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Zusammenfassung

Borosilikatgläser werden derzeit zur Immobilisierung von hochradioaktivem Abfall ver-

wendet und sind von Interesse für biomedizinische und industrielle Forschung. Sie sind

metastabile Materialien, die in wässrigen Lösungen korrodieren, was sich durch die Bil-

dung von silikatreichen Korrosionssäumen ausdrückt. Bisher gibt es in der wissenschaftli-

chen Gemeinschaft keinen Konsens über die Reaktions- und Transportmechanismen und

die geschwindigkeitslimitierenden Schritte, die bei der Korrosion von Silikatgläsern auf-

treten. Die meisten Modelle haben die Grundannahme gemeinsam, dass die Ionenfreiset-

zung aus dem Glasnetzwerk durch Interdiffusion stattfindet und dass das Glasnetzwerk

selbst nicht zerstört, sondern nur modifiziert wird. Demgegenüber steht das grenzflä-

chengekoppelte Lösung-Fällungs-Modell, das zunächst für Mineralverdrängungsreaktio-

nen entwickelt und kürzlich auf Glaskorrosion adaptiert wurde. Dieses Modell basiert

auf der kongruenten Auflösung des Glasnetzwerks, welche räumlich und zeitlich an die

Fällung und Polymerisierung von Kieselsäure, die den amorphen Korrosionssaum bildet.

gekoppelt ist. Die Auflösung einer radionuklidbindenen Glasmatrix ist besonders kritisch

für die sichere Entsorgung von vitrifiziertem, hochradioaktivem Abfall Eine fundierte

Beschreibung der Reaktionsmechanismen und die Identifizierung der ratenlimitierenden

Schritte ist daher essentiell, um die Langzeitkorrosion von Silikatgläsern zuverlässig vor-

herzusagen, insbesondere wenn aus Sicherheitsgründen Zeitskalen von mehreren tausend

bis Millionen von Jahren, wie für nukleare Endlager vorgesehen, bedacht werden müssen.

In drei Projektstudien wurde das breite Spektrum der Korrosion von Borosilikatgläsern

beginnend mit den ersten Oberflächenpräzipitaten an einer sich nach innen bewegen-

den Lösung-Fällungsgrenzfläche untersucht. Weiterhin wurde die dynamische Entwick-

lung des Korrosionsrandes selbst und als auch das Verhalten einzelner Spezies innerhalb

des Korrosionsaums und über die Saum-Glas-Grenzfläche hinaus verfolgt. Ergebnisse

xxi
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von Rasterkraftmikroskopie und Durchflussexperimenten lieferten deutliche Hinweise auf

einen signifikanten Zusammensetzungsunterschied zwischen der Lösung an der Oberflä-

che und der Gesamtlösung. Daraus folgt, dass lokale Übersättigung der Grenzflächenlö-

sung an Kieselsäure erklären kann, wie die Ausfällung von amorpher Kieselerde an der

Glasoberfläche auftreten kann, obwohl die Gesamtlösung noch untersättigt ist. Um die

dynamische Entwicklung des Korrosionssaums in Ort und Zeit zu analysieren, wurde eine

neue in situ ramanspektroskopische Methode mit Fluidzellen entwickelt. Diese Methode

erlaubt die kongruente Auflösung des Glases und gleichzeitig die Präzipitation und Po-

lymerisierung der Kieselerde bei erhöhten Temperaturen in Raum und Zeit zu verfolgen,

ohne dabei das Experiment abbrechen zu müssen. Zum ersten Mal konnte so die Bildung

einer kieselsäure- und wasserreichen Zone an der Grenzfläche zwischen Glas und Korrosi-

onssaum in operando beobachtet werden. Üblicherweise werden solche Zonen als Lücken

oder Risse zwischen dem ursprünglichem Glas und Korrosionssaum beschrieben und auf

das Trocknen der Probe zurückgeführt. Jedoch lässt sich aus diesen Ergebnisse schlie-

ßen, dass diese Diskontinuität ein Merkmal des primären Korrosionsprozesses selbst sind

und der Auflösungsprozess innerhalb des darin enthaltenen Grenzflächenfluids stattfin-

den muss. Zuletzt wurden Multi-Isotopen-Tracerexperimente (2H, 18O, 10B, 30Si, 44Ca)

an unbehandelten und zuvor korrodierten Glasmonolithen verschiedener chemischer Zu-

sammensetzung durchgeführt. Die Ergebnisse von Transmissionselektronenmikroskopie

und Analysen mittels nanoskaliger Sekundärionen-Massenspektrometrie zeigen eine na-

nometerscharfe Grenzfläche zwischen dem kieselerdebasiertem Korrosionssaum und dem

Glas, an der einzelne Isotopentracer sich voneinander entkoppeln, während innerhalb des

Glases Protonendiffusion und Ionenaustausch beobachtet werden kann. Weiterhin wurde

eine dichte Schicht zwischen Korrosionssaum und Glas beobachtet, die die gequenchte,

kieselsäurereiche Grenzflächenlösung zu sein scheint, welche schon in operando im in situ

Ramanexperiment beobachtet wurde.

