the concentration of Ca becomes steady at approximately
50mg L. When the concentration of Ca becomes fleas 150 ppm (Figure 6.13), the L
increases significantly for powder in CSS, as shown in Figure 6.14. Thefd¥lthe fine
powder (SA/V = 10,000 i) in UDW becomes constant at approximately 1.0 X gam?
after 14 days. The N4 of the coarse gis powder (SA/V = 1,200 1), as shown in
Figure6.5, in UDW is constant (within error) near 8.0 x 1@ m?% When the total
concentration of Si in solution is plotted for each glass powder in CSS and UDW
(Figure6.15), the concentration of Si the UDW is thesame (within error) for both glass
powders. The similar concentration of silicon for both glass powders leads to a loyvasNL
is seen for this study.

A plot of the pH for both solutions with the fine glass powder is given in Figure 6.16. The
decline in the pH in the CSS is consistent with that of the Ca concentration where both the
pH and Ca concentration become constant at 84 days (within error) at a pH of 10.5 + 0.2.
The pH for powdersn UDW is constant throughout the dissolution testpitla= 9.8 £ 0.1.

Figure 6.17 illustrates the Nk for the fine glass powder idDW and CSS. As expected,
the NLya in UDW is higher than in CSS. As observed for the fine powder in CSS, the NL
becomes constant (within error) after 140 days. Thgfdithe fine glass powder, as shown
in Figure 6.11, continues to increase after 140 days suggesting the final dissolution rate has
not been reached. The initial dissolution rate with respect to Na of the fine glass powder in
UDW is 5.5 x 10" g m? d%, butthe dissolution rate becomes constant after 28 days to what
appears to be steady state conditions (within error). The possible dissolution rate increase
after 84 days could be due to precipitation from secondary phases.



NJC; 18" January 2013 123

8.00E-03 -

7.00E-03 o UDW
6.00E-03 4 CSS % %n %

~ ]
& -
£ 5.00B-03 1 % %

324.00303 % % % i

E 3.00E-03 ! % 4

2.00E-03 + 5

LOOE-03 {g
:2I A

0.00E+00 W&+t

0 10 20 30 40 30 60 70 80 90 100 110 120 130 140 150 160 170
Time (days)

Figure 6.11 Normalisedmass loss oB for glass powderwith a surface area to volume ratio
of 10,000 it in unbuffered deionized watdtJDW) and the Ca(OH) saturated solution
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Figure 6.17 Normalised mass loss &fa for glass powdersvith a surface area to volume
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There is a cleadifference between the MLfor the fine glass powder idDW andCSS,
as shown in Figure 6.18. The NLlfor powderin UDW decreasesver the duration of this
study, while the Njy in CSS increases to 4.5 x1§ m? at 14 days and is constant until 28
days where it begins a slow decrease to a constant value of approximately Z.@ xnf0
after 84 days.

The NLyg for the fine glass powders in UDW shows the opposite trend as compared to the
NLai, while the NLyg for glass powder in CSS shows no significant change for the duration
of the dissolution experiment. The MWfor the glass powder in the UDW shows an increase
to a maximum of about 5.5 x 2@ m? at 7 days and then a decrease to a constant value of
approximately 3.0 x 18 g mi” at 14 days. After 42 days, there is a decrease in thg L
approximately zero where the N§-remains for the duration of the dissolution test.
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Figure 6.18 Normalised mass loss @&l for glass powdersvith a surface area teolume
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6.3.2 Monolithic Durability Test Results

Monolithic durability tests (MCEl) were performed using a similar process to the ASTM
standard C 12208 butinstead of UDW, theCSSwas used at temperature 060 C was
usedinstead of90 C. The NL for B, Li, Si and Nafor the monolithsare given in
Figure6.20. The NLg initially decreases until days whereupont is seen tancrease until

day 112to 3.0 x 10 g m? The NL,; follows a similar trend as thatof the NLg, as is
expected. The concentration of Si was below the detection limits throughouduregion of
experiments There was als@ general increase in Nl to 7.0 x 10° g m? during the
experimentwith possibly a slight eduction in thedissolution rate at 112 days The
maximum Nlg of the MCG1 monoliths (Figure 6.20 A) at 140 days is approximately 10
times higher than the maximuNLg of the coarse glass powder, as shown in Figure 6.2. The
same is observed when comparihg NL; of the MCG1 monoliths and the coarse glass
powder plotted in Figure 6.3. These trends are consistent with the difference between the
coarse and the fine glass powders where a higher SA/V ratio resulted in a lower NL due to
the faster saturatioof ioni in solution.
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Figure 620 Normalised mass loss of A, B) Li, C), Si and D)Na for the MW+25wt%
Blend glass monolith in Ca(Ok3aturated solutio(CSS)at 50 C.
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Figure 621 gives the pH of théeachant used in théICC-1 testand it can be seen that
the pH throughout the entire test was 12.5 + OlBe concentration of Si in solution being
below the detection limits of the ICP (Figure 6.20 C) along with the high pH is consistent
with the glass powder dissolution tests where Siteated in solution above pH = 12.

Figure 6.22 plots the XRD traces for each monolith sample for each time period during the
MCC-1 test. Analysis of the pristine glass by XRD resalin three peaksvhich correspond
to RuQ, as shown in Figure 6.22. Aft8rdays, ongeakcan be seenear2q = 23 and a
second peals observedit 21 daysat approximately2qg = dh & the XRD trace Fitting
the peaks for the monolith corroded in CSS at G0for 168 days, Figure 6.23, resulted in
peaks at2q = 13 and2gq = 23. These peaks possibborrelae to antigorite with the
chemical composition of Mg[Si,Os](OH)42x. The peak aRq = chr8be attributed to
portlanditei Ca(OH). Ruthenium oxide is also apparent in the diffraction pattern as shown
in Figure6.23.

o Sample

8 % a Blank

| t
ol :

+——+——t—tttft—t
0 20 40 60 80 100 120 140 160 180
Time (Days)
Figure 6.21 Solution pH for the MW +25wt% Blend MGC test in Ca(OH) saturated
solution(CSS)at 50 C.
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Secondary and backscatter electron images of the 3 day and 168 dag MGliths in
the CSS solution are shown in Figure 6.24 and 6.25, respectively. The images in Figure 6.24
are secondary electron images of the surface topography of the 3 day sample and the 168 day
sample (Figure 6.24 A and Figure 6.24 B, respectively)an be seethat for the 3 day
sample there is possible formation of an alteration layer on the surface of the sample, while
visual observation of the 168 day sample suggests there is a well defined alteration layer on
the surface of the pristine glass. Observatbrihe same regions for the 3 and 168 day
samples under backscatter electron imaging, Figure 6.25 A and Figure 6.25 B respectively,
show that it is difficult to determine any significant alteration layer on the surface of the
sample except for one region the upper right region of the backscatter image on the 168
day sample, Figure 6.25 B.

Further analysis of the surfaces of the 3 day and 168 day-M&&nples revealed small
precipitates that have formed on the surface, as shown in Figure 6.26 A maspdtively.
In Figure 6.26 A, the precipitates appéatbe sphere like shapdsowever, the precipitates
formed on the surface of the 168 day sample have an acicular (needle like) morphology.
Backscatter images of the both the 3 day and 168 day samples were also taken and are shown
in Figure 6.27 A and B, respectively. Alteratiproducts were observed to form after three
days on the surface of the glass. For the 168 day sample, the precipitates have two distinct
compositions as is apparent from the difference in coniviisin the backscatter imagdt
should also be noted thtitere are also two different secondary alteration products shown in
this image; spherical and rod like particles.

SUSS56 |, 2BKU : Y. e 2 by Zmm
Figure 6.24 Secondary electron images of the surface topography of A) 3 day sample and B)
168 day monolith in Ca(OH¥aturated solutn (CSS) at 50C.
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Figure 6.25 Backscatter electron images of the surface of A) 3 day sample and B) 168 day
monolith in Ca(OHj) saturated solution (CSS) at B0.
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Figure 6.26 Secondarlectron images of the surface topography of A) 3 day sample and B)
168 day monolith in Ca(OH}aturated solution (CSS) at 50.
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Figure 6.27 Backscatter electron images of the surface of A) 3 day samble and B) 168 day

monolith in Ca(OH) saturaed solution (CSS) at 5.

Further examination of the precipitates on the 3 and 168 day sample by EDS analysis
revealed that some were rich in Ru. Figure 6.28A and B gives backscatter electron images
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for the surface of the 3 and 168 day samples, r&spBc and shows theoints that were
analyzed by EDS. Only single points were utilized as shown in the inageder to
decrease the interaction volume and decrease the amount of the bulk glass analyzed, a smaller
spot size with a lower KeV could beilized; however, this also decreases the signal
received. The regions of the EDS analysis were selected to analyse the bulk glass along with
qualitative analysis of the alteration products.
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Flgure 6.28 Backscatter electron image of m)e 3 day sarﬂp and B) the 168 day sample
showing the regions of EDS point analysis.

Figure 6.29 gives EDS spectra of the images given in Figure 6.28 A. Spectrum 1 is of the
bulk glass and spectra 2 and 3 are taken from the crystalline precipitates. Spectrum 2 and 3
of the 3 day sample, given in Figure 6.29, show a higher concentration of Ru as compared to
spectrum 1 in which the counts of Ru are below the background level. The concentration of
calcium also increases from the bulk glass (spectrum 1) to the cnestadécipitate analysed
in spectrum 2. The concentration of Ru is similar between the two crystalline precipitates
analysed in the 3 day sample (spectrum 2 and 3). A close examination of the three spectrum
reveals that the concentration of Fe also irm@edrom spectrum 1 (bulk glass) to spectrum 2
(crystalline precipitate).

Figure 628 B shows the locations of the four E®int spectra for the 168 day sample
shown in Figure 6.29. All four spectra contain a high concentration of Ca as compared to the
three EDS spectra for the three day sample. The bulk glass (spectrum 1) is very similar to the
alteration products analysed in spectrum 3 gnalMch is not surprising since the majority of
the interaction volume is within the bulk glassThe alterationproduct in spectrum 2;
however, shows that the concentration of Al is below the background of the signal and there



NJC; 18" January 2013 134

is a high concentration of Ru in the surface of the glass. This provides evidence that the Ru
crystallites in the pristine glass do not cale.
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Figure 6.29 EDS spectrum of the 3 day sample for Spectrum 1) bulk glass, Spectrum 2)
precipitate, and Spectrum 3) precipitate, of the image in Figure 6.28.




NJC; 18" January 2013 135

L.

Spectrum 1

@.

o

& : &
cewl Y7 Cd @lﬁd@%@@%ﬂ O

10 1 2 3 9 10
Full Scale 1088 cts Cursor; 5494 (28 cis) ke

Spectrum 2

¥

2 .

T

-

el dj
.3 di 5 d
te @7 %g@% ol

Ful Scale 1216 cts Cursor: 7.208 (15 cts) ke

Figure 6.30 EDS spectrum of the 168 day sample for spectrum 1) bulk glass, spectrum 2)
precipitate, spectrum 3) precipitate, and spectrum 4) precipitate, of the image in Figure
6.28B.
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An analysis of the cross section of the 168 day sample, shown in Figure 6.31, reveals an
alteration layer approximatelyrim in thickness. This can be seen in the backscatter electron
image in Figure 6.31A; which shows the bulk glass on the right side of the image, the
alteration layer in the middle of the image and the epoxy resin which is the black region on
the left of theimage along with a white line showing where the EDS linescan was performed.
The EDS line scan for Si, Na, Mg, Al, Zr, Fe, Ce and Mo is given in Figure 6.31. The
concentration of Si on the alteration layer surface shows a local maximum betiv@am®
from the surface of the gel layer and then a large increase at the surface of the bulk glass.
Other elements, with the exception of Fe, also show that there is the formation of an
alteration layer of the surface of the bulk glass due to the local maximgoncentration
between @ 3 mm before their concentrations increase at the surface of the bulk glass.
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Figure 6.31 Bac':vlzécatter electron image ('I"?;‘IVEI) of the cross sectiori‘ for the 168 dayMCC
sample inCa(OH) saturated solution (CS&)jong with the EDS line scans of Si, Na, Mg, Al,
Zr, Fe, Ce and Gd.
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6.3.3 PHREEQC Modelling of the PCT-t and MCC-1

The results of the PCT and MCG1 were used for geochemical modelling using the
PHREEQC code, a thermodynamic aqueous speciatiorsalntility modelling tool.*>3
Modelling of the aqueous data from these experiments resulted in the apparent super
saturation with respect to several mineral phases, which suggest their possible precipitation
during the disolution. Due to the abundance of mineral phases available to be modelled by
PHREEQC, a smaller number of possible phases were selected for distussion.

The saturation index of several minerals was calculated in the modelling results from
PHREEQC; howeveronly the most relevant were chosen for discussion due to the quantity
of phases modelled. The minerals chosen for this study were originally modelled by Abraitis
et al.in addition to analcime (NaeAlo.965k.0406:H20), which is a known precipitateom
silicate glasses, and tobermorit€aSis(O,0H)18-5H0), which is a hydrated calcium
silicate mineral**? The saturation indices of these minerals are plotted with time in
Figure6.34 to Figure 6.36 for the fine glappwder in CSS. Figure 6.34 illustrates the
saturation index for Chearing phases: Ca(Ofl)diopside (CaMgS$S0Oe), tobermorite
(CasSig(0,0H)18-5H0) and phillipsiteCa (CaAbSisO14A 5,68). As observed from
Figure6.34, at 21 days when Ca(QH)ecomes nebr constant after 85 days in solution, all
the Cabearing phases become supersaturated and start to precipitate.

The saturationindices of the Si bearing phases; amorphous silica, analcime
(N 96A\l 0.96S12.0406:H20) sepiolite (MgSiz0750 H A 30 and taldMgsSisO1o(OH)y); are all
plotted in Figure 6.35. It can be seen from a comparison of Figure 6.34 and 6.35 that
analcime (NagsAl0.06512.0406:H20) along with diopside become saturated in solution before
168 days. Analcime saturation corresponds to wba(OH) becomes relatively constant
after 80 days.