Da diese neuen Erkenntnisse nicht mit einem Diffusionsprozess im Festkörper erklärt

werden können, noch das klassische grenzflächengekoppelte Lösung-Fällungs-Modell Io-

nenaustausch im Glas berücksichtigt, wird ein vereinendes mechanistische Modell vorge-

schlagen, welches alle bisherigen, kritischen Beobachtungen anhand natürlich und expe-

rimentell korrodierter Gläser berücksichtigt. Der hauptsächlich den Korrosionssaum bil-

dende Prozess basiert dabei auf der grenzflächengekoppelten Auflösung des Glases und

Fällung von Kieselerde. Jedoch erlaubt das Modell, dass sich eine Diffusionsfront über
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mehrere Zehnernanometer direkt vor der Lösungsgrenzfläche entwickelt, sobald die Auf-

lösungsrate aufgrund von Transportlimitierungen langsamer wird als die Diffusionsrate

einer jeweiligen Spezies (DH = 1.3× 10−23 m2 s−1).





Abstract

Borosilicate glasses are currently used for the immobilization of highly radioactive waste

and are materials of choice for many biomedical and research industries. They are

metastable materials that corrode in aqueous solutions, reflected by the formation of

silica-rich corrosion rims. Until now, there is no consensus in the scientific community

about the reaction and transport mechanism(s) and the rate-limiting steps involved in the

corrosion of silicate glasses. Most models have the basic assumption in common that ion

release from the glass network is occurring via interdiffusion and that the glass network

itself is not being disrupted, only modified. On the contrary stands the interface-coupled

dissolution-precipitation (ICDP) model, which first was developed for mineral replace-

ment reactions and was recently adapted to glass corrosion. It is based on the congruent

dissolution of the glass network that is spatially and temporally coupled to the precipita-

tion and polymerization of silica, forming the amorphous corrosion rim. The dissolution

of a radionuclide-binding glass matrix is naturally a sensitive issue for the safe disposal

of vitrified high-level nuclear waste. A sound description of the reaction mechanisms and

the identification of the rate-limiting steps is essential to predict the long-term corrosion

of silicate glasses, particularly when time scales must reach several thousand to millions

of years as required by safety regulations for a nuclear repository.

In three project studies, the broad spectrum of borosilicate glass corrosion was inves-

tigated from the first surface precipitates at an inward-moving solution-glass interface,

over the dynamic development of the corrosion rim itself, and the tracing of individual

species within the corrosion rim and across the rim-glass interface. Results of atomic

force microscopy and single-pass flow-through experiments deliver strong evidence for a

significant compositional difference between the surfacial and bulk solution. Hence, local

supersaturation of the interfacial solution with respect to amorphous silica at the glass

xxv
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surface can explain how precipitation of silica can occur when the bulk solution is still

undersaturated. To study the dynamic development of the corrosion rim in space and

time, a novel fluid cell-based in situ Raman spectroscopy method devised. This method

allows monitoring the congruent dissolution of the glass and simultaneously the precip-

itation and polymerization of the silica-based corrosion rim at elevated temperatures in

space and time without the need to terminate the running experiment. For the first time,

the formation of a silica- and water-rich zone at the interface between glass and corrosion

rim could be observed in operando. Commonly such zones were identified post mortem

as gaps or cracks between pristine glass and corrosion rim, and, hence, referred to as

result of sample drying. However, these results show that these discontinuities are a pri-

mary feature of the corrosion process itself and that the dissolution process must proceed

within the therein present interfacial fluid. Lastly, multi-isotope tracer (2H,18O,10B, 30Si,
44Ca) experiments were performed on pristine and already corroded glass monoliths of

different glass compositions. Results of transmission electron microscopy and analyses by

nanoscale secondary ion mass spectrometry reveal a nanometre-sharp interface between

the silica-based corrosion rim and the glass, where decoupling of isotope tracer occurs,

while proton diffusion and ion exchange can be observed within the glass. Moreover,

a dense layer was observed between the corrosion rim and glass, which appears to the

quenched silica-rich interfacial (pore) solution, which was observed in operando in the in

situ Raman experiment.

As these new findings cannot be explained by solid-state diffusion processes, nor the clas-

sical ICDP process accounts for ion exchange in the glass, a unifying mechanistic model

is proposed, which accounts for all critical observations so far made on naturally and

experimentally corroded glasses. The main corrosion rim forming process is based on

the interface-coupled glass dissolution-silica precipitation reaction. However, a diffusion

front over several tens of nanometres may evolve in the glass ahead of the dissolution

interface once transport limitations cause the dissolution rate to become slower than the

diffusion rate of individual species (DH = 1.3× 10−23 m2 s−1).
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Introduction to Glass Corrosion
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2 CHAPTER 1. INTRODUCTION TO GLASS CORROSION

Glass and in consequence glass corrosion has accompanied humankind since 3500BC. It

is still under discussion where and in which century in the middle east glass objects like

glass beads were produced for the first time by human hands(Shortland et al., 2016),

but the circumvention of corrosion - or here named degradation - of these artefacts

is nowadays the working field of modern museum conservationists. Today’s industrial

research in the glass corrosion behaviour is for example concerned with the delamination

of corrosion products in vial for medical fluids or the prevention of corrosion to glassware

in dishwashers. In comparison to human history, natural glasses and their ’aqueous

alteration’ (=corrosion) span back over geologic time-scales. Most natural glasses are of

volcanic origin and are regularly dated back to ages of a few million years (Ewing, 1979).

However, abundant preserved volcanic glass was also found in a Carboniferous ignimbrite

in New South Wales (Australia) and dated back to an age of 332 ± 4 Ma (K-Ar age)

(Hamilton, 1992). Old glass samples provide a unique chance to study the long-term

corrosion behaviour and are therefore regarded as natural analogue for the evaluation of

glass as disposal matrix for highly radioactive and toxic nuclear waste.

1.1 Glass as matrix for nuclear waste disposal

The three principle sources for highly radioactive waste are spent fuel and liquid waste

from the reprocessing in the civil energy production field, nuclear weapon programs as

well as naval propulsion technology in the military sector. Within a range of possible

waste forms, glass is so-far the preferred and, hence, most studied matrix for the im-

mobilization of radioactive nuclides and their fission products. Starting in already the

1950s, shortly after the first nuclear power plant produced electric energy near Arco,

Idaho (USA), in 1951, the work on different glass compositions for the waste disposal

was initiated (McCarthy and Society, 1979). The amorphous nature of glass allows the

incorporation of a wide range of isotopes into its structure, making it ideal for the direct

immobilization of high level nuclear waste. Looking at the long list of radioisotopes pro-

duced by nuclear fission in a reactor, it has to be further considered that the multiplicity

of ionic radii, valencies and short half-lives, which in turn change the immobilization

constrains of the individual ions in time, demand a matrix that is not only resistant

to external corrosion, but also flexible enough to accommodate this variety of ions and

can structurally bind them over a long time. A variety of glass types and compositions

have been investigated over the last half of the 20th century (see Fig. 1.1). On the one
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Figure 1.1: Development of nuclear waste glasses over time (taken from Jantzen
(2011)). FRG = Federal Republic of Germany, AECL = Atomic Energy of
Canada Limited, US = United States of America, MIT = Massachusetts In-
stitute of Technology, BNL = Brookhaven National Laboratory (US), WESP
(PNNL) = wet-electrostatic precipitator (Pacific Northwest National Labora-
tory, US), USSR = Union of Soviet Socialist Republics, ORNL = Oak Ridge
National Laboratory (US), UM = University of Michigan (US)

hand, the potential waste glass needs to posses strong chemical durability, mechanical

integrity and thermal stability. At the same time, it should also be flexible in regard to

the amount of waste loading and potentially incorporate most elements of the nuclear

waste. For this, borosilicate glasses are nowadays the matrix of choice. As research for

nuclear waste disposal and repository concepts are often enough national efforts, more

than one borosilicate glass composition has been proposed and developed. One of the

most studied glasses is the French R7T7 with its radio-inactive analogue SON68. The

latter was made publicly available as a simplified version (International Simple Glass)

containing the six major components of the SON68 in an international effort with the

intention make glass corrosion research of different laboratories in the world comparable