A key observation in Figure 6.34 is that for Ca(@Il#)e saturation index is initially
supersaturated and then at 21 days decreases below saturation. This correlates to the data
where the concentratioof Si in solution is below the detection limits of the ICP until 21
days. The saturation index of Ca(QH)pntinues to decrease until 84 days where it then
becomes stable.

It should be noted that the Si phases are also host to Mg, Al and Na for wériehsth
plausibleevidence that they are present in the precipitates that can be seen in theEsthe
linescans showm the previous sectionhowever, the normalised loss of Si, Mg, Al, and Na

* For a full list of mineral phases modelled in this study by PHREEQC, see Appendix A.
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are not consistent with the phases modelled in this datam the EDS linescans there is
evidence of Mg, Al, and Na; however, from EDS spot analysis, it is difficult to say with
confidence there is substantial evidence from this. This could be due to the electron
interaction volume which will include much of tellk glass.This gives a good indication

that the corrosion processay be due to complex diffusion processes that are outside the
scope of this work othat thesolubility of these phases in solution is controlled by other
phases that were not modelledhins work.
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Figure 6.34 Saturation index of the Ca phases modelled with PHREEQC for the fine glass
powder in Ca(OH) saturated solution (CSt 50 C; Ca(OH), diopside (CaMgS$0s),
tobermorite CasSig(O,0H)18-5B0) and phillipsiteCa (CaAbSisO1A 5,6).
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Figure 6.3 Saturation index of the Qiearing phases modelled with PHREEQC for the fine
glass powder inCa(OH) saturated solution (CS$t 50 C; amorphous silica, analcime
(N80.99A|0.968i2.04o6:H20), sepiolite (MQSI3O75O H A a)l)-land ta'dMg3Si4olo(OH)2).

Figure 6.36 models the saturation index for Al andbBaring phases: diaspore
(AIO(OH)), Fe(OH), gibbsite (AI(OH)), and goethite (FeOOH). Both goethite and
Fe(OH) are supersaturated in solution during the dissolution experimeshamdan overall

increase in saturation.

Both gibbsite and diaspore are undersaturated during the entire

dissolution test; however, there is an initial increase in the saturation index up to a maximum
at 42 days where the saturation index stabilises.



NJC; 18" January 2013 140

10

N
|
T

- —A
: h_/
[} 4
s
g 4
e
2
g o ———
<
- & & 4 —
= . & - -
[5¥] = = = —F]
7
-5 -
=Fe(OH)3 +gibbsite
=goethite =-diaspore
-:o+t+—--—t+—-—+—t+F———F———F—
0 20 40 60 80 100 120 140 160 180

Time (Days)
Figure 6.3 Saturation index of the Al and Heearing phases modelled with PHREEQC for
the fine glass powder i€a(OH) saturated solution (CS$Yt 50 C; diaspore (AIO(OH)),
Fe(OHY}, gibbsite (Al(OH)), and goethite (FeOOH).

Other minerals such as;phillipsite-ca (CaA}Sis014:5H,0), sepiolite (Mg
2Siz07.50H:3H,0), talc (MgSi;O10(OH),) and tobermoritel 1A (CasSig(O,0H)18-5H0), all
show an initial increase in their saturation index. With the exception of talc, they all become
constant at 84 days. Wéreas for talc, its saturation index becomes constant at approximately
56 days. After 42 days, both sepiolite and tobermorite are both supersaturated in solution and
have a constant saturation index for the duration of the dissolution test.

The saturatin index of the minerals becoming constant at approximately 84 days
correlates to the concentration of Ca in solution and the pH of solution becoming constant
(Figures 6.13 and 6.16, respectively). At 84 days, analcime (a known mineral phase which
precipitates out of solution for silicate glasses) becomes supersaturated. Tobermorite
becomes supersaturated in solution when Caf(idromes undersaturated, at 21 days,
which also correlates to the concentration of Si in solution being above detection lithis of
ICP instrument. At 84 days when analcime becomes supersaturated, the saturation index of
the rest of the minerals, which may be present in solution, become constant. However, the
NLg; still increases up to 140 days where it appears to become donAtalose examination
of the saturation index of Al containing phases (Figure 6.36) to the INLFigure 6.18
suggests that the increase in the saturation index of the Al minerals correlates tq,the NL
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There does not appear to be any correlation é&twthe saturation index of the minerals
containing Mg to the N for the glass powder in CSS as mentioned previously.
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Figure 6.37 Saturation index of Si containing phases modelled with PHREEQC for the fine
glass powder in unbuffered deionized watelD{V) at 50 C; amorphous silica (Si}
analcime (NaoggAl0.965k.0406:H20), chalcedony (Sig) and quartz (Sig).
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Figure 6.3 Saturation index of select phases modelled with PHREEQC for the fine glass
powder in unbuffered deionized water (UDVa) 50 C; diaspore (AIO(OH)), Fe(OH)
gibbsite (Al(OH)) and goethite (FeOOH)
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Figure 6.3 Saturation index of Mg and Al containing phases modelled with PHREEQC for
the fine glass powder in unbuffered deionized water (UD#Y) 50 C; sepiolite
(Mg2SisO7A 5 O HAB thllc (MgSisO10(OH),) and kaolinite (AdSi,Os(OH)a).
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Further modelling of the saturation index of minerals for the fine glass powder in UDW
was performed and the results are presented in Figure 6.37 to Figure 6.39. Due to the
absence of Ca in solutiomphases containing Ca were not modelled. Examination of
Figure6.36 reveals an increase in each of the minerals and amorphous silica which follows
the trend of the N§; where there is an increase of Si in solution up until 14 days where the
NLsi becomes @nstant. From day 14 all of the minerals are supersaturated in solution for the
duration of the dissolution test. Only analcime continues to increase in saturation, until day
21, before it decreases and becomes constant at day 56.

Figure 6.38 plots theaturation index of diaspore (AIO(OH)), Fe(QHjibbsite (AI(OH}))
and goethite (FeOOHM UDW at 50 C. Both Fe(OH)and goethite show an increase in the
saturation index until day 56 where they become constant, and Fe(@dpmes
supersaturated in sdglon. Both diaspore and gibbsite are initially undersaturated and then
decrease until 28 days where they become constant until the end of the dissolution test.
Figure 6.39 only plots three minerals; sepiolite, talc and kaolinite. Both sepiolite enalstal
expected, follow the trend of N (Figure 6.19) where there is a fast increase at short times
and then a decrease after 42 days until it becomes constant near 56 days. There is only a
slight overall increase in the saturation index of kaolinitehisTis expected, due to no
significant change in Ni for glass powder in UDW during the dissolution test as can be
seen in Figure 6.18.