(Gin et al., 2013b). Another aspect of the immobilization of nuclear waste which needs

to be considered is the role of radiation damages caused by the α-, β-, and to a lesser

part the γ-decay of the radioactive nuclides. Glass was therefore considered as the ideal

immobilization matrix as its molecular structure is per se amorphous and hence assumed

to be less affected by radiation damage. However, the damage effect of radiation on the

glass structure and further on its stability against corrosion is recently a controversial
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topic in the literature (Weber, 2014; Mir et al., 2015; Peuget et al., 2014, and references

therein). A variety of methods is being applied, from direct doping of glass with Pu or

other radioactive elements (Rolland et al., 2013; Peuget et al., 2014; Tribet et al., 2014)

over simulated damage by radiation with electrons and/or heavy ions (Mir et al., 2015;

Lönartz, 2017), to molecular dynamic simulations (Jolley et al., 2015). Encouragingly,

the damage caused by the β-decay might actually be partly annealed by the emission

of the α-particle from the α-decay (Mir et al., 2015). Lastly, the heat produced by the

decay of radionuclides in especially the first few hundred years has to be considered in

regard to self-annealing, but also with respect to increased corrosion rates.

1.2 Vitrification & deep geological repository

The main amount of high level nuclear waste for permanent disposal originates from the

reprocessing of spent fuels, hence, arrives in a liquefied state. Depending on the chosen

vitrification process, the waste will either be consecutively (AVM Marcoule, France) or si-

multaneously (PAMELA, Germany) calcined and molten together with either individual

chemical reagents or preprocessed glass frit. The calcination of high level nuclear waste

is performed by heating the liquid waste to 500 to 700 ◦C, resulting in the decomposition

of nitrates and a volume reduction by a factor of 7-10 (M. Ojovan, 2011). Degassing of

radioactive nuclides has hereby be taken care of by adequate air filtering. After heat-

ing the mixture up to 1200 ◦C, the resulting glass melt is transferred into stainless steel

containers that need to be cooled down at a rate fast enough to suppress any crystalliza-

tion, but also slow enough to prevent crack formation. Afterwards, the containers will

be sealed by welding. Currently operating plants using the AVM procedure like the at

La Haque (R7/T7) produce 25 kg vitrified waste per hour at each of their two running

production lines (third line is in stand-by for operational reasons) (Liberge et al., 1998;

Meleshyn and Noseck, 2013). An overview of past and present vitrification programs can

is shown in Section 1.2. The preferred and now approached storage environment is the

deep geological repository. Potential sites have to be well studied in respect to structural

and hydrogeological characteristics to guarantee current and future geological stability.

The question of the ideal host rock itself is not fully solved, and the decision is also

depending on what rock formation is available in each country. Three host rock types

have been suggested, which each have their merit: (i) Granite is favoured in Sweden and

Finland for its strength, and while the Swedish repository site plans at Forsmark are
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only submitted as of now, Finland scheduled waste burial at the Onkalo site for 2020. At

first glance, a hard rock like granite seems ideal, but only in tectonically inactive areas

fracturing of the rigid host rock and hence groundwater infiltration can be ruled out.

(ii) Large salt bodies: they can compensate to a degree tectonic movements or seismic

events due to their ductility. On the other hand, salt solutions are in case of a ground-

water breach highly corrosive. At the Waste Isolation Pilot Plant near Carlsbad, USA,

nuclear waste disposal started in 1999, where low level waste is stored in approximately

650 m depths within a 910 m thick salt formation of the Delaware basin. (iii) The third

discussed and researched option for a deep geological waste repository is the use of clay

formations as deposits. The main advantage of clay is the low water permeability, which

would keep the waste isolated from groundwater. Furthermore, clay minerals can adsorb

radionuclides via surface complexation (Nagra, 2002). Waste disposal in clay formations,

for instance, is tested in the HADES underground laboratory below the Belgian nuclear

research centre SCK·CEN in Mol.



Table 1.1: Operational Data of Vitrification Programs (taken from Ojovan & Williams (2013)). LILW = Low- and intermediate-level waste, HLW = High-level waste

Facility Waste
Type

Melting
Process

Operational Period Performance

R7/T7, La Hague, France HLW IHCa Since 1989/1992 5573 t in 14 045 canisters to 2008, 6430× 106 Ci
AVM, Marcoule, France HLW IHC 1978-2008 1138 t in 3159 canisters, 45.67× 106 Ci
R7, La Hague, France HLW CCMb Since 2003 CCM: U-Mo glass
WVP, Sellafield, UK HLW IHC Since 1991 1800 t in 4319 canisters to 2007, 513× 106 Ci
DWPF, Savannah River, USA HLW JHCMc 1996-2011 ∼850 t in 3325 canisters, 40× 106 Ci
WVDP, West Valley, USA HLW JHCM 1996-2002 ∼500 t in 275 canisters, 24× 106 Ci
EP-500, Mayak, Russia HLW JHCM Since 1987 ∼800 t to 2009, 900× 106 Ci
CCM, Mayak, Russia HLW CCM Pilot plant 18 kg/h by phosphate glass
Pamela, Mol, Belgium HLW JHCM 1985-1991 ∼500 t in 2200 canisters, 12.1× 106 Ci
VEK, Karlsruhe, Germany HLW JHCM 2010-2011 60 m of HLW (24× 106 Ci)
Tokai, Japan HLW JHCM Since 1995 >100 t in 241 canisters (110 L) to 2007, 0.4× 106 Ci
Radon, Russia LILW JHCM 1987-1998 10 t
Radon, Russia LILW CCM Since 1999 >30 t
Radon, Russia ILW SSVd 2001-2002 10 kg/h, incinerator ash
VICHR, Bohunice, Slovakia HLW IHC 1997-2001, upgrading 1.53 m3 in 211 canisters
WIP, Trombay, India HLW IHPTe Since 2002 18 t to 2010 (110× 103 Ci)
AVS, Tarapur, India HLW IHPT Since 1985
WIP, Kalpakkam, India HLW JHCM Under testing and

commissioning
WTP, Hanford, USA LLW JHCM Pilot plant since 1998 >1000-2000 t
Taejon, Korea LILW CCM Pilot plant, planned 2005
Saluggia, Italy LILW CCM Planned
a IHC - Induction, hot crucible.
b CCM - Cold crucible melter.
c JHCM - Joule-heated ceramic melter.
d SSV - Self-sustaining vitrification.
e IHPT - Induction-heated pot type melter.
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1.3 Glass corrosion

One of the current obstacles in the glass corrosion research is that due to the diversity of

scientific backgrounds and working fields of authors, there is a lack of a common language

for the description of observations and mechanistic interpretations.

1.3.1 Glossary

To minimize misunderstandings, the most important terms in glass corrosion research

and their meaning, shall be revisited in the following:

Congruent dissolution Transition of the glass structure by hydrolysis and rup-

ture of its molecular bonds and degradation into an aqueous solution of the same

stoichiometric composition. Stoichiometry of the solution will only be maintained

until it is supersaturated with respect to one or more phases.

Corrosion rim Entirety of corrosion products situated between pristine glass

and outer surface.

Gel Generalized description for amorphous glass corrosion product

building up the major part of the corrosion rim (often used in nuclear waste glass

literature).

Fluid boundary layer Layer of fluid in the immediate vicinity of the bordering

(glass) surface. An interfacial fluid might have different thermodynamic, chemical

and physical properties than the (aqueous) bulk solution, i.e. diffusion, viscosity,

solute adsorption, dielectric constant or pH may differ (Ruiz-Agudo et al., 2014 and

references therein). The thickness of such a layer may depend on factors like surface

charge and bounding properties, diffusivity of ions in the (boundary) solution and

dissolution rate of the glass (or mineral), fluid flow and turbulence of the aqueous

system. Hence, parameters obtained from analyses of the bulk solution might not

represent the actual corrosion conditions.

Glass corrosion General term for the replacement of glass by a secondary, in

case of silicate glasses, silica-rich amorphous phase. Glass constituents might

thereby be lost to the environment or form mineral precipitates. Commonly, this
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transformation occurs in an aqueous medium, but is not limited to other environ-

ments (e.g. vapour, gas). Also described as alteration (Gin et al., 2017; Verney-

Carron et al., 2017), degradation (Schalm and Anaf, 2016; Vienna et al., 2013), or

deterioration (Newton and Davison, 1989).

Initial or forward rate Rate describing the congruent dissolution of glass dur-

ing the initial glass corrosion stage, which, in general, is up to 200 times faster than

the residual rate (Gin et al., 2012).

Lamellae Fine, oscillatory zoning in glass corrosion zones, with alternat-

ing structural properties and/or chemical composition. Might appear regular or

aperiodic.