6.4 Discussion

6.4.1 Durability of the MW25BIlend Glass

The decrease in the ptdr glass powder in the low SA/V solutioas given in Figuré.6,
correlates to the OHbeing consumedausingthe pH of the solutiorto decrease. It is
proposed that below neutral pHCadoes not react with silicate gel layer; however, above
pH = 10, hydrated calcium silicate precipitatedil form as shown in the modellind®®
Other studies on theo-precipitationof Ca and Si by Nietet al. suggest that there is a two
step procesthat depends on an activated complex for the formation of silica b8AH<®
Initially, Ca bonds to aonbridging S+tO” bondas shown in Equatio®.3.

Eq. 6.3 18i0 + C&t A 1Si-O-Ca



NJC; 18" January 2013 144

The positie charge on the Ca forms an activated complex which then acts as a bridge
between two silicate species. This leads to the formation of a siloxane bond as illustrated in
Equation6.4.

Eq.6.4 1Si-O-Ca + O-Sit + HOA 1Si-O-CaO-Sit A 1Si-O-Sit + Ca™* + 20H

The formation of the siloxane bond along with the high concentration of Ca and pH of the
solution explain the enhancement of the condensation kinetics®8fsi.

The concentration of Si in solution for the coarse glass powder in CSS does not reach
detection limits during the 42 day test. During the dissolution test, the concentration of Ca in
solution, as shown in Figure 6.4, only decreases from about 700 p@pptoximately
250ppm. A comparison of the concentration of Ca and Si in solution for the fine glass
powder in CSS (Figure 6.13 and 6.15, respectively) reveals that the concentration of Si in
solution does not reach detection limits until the concentraif Ca in solution is less than
250 ppm. After the concentration of Ca in solution becomes low enough, Si in solution is
detected and the NLincreases as is shown in Figure 6.14.

Chaveet al. demonstrates that the presence of calcium in solution alsehe rate of
dissolution for the French reference high level waste (HLW) glass, as was the case in this
study.®® |t was further suggestedy Chaveet al. that when the concentration of Ca in
solution is higher than 5@pm it forms aPassivatingReactive Interphase (PRI) which
decreases the growth rateahydrated surface layer on the pristine glasgace*®® The
formation of a PRI on the surface of the glass could also react wiiioadtAl in solution.

If there are a limited number of reaction sites at the glass surface, Al in solution could react
with these sites decreasing the overall dissolution réte decrease in the ammtration of

Ca in solution can battributed to tk low saturation indexf Al where the available Al in
solution reacts with Ca at short timekie to the activity of Al(OH) and Ca(OH) being
saturated in solution until 21 days for the PCifi CSS according the modelled ddt&®
Further modelling of the data, as given in Table 6.2, shows that the saturation indeRaof Al
minerals, chabazite (Caf8i,O.A 6,8) and epidote (G&eAlLSisO;,0H) both become
supersaturated in solution, giving further evidence of Al perfograis a dissolution inhibitor.

The correlation between the Al concentration at short times and the decrease in Ca
concentrationseen in Figuré.4,was also observed by Chagtal. where they suggest that
the hydrated layer does not act as a protectiveds.*°® This was showry Chaveet al.
when Si was far from steady standitionsasis alsoseen in this stud{:*®
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Table 6.2. Saturation indices of chabazite (Ca®%O:A 6,8) and epidote
(C@FEA'zsisolon).

Time Saturation Index
(days) | Chabazite| Epidote
1 -19.61 -1.37
3 -15.53 1.52
7 -15.87 1.07
14 -13.56 2.52
21 -10.3 4.77
28 -7.78 6.53
42 -3.5 8.92
56 -3.15 9.6
70 -1.16 10.91
84 -0.01 11.28
112 0.69 11.56
140 0.66 10.97
168 1.08 11.04
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Figure 640 Concentration of Ca for the monolithic durability test in Ca(©shturated
solution (CSS) at 50C.
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The MCGC1 tests were also performed using a CSS similar to that of the BiS3olution
test. The concentrationf Ca, as plotted in Figure 6.40, during the MCQest only
decreases to just below 700 ppm at 70 days where it becomes constant. This gives further
evidence of cerecipitation of Ca with Si since there is no measureablg dilring the
entire MCGL1 tes.

The surface area to volume (SA/V) ratio is also shown to control the dissolution rate. This
is evident by comparisons of the Ndiven in Table 6.3. For the low SA/V ratio powder
dissolution test, the NLis approximately four times higher than theg\for the high SA/V
ratio glass powder in UDW at 42 days. Because B, generally, does not participate in
secondary phase formation, it is useful for determination of the dissolution rate. The addition
of an alkaline buffer decreases the effect of the Srafio, as is apparent when comparing
the NLg in CSS to UDW at 42 days (Table 6.3). The addition of a Caf{®tfjer to UDW
to make the CSS solution for the corrosion tests, decreased the overall dissolution for the
glass powders in both the low and highA/V ratio for this study. Both the UDW and CSS
dissolution tests show similar trends in the NL, with the exception of Si in CSS, as is evident
from Table 6.3.

The concentration of Si in solution for both the low and high SA/V ratio dissolution tests
is the same (within error) at 42 days (Figure 6.15). This can be explained by the
concentration of Si increasing to saturation quicker for the high SA/V ratio powders allowing
the rate of dissolution to reach steady state conditions faster than thaiaf t8&/V ratio
glass powders.

Table 63 Approximate NL at 42 days for the low and high SA/V ratio glass powder
dissolution PCTt experiments in unbuffered deionized water (UDW) and Caf@aturated
solution (CSS) for selected elements.

NL; for UDW NL; for CSS
Element (g m?) (g m?)

Low SA/V | High SA/V | Low SA/V | High SA/V
B 1.60E02 4.-00E-03 4.00E03 2.00E03
Li 2.70E02 7.00E03 1.00E02 3.50E03
Si 7.25E03 1.00E03 0.00E+00 | 1.00E04
Na 6.00E02 1.30E02 2.00E02 7.00E03
Al 1.50E04 3.00E05 2.50E05 5.00E06
Mg 3.00E04 3.00E05 0.00E+00 | 0.00E+00
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The NLg and NLy given in this study, for both the low and high SA/V ratio teats,
consistent witlthe suggestion by Abraitest al that a high Al(OHy (aq) activity will act as
an inhibitor to dissolutior!® At short times, Nl is high forthe glasppowderin CSS and
low for powder inUDW. The lower extent of dissolution for glass powder in CSS seen from
theNLg is consistent witlthat of Abraitiset al. who have shown that the dissolution rate of a
Magnox waste glass, similar to the glass used in this study, depends on the activity of both
silicic acid and aqueous aluminate spectés.Earlier studies by Abraitist al. have shown
lower leach rates for glass in an alkaline solytinich is consistent for results in this stydy
where the pH of the CSS was consistently higher than that oUW/, as shown in
Figure6.5. 19

Comparisons of the NL between the monoliths, the coarse glass powder and the fine glass
powder show that as the SA/V ratio increases, thelétreases over a specific time. This is
evident of the saturation of solution of species, which directly influences the dissolution rate.
As the surface area increases, the saturation of solution is faster, thereby decreasing the
dissolution rate or NL.