Leaching Model concept for the diffusion-controlled removal of mobile el-

ements (e.g. alkalis) from the glass matrix without complete disintegration of the

glass network (see below for more details).

Palagonite Entirety of corrosion products (Gel, phyllosilicates, zeolites, Fe-

hydroxides) found in altered natural glasses.

PRI Passivating reactive interface.

Reaction interface Interface between pristine glass and solution during the ini-

tial stage of congruent dissolution, later on in the corrosion process the interface

between pristine glass and corrosion rim.

Recondensation In situ restructuring of the hydrolysed glass network by re-

combination of previously formed silanol groups to siloxane bridges after the re-

moval of mobile (network modifying) elements (see Eq. (1.1)). By this notion, the

glass network structure is not being (entirely) disrupted.

Si O
H

+ O
H

Si Si O Si + H2O (1.1)

Residual rate Long-term glass corrosion rate. Depending on the applied model

it describes the rate of glass corrosion governed by diffusional ion exchange (e.g.

Grambow, 2006; Frugier et al., 2008) or transport of dissolved species through the
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Figure 1.2: Schematic diagram of the corrosion rate regimes over time expressed by normalized
concentration of ions in solution (taken from Utton et al. (2011))

reaction rim (e.g. Geisler et al., 2010; Geisler et al., 2015; Hellmann et al., 2012).

See below for more details.

Secondary phases Mineral precipitates at the interface between aqueous envi-

ronment and corroded glass, often occurring in the later stages of glass corrosion.

1.3.2 Glass corrosion models

Understanding and modelling the glass corrosion process in the field of radioactive waste

management was always motivated by predicting the corrosion kinetics. Vitrification

of high-level nuclear waste can only be recommended as safe disposal strategy under

the condition that the extend of corrosion of the radionuclide-bearing glass matrix is

admissible over the disposal time - specifically in the (worst) case scenario of water

infiltration by a breach of the surrounding barrier systems. Such a breach of the barrier

system is considered and parametrized within the safety assessments (J. Ahn, 2010;

T. M. Ahn, 2017), but naturally a more durable primary waste form is preferable to

complex barrier systems. Accordingly, different (kinetic) glass corrosion model were

developed to identify the driving force and rate-limiting steps of the corrosion process (see

below). Most models have the basic assumption in common that ion release from the glass

network is occurring via diffusive transport and that the glass network itself is not being
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disrupted, only modified. In most experimental studies (Van Iseghem and Grambow,

1987), the following phenomenological description of the chronological sequence of the

glass corrosion process is being used (after Frugier et al., 2008, see also Fig. 1.2), and,

hence, aimed to be reproduced by kinetic models:

I. Initial diffusion (or interdiffusion).

II. (Fast) Initial rate (also called forward (dissolution) rate).

III. Rate drop by a factor of up to 200 (Gin et al., 2012; Van Iseghem et al., 2004).

IV. (Slow) Residual rate.

V. Possible resumption of corrosion rate, possibly triggered by secondary phase pre-

cipitation (zeolites) (Fournier et al., 2014; Frugier et al., 2017).

The numerical basis for these kinetic regimes are based on solution data analysis varying

concentrations of mobile elements like alkalis and boron.

Affinity-driven corrosion

Aagaard & Helgerson 1982 provided an affinity-based rate law for irreversible reactions

of silicate minerals in aqueous solutions:

dξ/dt = ks(
∏
i

a
−n̂i,j

i )(1− exp(−A/σRT )) (1.2)

where ξ expresses the overall progress variable, t represents time, k equals the rate con-

stant, s stands for the effective surface area in contact with the aqueous solution, ai refers

to the activity of the ith species in the system, n̂ stands for the stoichiometric reaction

coefficient of the ith reactant species in the jth reaction corresponding to the reversible

formation of the critical activated complex, σ corresponds to the rate of decomposition of

the activated complex relative to that of the overall reaction (which is a constant), and A

represents the chemical affinity of the overall reaction. Based on transition state theory,

the fundamental idea behind this rate law is that dissolution of silicates is conducted by

a series of elementary steps. Thereby if all but one step are in equilibrium, the latter

step would be rate-limiting and defining the overall reaction rate (Oelkers, 2001; Oelkers

and Gislason, 2001). The critical activated complex from transition state theory is seen
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as a localized surface configuration of elements in the disrupted silicate network, whose

irreversible decomposition is controlling the reaction rate. However, close to equilibrium,

the reaction rate is proportional to the chemical affinity of the overall reaction. Gin et

al. (2008) argues that the application of the Aagaard-Helgeson first order rate law is

rather difficult due to the need to determine the content of the affinity function and the

activities of each step of the hypothetical series of elementary reactions. In particular,

the definition of each elementary reaction step with a complex, multi-oxide glass is called

"unrealistic".

Diffusion-driven corrosion

Grambow & Müller (2001) proposed an extended model based on previous work (Gram-

bow, 1984; Grambow, 1997) by adding the influence of glass matrix hydration by water

diffusion and ion exchange processes to the affinity-controlled glass network corrosion.

The water diffusion hereby enables the alkali release by opening the glass network through

formation of silanol groups in the silica ring structures. The diffusion of water and ion

release operates parallel to the matrix dissolution, while it is necessarily assumed that

the initial diffusion and exchange rates are larger than the rate of matrix dissolution, and

that both rates decrease with the square root of time until they equal the dissolution

rate. If kept in a steady-state, the diffusion rate is assumed to become constant so that

stationary water/alkali diffusion profiles of constant diffusion length will establish in the

pristine glass. The experimentally observed amorphous and porous (B. C. Bunker et al.,

1984) corrosion rim (often called gel), which contains molecular water and provides high

ionic mobility (Aines et al., 1986; Doremus et al., 1983), is then thought to form by

hydrolysis of the glass network.

Thus, Grambow & Müller (2001) concluded that the rate-limiting step is a thin diffusion

layer in the pristine glass in front of the corrosion rim (or dissolution interface), and that

the corrosion rim provides a protective effect by limiting the mass transfer of silica into

solution. The corrosion rate drop is primarily attributed to the hydration of the glass

in the diffusion layer, acting as diffusion barrier against further infiltration of molecular

water into the glass network. Furthermore, the corrosion affinity is assumed to be anti-

correlated to the silica saturation in solution.

Frugier and co-workers (2008) questioned the phenomenological justification for a corro-

sion mechanism based on diffusive extraction of mobile elements (alkalis, B, Mo), which

is probably a more precise expression for the commonly used term leaching. If the corro-
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sion is controlled by diffusion in the solid, element release into solution in a closed system

should be proportional to the surface-to-volume (S/V) ratio. While the boron release rate

variations over time follow an inverse square root time-dependence (1/t), which is char-

acteristic for diffusion in a semi-infinite solid (Chave et al., 2007), Frugier and co-workers

observed a non-linear behaviour of the total boron concentrations in solution in regard

to the S/V ratio. Instead of looking at the dissolution affinity of the glass, Bourcier et

al. (1989) proposed a kinetic corrosion model that is based on the dissolution affinity of

the (later) corrosion rim. While Grambow (1984) concentrated on the role of silica and

its saturation in the reaction rim, Bourcier et al. assumed all components concentrated

in the reaction rim affect the corrosion rate. Eventually, the corrosion rate is thought

to be mainly controlled by the ion concentration in solution, which in return is strongly

connected to the precipitation of secondary phases. This claim was later questioned by

Gin (2001), who performed perturbation experiments, where the reaction solution of a

long-term experiment with the SON68 glass was renewed with pure water. Results re-

vealed only a short and slight increase in the reaction rate, which was attributed to a

protective effect of the previously formed reaction rim.

Passivating Reactive Interphase

While Grambow & Müller (2001) already pointed out that the reaction rim might have

some protective properties, Frugier et al. (2008) established the concept of a passivating

reactive interphase (PRI) (see Fig. 1.3). The PRI is said to be a thin (3 to 300 nm)

intermediate phase between the hydration front and alkali interdiffusion zone (together

∼1 nm) in the solid glass and the amorphous reaction rim, and is characterized by sig-

moidal diffusion gradients of mobile elements (e.g. alkalis, B, Mo). From the concordance

of different element diffusion profiles, network modifiers and formers, it is inferred that

not the leaching, but the diffusion of water must be the rate-limiting step, thus control-

ling the overall corrosion progress. The passivating effect is assumed to result from an

in situ solid-state reorganization of the non-mobilized elements (Si, Ca, Al, Zr, etc.) in

the leached glass without being dissolved into solution. In this scenario, the residual re-

action rim, here called depleted gel, results from in situ re-condensation of silanol groups

to siloxane bridges. The residual glass is depleted not only in mobile, but also network

building elements and offers rapid element diffusion through pore water.
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Figure 1.3: Concept model of reaction rim with PRI (taken from Frugier et al. (2008).