6.4.2 PhreeqC Mdelling of the Powder Durability Results

The saturation index trends of Ca and Si phases that are present in solution suggest co
precipitation of Ca and Si. This is seen for phillipsite CaAlSisOA 5,8) and
tobermoritel1A (CaSig(O,0H)18-5H0), both of which have Ca and Si in the composition,
increase from below saturation in solution to being supersaturated by the end of the
dissolution test. The saturation index of tobermetitd increases quickly to
supersaturation afterl2days. This corresponds with the concentration of Ca and Si in
solution where the concentration of Ca drops below 250 ppm at 21 days and the
concentration of Si becomes detectable in solution at 21 days. Other phases, such as Al and
Mg, also show similiatrends in the data.

The Ca can also react with the surface of the glass, as suggested byeChhvand
become a passive reactive interface. Evidence to this is from the electron images of the 3 and
168 day MCG1 samplest!® Figure 6.28, 6.29 and 6.30 reveals that there are definite Ca
rich phases present on the surface of both the 3 and 168 daylM@@ples. Figure 6.31
shows a possible indication of a small, snh thick, alteration layer on the surface of the
glass which is rich in Al and Mg. Further tests will need to be performed in order to confirm
this layer.
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The modelling of the PGT data using PHREEQC is consistent to the work by Cleave
al. and Abraitiset al.*® > %) Chaveetal,d e monst rate that f.
the hydrated surface layer . . . [which] induces a drastic change of the hydrates surface layer
composition, [and] a strong modification of its passivation progerti therefore all the more
under st 9% aAtaditis ee al. Suggest that the activity of silicic acid and an aluminate
ion both affect the dissolution rate of UK HLW glas$®. It was shown by Abraitist al.
that Al species play an inhibitory role when the activity of the Al species is high, as is seen at
short times in Figure 6.38% It is suggested that with high concentrations of Al in solution
the dissolution rate is not fully dependent on the activity of Al{Qihich can be explained
by the number of reaction sites at the glass surface that may react with dissolved Al. The
saturation index of minerals containing Al, Figure 6.35, increape® 40 days where they
become relatively constant, which is similar to what Abratigl. found for a similar glass
(MW Magnox).t®

It is suggested that Al plays an inhibitory role of dissolution of the glas&ssseen in
Figure 6.18, the NA at short times is quite high for glass powder in CSS; however, for glass
powder in UDW the N}y is negligible. The saturation index of Al containing minerals;
diaspore, gibbsite and kaolinite, all show similar trends wttexee is an initial increase in
the saturation index, but at longer times, the saturation index becomes constant (below
saturation). Mg and Si containing minerals; sepiolite and talc, show similar trends as
diaspore, gibbsite and kaolinite; however, saturation index becomes positive for both after
21 days. The Nl for the glass powder in CSS, Figure 6.19, suggests there is no mass loss
of Mg; however, this could be due to the quick saturation of Mg in solution which complexes
with Si and precipitateout of solution at short times.

Saturation inttes of several minerals suggest that Ca and Sicasprecipitatingduring
early stages of dissolution (hence nodNat short times for the fine glass powder). After
longer times, the phases precipitate ofi solution allowing the concentration of Si in
solution to increase giving rise to the increase in thg d#en in Figure 641

The existence of an alteration layer on the MCQ68 day sample allows speculation
about the formation of a possible PRI thve surface of the pristine glass. Further tests and
analysis on the glass powders during a dissolution test in both UDW and CSS will need to be
performed in order to understand the formation of alteration products during the dissolution
of these glassest these SA/V ratios.
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6.5 Conclusions

It has been shown from both the work presented here and previous work that the surface area
to volume ratio has a large effect on the overall normalised mass loss. The difference
between the concentration of Sisolution for the low and high SA/V ratio samples was
explained by saturation effects of Si in solution.

The addition of an alkali buffer to the UDW was shown to result in a decrease of the
dissolution rate for MW Blend glass. The concentration of Ssdlution for all of the
samples correlates to suggestidingt Ca and Si areo-precipitating, possibly with Al, Mg
and Na. This is evideritom thelargedecrease in Ca concentratsoat short times which are
consistent with thé&lLs;. It is suggested that the high concentration of Ca in solution forms a
PRI which decreases the rate of formation of a hydrated surface layer, which in turn
decreases the final dissolution rate.

At short times it was evident that the concentration of Adlution is consistent to that of
the concentration of both Ca and Si. It was discussed that the dissolution rate is dependent on
the activity of AI(OH), and silicic acid along with the solution pH. Both the PIGiInd the
MCC-1 sol uti on peddssolutisrhratewvilltrédmain lowt until the pH decreases
past the point of zero net charge.

Modelling results are in agreement to previous studies which show that Ca and Si are co
precipitating at short times decreasing the.NLhis is evident from th€a and Si phases
which are most probable to precipitate out of solution as suggested by the modelling results.

The alteration layer on the MGL 168 day sample is indicative of the possible formation
of a PRI on the surface of the pristine glass. Previeork along with the results presented
here give further evidence to the formation of the PRI; howduether work is needed in
order to understand thaterationlayer chemistry on the powder to determine the phases
which haveformed on the surface dfe glass
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7.0 Secondary Product Formation on Simulated UK HLW
Glasses

7.1 Introduction

Several studies on the mechanisms of the formation of alteration products on the surface of a
corroding glass have been performed; however, there are contrangshao the role of the

gel layer (148 91:93: 95 97: 98: 102 109nivia| studies of the dissolution rate law and the role of the

gel layer by Grambow and Muller in 2001 resulted in a model which described corrosion of a
nuclear waste glass in experimental and geological repository conditf$hsThis model
allowed a comparison of various hypotheses, with several parameters in a single model, and
allowed a combination mechanism for glass corrosion involving glass hydration and
(possibly) a protective effect from the formation of an atien layer®*®)

Other studies suggest that the decrease in the dissolution rate at longer times is attributed,
in part, to the formation of alteration products on the surface of the gfasadvocatet al.
has observed a decrease in the dissolution rate for both radioactive anadioactive
glasses; however, they observed a significantly different behaviour between active and
inactive glasses with similar compositiofié. It is suggested that the alteration layer on the
surface of the radioactive glass is less protective due to a difference in the microstructure
allowing enhanced diffusion as compared to the-mmfioactive glass®™ Contrasting
studies suggest either the alteration layer on the surface, or saturation effects in the solution
are responsible for the decrease in the dissolution rate of nuclear waste glassest aKing
suggest that there is a large range ofglaomposition that vary in corrosion rates and
thicknesses of the gel layer and that the reaction rate is strongly affected by the formation of
the gel*®

Early work by Gin suggests that a gel layer formed under a sadusatution acts as a
diffusion barrier and controls the kinetics of the glass corroSi8nRecent studies on the
French simulated nuclear waste glass, SON68, suggest that a passivating reactive interface
(PRI) influencesthe dissolution rate’®® %) The PRI, as Frugieet al. suggest, is an
alteration layer which is characterised by a gradient of elements that limit the formation of
crystalline phase$§t®® The mechanisms by which the PRI are formed were modelled using
the Glass Reactivity with Allowance for the Alteration Layer (GRAAL).

* For an overview of the GRAAL model, see section 2.7.
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Alteration layer studies have previously been performed on simulated UK HLW glasses
by Hyatt et al.®" °® However, these studies were inconclusive regarding the formation
mechanisms of the gel layer. This same work by Hgatal. also indicated that the
durability, according to the generalised Avrami equation, is less than that of the French
SONG68 glass®”

The work below was performed in order to study the structure of the alteration layers
which form during corrosion of glasses and also to gain an understanding of the mechanisms
of the formation of the gel layer. This was achieved by vapour hydration tests performed on
simulated UK HLW glasses followed by analysis using XAS, XRD, and SEM/EDS.

7.2 Experimental Procedure

Five glasses were used for the VHT study; MW Base, MW 25 Blend, CaZn Base, CaZn
Blend, and FeZnZr. The composition of these glasses is given in Table 7.1. All glasses were
prepared by using a glass frit supplied by National 8darclLaboratory (NNL) with the
nominal composition of MW Base. The addition of other oxides was performed by adding a
calcine, also supplied by NNL or by raw oxides supplied by Alpha Aesar with >99.0%
purity” The batch added to a mullite crucible andcptain a furnace at 106@ for one

hour before being stirred with a mulliteuciblefor three hours. After stirring, the glass was
cast in a block using a pteated stainless steel mould and then annealed atC5iy one

hour before being cooled toam temperature at T min™.

After annealing, the glass the VHT monoliths of 10 mm x 10 mm x 1.5 mm (x 0.1 mm)
were prepared. This was performed by cutting the annealed glass with a diamond
impregnated saw and then polishing the samples to a 600 dgaicesuinish with SiC
polishing paper and rigy in deionised water. Once rinsed, the samples were cleaned
ultrasonically for 2 min in deionised water two times. A second cleaning of the samples was
performed ultrasonically for 2 min in ethanol two teneAfter cleaning, the samples were
placed in a drying oven overnight and then placed in a desicator until further use.

* Only the FezZnZr glass was batched with the MW Base frit and raw oxides.
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Table 7.1 Analysed compositions of the glasses used for the VHT experiment%o.
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CazZn Base| MW Base | FeZnZr Glass CaZn Blend | MW 25 Blend
SIO, 56.10 60.27 48.17 46.44 46.28
B.O3 21.54 24.11 19.38 18.95 18.3
Na,O 11.48 10.88 8.10 9.32 8.12
Li,O 2.92 4.75 3.84 2.27 4.81
CaO 1.94 -- -- 1.54 -
Al;03 -- -- -- 0.11 1.87
BaO -- -- -- 1.67 1.22
CeG -- -- -- 1.28 1.24
Cr,03 -- -- -- 0.19 0.37
CsO -- -- -- 1.42 1.61
FeOs -- -- 12.34 0.49 1.87
Gd,0O3 -- -- -- 2.62 3.86
La,O3 -- -- -- 0.71 0.67
MgO -- -- -- 0.11 1.34
MoOs3 -- -- -- 2.41 2.02
Nd,Os -- -- -- 1.69 1.81
NiO -- -- -- 0.18 0.28
PrOs -- -- -- 0.46 0.47
RuG, -- -- -- 0.46 0.49
SmO3 -- -- -- 0.28 0.28
SrO -- -- -- 0.43 0.32
TeO, -- -- -- 0.12 0.28
Y03 -- -- -- 0.11 0.1
n0, 6.03 -- 3.53 4.28 -
ZrO; -- -- 4.64 2.48 2.4
Total 100 100 100 100 100

7.2.1 Vapour Hydration Test

There were two VHT experiments performed in this study; the first was performed in order to
determine reproducibility of the VHT method, and the second was performed to examine
alteration layer formation with increasing time. The VHT experiment is peeibrivy
exposing a glass monolith to a saturated water vapour atmosphere foidetgureined
amount of time. For the studies below, this was performed by placing a glass monolith, as
prepared above, into stainless steel vessels and exposing them to wapateratmosphere

at 200 C. The amount of water added to the vessa$ low enough ta@reate al00%
relative humidityatmospherdout not have condensed water from the sangpiping to the
bottom This prevents migration of elemental species fronsthiéace of the sample. Once

the samples were removed from the vessel they were examined by XRD and SEM/EDS.
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7.2.1.1 Reproducibility of the VHT

A simple borosilicate glass (Cazn Base) doped with small additions of ZnO and CaO was
used for the reprodudiity VHT experiments. The glass, supplied as a lixjt National
Nuclear Laboratory.td. with the composition given in Table 7.1 was melted in a platinum
crucible for 4 h at 1060 °C and stirring for 3 h using a platinum stirrer. The melt was cast
into apre-heated stainless steel mould, annealed at 500 °C for 1 h and cooledraint’ &

room temperature. After annealing, the glass was sectioned into 10 x 10 x 1.5 mm
(= 0.1 mm) sections using a diamond impregnated blade in a Buhler low speed saw.

The reproducibility VHT experiments were performed using both as cut and polished
sections of the glass with either one or two samples mounted on a stainless steel specimen
holder inside the VHT vessel. Both theag and polished samples were tested ther
matrix given in Table 7.2. Two vessels were used in order to test differences between the
surface roughness and mounting either one or two samples in a single vessel.

Table 7.2 Matrix of experiments for the reproducibility of the VHT for both #eecut and
polished samples.

Vessel 1 Vessel 2

Sample 1Sample 2Sample 1Sample 1
Test 1 X X X --
Test 2 X -- X X
Test 3 X X X X
Test4 X -- X --

Vessels used for reproducibility VHT experiments were tested for water retention. Water
retention of each vessel was tested by adding ~2 mL high pus®y tbl the vessel and
measuring the mass before and after placingéaéed vessel in an oven at 200 °C for 5 days.
The two vessels were within 0.01 g for the initial and final mass for the retention test.

The vessels and samples were cleaned using distil®daAd acetone before each VHT
experiment. Once the remaininigeaation product from the previous VHT experiment was
removed from the sample support, the samples, vessels, vessel lids, and sample supports were
rinsed with distilled HO twice. After rinsing, they were submersed in distillegDHand
cleaned ultrasonadly twice. The samples, vessels, vessel lids, and sample supports were
submersed and cleaned ultrasonically in acetone twice before being placed in a drying oven
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at 90 °C for 1 h. After drying everything was placed in @caéor until further use. Durg
and after the cleaning process only latex gloves and tweezers were used for handling in order
to keep samples free from contamination.

Samples were attached to the supports using a stainless steel wire (0.002 in diameter),
inserted into the vessedsd then placed in an oven at 90 °C for 1 hour prior to the addition of
high purity HO. This allowed for slight thermal expansion of the vessel prior to sealing.
After pre-heating, 200nL of high purity HO (18.2 MV cm at 25 °C) were added to the
vesselbefore sealing and being placed in an oven at 200 °C for 5 days. The amount of high
purity H,O used gives a complete,® vapour atmosphere in the vessel. This procedure
followed the same procedure as Jirickaal. **® The pH of the high purity 0 was
measured before and after each VHT using litmus paper in order to determine if solution
condensed on the samfdeand then dripped causing species migration from the surface of
the sample. Figure 7.1 gives a repred@maof the vessel, vessel support, and sample
attached to the support.

-
®

Figure 7.1 The vapour hydration test vessel with support and sample. The 20 pence piece
is shown to indicate theize of apparatus.

Each vessel, once removed from the oven, Mased in ~1 cm depth of tap water in order
to condense the high purity.@ within the VHT vessel at the bottom and not on the sample.
The vessel was unsealed and the support holding the sample was removed. The stainless
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steel keeping the specimen attathe the support was removed and the safgpfeounted
in epoxyresinfor analysis.

Once set, the epoxy moulds were polished back to expose the altered glass in cross section
using a Inm median grit. This was performed by using SiC polishing paper fi&d0 B
P1200 and then diamond paste at 6, 3 amoh Inedian grit size. Samples were subsequently
analyzed using electron microscopy and backscatter electron images taken of each sample to
measure the average alteration layer thickness and differentesgwiiayer structure.

Alteration thickness measurements were performed by placing the glass monolith into
epoxy after it was removed from the vessel following the VHT experiment. The sample was
polished with 1mm diamond paste in order to view a crosst®n of the monolith in an
SEM. Backscatter electron images were taken at two locations along each side and at the
edgeof the sample. After printing the images, the gel layer thickness was measured at five
locaions on each image and the thicknessudated. Figure 7.2 is a backscatter image
illustrating five locations on the image which were used to calculate the average thickness of
the alteration layer. The locations on each image were spaced evenly apart in order to
account for any variation ehickness across the alteration layer.

-
— 20 pm

Figure 7.2 Backscatteelectron image with five lines across the alteration layer illustrating
the regions used to calculate the thickness of the gel. The bulk glass is on the right (light
grey), the gel layer in the centre and the epoxy resin on the left (black region).

7.2.1.2 Alteration Layer Formation of Pristine Glass from VHT
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Five compositions were used to study the formation of alteration layers during corrosion of
glass. These glasses were; MW Base, MW Blend, CaZn Base, Cazn Blend, and FeZnZr.
The analysed conggitions are given in Table 7.1. After sample preparation as in section 7.2,
glass monoliths were placed in the VHT vessel for 10, 20 and 30 days with the exception of
CaZn Base which also included a 5 day sample from the reproducibility test. Oncedemov
the vessel was cooled to room temperature by placing the vessel in a shallow bath of cold
water and the samples removed for analysis. Condensing the steam within the reaction vessel
in this way permitted measurement of the solution in the vesselh\fhiasic, is an indicator

o f 6dri ppingd conditions, and hence, mas s
analysedoy XRD and the other sample was placed in epoxy to examine the cross section of
the monolith under SEM/EDS.

7.3 Results

7.3.1Reproducibility of the Vapour Hydration Test

After several VHT experimentsith varied results, it was determined that the reproducibility

of the VHT method needed to be examined. Sample preparation was one possible cause to
the variability of the resudt from the previous VHT experiments. A reproducibility VHT
experiment was performed using@g and polished samples and either one or two specimen
within the reaction vessel while keeping the time, and environment of the VHT experiment
constant.

Early results of the VHT experiment for the MW Base glass showed a change in the
alteration layer thickness with a difference in the polished surface of a sample. This is
apparent in Figure 7.3 which gives the backscatter electron images of three diffestr@dooli
VHT samples exposed to a water vapour atmosphere for 5 dys.samples shown in
Figure 7.3 A verepolished with P800 SiC paper that has a median grit size oh22The
alteration layer thickness was 5 #1th. Decreasing the median grit size gonin resulted in
an alteration layer thickness of 25 s, as shown in Figure 7.3 B. The thickest alteration
layer resulted from a polish of a median grit size afrl This is seen in Figure 7.3 C where
the average thickness of the alteration layell68 + 15nm. Other differences between the
samples are formation of precipitates in the two higher polished surface samples. There is
also substantial porosity within the thickest alteration layer sample. A close observation of
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Figure 7.3 C also showaschange from a high number of small pores near the bulk glass to a
few large pores near the surface of the alteration layer. Figure 7.4 plots the alteration layer
thickness with a change in the median grit size for polishing samples. It clearly slabws th
the higher the median grit size the thinner is the alteration layer.

su1sS2e amu—x-l‘a,ésg 1Smm SUl 7S 257(0—"5(_2&58' - \ 3
Figure 7.3 Vapour hydration test samples exposed for 5 days with different polished
surfaces at A) 28m B) 15nm and C) Imm median particle size for polishing.
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Figure 7.4 Alteration layer thickness for each median grit size polish for sample preparation
of the VHT.

These early results were in contradiction to the findings of Jiretkal. where they
suggest the alteration layer decreases with a decrease in the patishiiag grit sizé™>> A
possible explanation for this observation could be that the overall surface area to volume ratio
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of thefiner polished samplés less than that of theoarsempolished sampleA finer polished

sampe is a sample that has a surface that is closer to a flat surface than that of a coarser
polished sample which may resemble a jagged surfaceincrease in the surface area will
increase the concentration of iom solution allowing it to reach satui@n quicker than that

of thefiner polished samplevhichdecreassthe overall dissolution rate.

In order to investigate to what extent the VHT method is reproducible, a study was
performed on a similar glass to earlier results,@Ga@nBase glass. This study incorporated
two changes. The first was the sample preparation where the surface finish of the glass
monolith was changed. The second was that the number of samples in the VHT vessel was
varied to examine the difference betweenwihg just one or two samples in the same vessel.
To study these changes, several samples were analysed under backscatter electron
microscopy to measure the thickness of the alteration layer after 5 days under a water vapour
atmosphere.

The thickness ofhe alteration layers, which was used as an indication of reproducibility
of the VHT method, is given in Table 7.3 for each sample. This table shows alteration layer
thicknesses for both as cut and polished samples with either one or two samplestiora reac
vessel. For the as cut samples in vessel 1; test 1 has two samples in the reaction vessel, while
test 2 had only 1 sample (hence the absence of data for sample 2 in test 2). Theferror,
each alteration layer thickness is given in the colunter #fie thickness, t. Close observation
of Table 7.3 reveals that there is a higher variability in alteration layer thicknesses for the as
cut samples as compared to the polished samples.

A different perspective of the data presented in Table 7.3 igeglota a box plot of the
alteration layer thicknesses in Figure 7.5. For the as cut samples (first and second column)
the fAwhiskerso give a visible representatio
thickness as compared to the polished samplHowever, the difference between mean
thickness (round dot with the box) of the alteration layers for one or two as cut samples in a
reaction vessel is higher than for one or two polished samples. The mean value of the
alteration layer thickness fome or two polished samples in a reaction vessel is similar at
~190mm. The box plot also shows that there is no significant difference between the mean
values of one or two polished samples due to the large overlap between the second and third
guartile ofdata. However, there is statistical difference between the mean values of the as
cut samples, which is shown from the large difference between the second and third quartiles
of either one or two samples in a reaction vessel.
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Table 7.3 Gellayer thickness of the VHT reproducibility test after 7 days at 200

As Cut Samples

Vessel 1 Vessel 2
Sample 1 Sample 2 Sample 1 Sample 2
t (mm) S t (mm) S t (nm) S t (mm) S
Test 1 134 14 140 11 185 19 -- --
Test 2 229 39 -- - 107 10 104 13
Test 3 190 25 183 29 95 24 116 10
Test 4 197 27 -- -- 227 44 -- --

Polished Samples

Vessel 1 Vessel 2
Sample 1 Sample 2 Sample 1 Sample 2
t (mm) S t (mm) S t (Mm) S t (nm) S
Test 1 176 8 177 17 177 13 -- --
Test 2 206 21 -- -- 175 13 205 66
Test3 193 12 195 12 186 15 172 5
Test 4 197 32 -- -- 184 5 -- --

Backscatter electron images also illustrate a difference between having one or two samples
in the vessel during the VHT experiment, as shown in Figure 7.6 and 7.7. Figure 7.6 A is a
representative backscatter electron image of the case with only ond aantule in a
reaction vessel during the VHT experiment and Figure 7.6 B is representative of the case
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with two as cut samples. When only one as cut sample is in the vessel during the VHT
experiment, both pores and precipitates can be seen within thatiaiielayer. On the
surface of the alteration layer there is a change in the microstructure which is indicative of
secondary precipitation after saturation of solution. When two samples are placed in the
vessel, as shown in Figure 7.6 B, the secondasgiitation layer is much thinner; however,
there are still pores and precipitates seen in the middle of the alteration layer.
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Figure 75 Box plot of gel layer thickness for the VHT reproducibility test.

A B et
Figure 76 Representatlveackscatter electron images of as cut samples for A) 1 sample in
the vessel and B) 2 samples in the vessel during the VHT experiment.
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Comparing the differences between only one or two samples in the VHT vessel for the
polished samples in Figure 7.6, oren see that there is a slight difference between the two
representative backscatter electron images. For instance, with only one sample in the vessel
during the VHT test, the pores in the alteration layer appear to be much larger and contain
larger preqpitates; however, the porosity in the image for two polished samples in the VHT
vessel shows that the pores are smaller in diameter and appear not to go all the way to the
surface of the alteration layer (Figure 7.6 B).

Inspection of Figure 7.7 revealsat the alteratiotayers have less secondary precipitation
compared to thas cut samplefigure 7.6) for both 1 and 2 samples in the vesséihen
two polished samples are placed in the reaction vessel, the surface of the alteration layer does
not exhbit such a change in the microstructure indicating the solution does not become
saturated in leached elements causing secondary precipitatidine surface of alteration
layer. Both Figure 7.7 A and B show porosity and precipitates within the altedatjen
similar to the as cut samplesThe precipitation within the pores seen in both images in
Figure 7.7 show theries secondary precipitation occurs; however, this is only for precipitates
rich in zinc. These precipitates are known to be rich in Zmfi&@DS point analysis that is
not shown here. This, along with the results from the proceeding section showing Zn
precipitates, suggests that within the pores, there is an increased concentration of zinc in
solution leading to secondary precipitation witktie poresor the CazZn Base glass.

-~ ’

sur99s ;EBKU
Figure 7.7 Representative backscatter electron images of polished samples for A) 1 sample
in the vessel and B) 2 samples in the vessel during the VHT experiment.

There is also an absence of secondary phastee®urface of the alteration layer for two
polished samples in the VHT vessel. The secondary phase on the surface of the alteration
layer is clearly shown on the surface of the alteration layer with only one polished sample,



NJC; 18" January 2013 162

Figure 7.7 A. Both represttive images for the polished samples in Figure 7.7 show
precipitates located within the pores.

As a result of the reproducibility testsyther VHT evaluations were performed using two
samples polished with P1200 SiC paper. This is discussed betaestion 7.4.1

7.32 Alteration Layers in UK HLW G lasses

7.3.2.1 Vapour hydration tests of UK HLW glasses

7.3.2.1.1 CaZn Base glass

Five glasses were prepared for a time dependence study of the VHT method; CaZn Base,
Cazn Blend, MW Base, MW Blenand FeZnZr glasses. As shown in Figui& the Cazn

Base glass exhibits an increase in alteration layer thickness with time together with a change
in the microstructure of the alteration. At short times, the CazZn Base glass has a very
different alteraton layer microstructure compared to longer alteration periods. The 5 day
VHT sample has both pores (dark regions within the gel layer) and precipitates (bright spots
within the pores of the alteration layer) which are clearly observed in the backsleattieme

image. The 10 day sample exhibits a change in the microstructure of the alteration layer
which does not contain any porosity. However, the precipitates within the pores seen in
image of the 5 day sample appear to have increased in number aaftesiZ® days. The
structure on the surface of the alteration layer of the 10 day VHT sample appears to be
different compared to the bulk of the gel.

At longer times, for the CaZn Base 20 day VHT sample, the phase on the surface of the
alteration layemappears to be broken up, as shown in Figure Tlds was seen throughout
the sample when viewed under the electron microscope. This is apparent from the different
microstructure of the alteration layer at the surface of the sample. The bulk okta#ait
layer hasless porosity for the 20 day VHT samge comparedo both the 5 and 10 day
samples. The precipitates that were visible in the 5 and 10 day VHT samples are still present
in the bulk of the alteration layer of the 20 day sample; howehere is no apparent
porosity. The 30 day sample does not show the broken material on the surface of the
alteration layer, but the precipitates visible in the other samples are larger near the surface of
the alteration layer and decrease in sibserto the surface of the pristine glass.
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Figure 7.8 Backscatter electron images of Cazn Base for the VHT time dependent study.
Times were 5, 10, 20 and 30 days at 200n a high purity HO vapour atmosphere.

X-ray diffraction (XRD) of each of th€azn Base glass VHT samples was performed in
order to compare changes in the crystallinity of the alteration layer. Figushdws the
XRD traces of the CaZn Base samples. The crystallinity of the alteration layer of the VHT
samples increases up to @8ys for the VHT test. The 20 and 30 day VHT samples appear to
have similar peak intensities suggesting similar crystallinity in the alteration layer. The
pristine glass, as expected, exhibits diffuse scattering. The 10, 20, and 30 day samples all
exhibt peaks associated with crystalline materials in their respective diffraction gattern
The 10, 20, and 30 day samples all appear to contain phases of hemimorphite
(ZnsSLO(OHLABD) , cal ci um si | i coA b0 andoristabalite(Bid)e ( Ca O
Previous studies have showhat cristobalite forns in lower temperature hydrothermal
environments®®® " Both the 20 and 30 day samples show higher peak intensities for
hemimorphite and calcium silicate hydréten the 10 day VHT sample.

A closer examination of the alteration layers seen in the backscatter electron images of the
VHT samples was also performed using EDSa)¥ mapping and line scans in order to
determine changes in the microstructure and/or cemipo with an increase in time. At






















































































































