GRAAL (Glass Reactivity with Allowance for Alteration Layer) Model

The GRAAL model, specifically developed for modelling the long-term corrosion be-

haviour of the SON68 glass, arose in the wake of the European Commission funded

GLAMOR1 project, which had the goal to achieve a common understanding for the

above mentioned corrosion rate decrease (or drop) (Van Iseghem and Grambow, 1987).

Briefly, the GLAMOR project suggests to consider both mentioned thoughts of school

regarding the glass corrosion mechanism, thermodynamically-driven (affinity) and kineti-

cally controlled (diffusion) dissolution. Hence, the GRAAL model comprises the following

(simplified) reaction steps (see also Fig. 1.4):

• Rapid hydrolysis and ion exchange of mobile elements (alkalis, boron, etc.) (Stage

I).
1A Critical Evaluation of the Dissolution Mechanisms of High-level Nuclear Waste Glasses in Condi-

tions of Relevance for Geological Disposal
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Figure 1.4: Schematic representation of predominant reaction mechanisms con-
sidered in the GRAAL model (taken from Frugier et al. (2008)).

• Initially hydrated layer left behind as a result of slower hydrolysis of stronger,

glass network bonds (e.g. Si-O-Si, Si-O-Al, Si-O-Zr). This amorphous layer at the

glass/solution interface re-organizes by further hydrolysis and condensation. As

long as the solution is not saturated with respect to the glass network components,

the layer dissolves with the initial/forward (dissolution) rate ri.

• Corrosion rate drop occurs through continued re-condensation reactions, enabling

the amorphous layer to act as transport barrier for any in and out coming species.

It should be noted that no distinction between depleted hydrated glass, amorphous

gel layer and PRI is specified, but the whole barrier effect is accounted for by the

diffusion coefficient of water in the PRI as rate-limiting step for the residual rate

r0 (Stage II).

• Precipitation of secondary phases on the external surface (or in solution) lowers

the saturation state of silica in solution, which, in turn, can, depending on the

consumed elements, sustain or enhance (Stage III) the glass corrosion.

Mathematically, the GRAAL model comprises five equations for each the kinetics of

dissolution and formation of the PRI as for the kinetics of secondary phase precipitation

and mass balances of each silicon and boron, representing the network former and mobile

elements, respectively.
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Interface-coupled dissolution-reprecipitation

While most models have their priority on kinetic modelling of the corrosion rates and have

stepwise modified their mechanistic foundation over time, Geisler and co-workers (2010;

2015) adapted the notion of an interface-coupled dissolution-reprecipiation mechanism

of mineral replacement reactions (O’Neil, 1977; A. Putnis, 2002; A. Putnis and C. V.

Putnis, 2007) to the field of glass corrosion. The fundamental difference in the mechanism

between existing glass corrosion models and this newly proposed model is that the new

model is based on the congruent dissolution of the (entire) glass network which is spatially

and temporally coupled to the precipitation and polymerization of silica, forming the

amorphous reaction rim. In this model, the corrosion progress is described as follows

(see also Fig. 1.5):

1. In silica undersaturated solutions. the pristine glass that is not in thermodynamic

equilibrium with the surrounding solution starts to dissolve congruently by hydrol-

ysis of the surface bonds (Fig. 1.5a).

2. Continuous congruent dissolution of the glass network releases all glass constituents

first into a surface-bound fluid layer. This increases the amount of dissolved

monomeric silicic acid in the fluid boundary layer which polymerizes towards higher

structured forms of dimers and oligomers (Fig. 1.5b) and eventually precipitates

on the glass surface (Fig. 1.5c). (Partial) Retention of silica (and other insolu-

ble elements like Zr) within the fluid boundary layer, and proportionally higher

transfer of mobile elements into the bulk solution would explain the often observed

non-stoichiometry of the bulk solution with respect to the glass composition. This

is usually taken as evidence for preferred diffusional loss of mobile elements, alias

leaching.

3. Silica sphere size and aggregation will mainly depend on the pH and salinity of the

fluid boundary layer following the particle growth model of Iler (1979) (Fig. 1.5d).

4. Once the corroded surface is continuously covered by an adherent layer of amor-

phous silica spheres, transport of dissolved elements released from the glass at the

aqueous glass-/reaction rim interface towards the bulk solution becomes more and

more controlled by the transport properties of the reaction rim (Fig. 1.5e).
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5. The growth of the amorphous silica reaction rim is accomplished by continued con-

gruent dissolution of the glass into the inward-moving fluid film. Depending on

the pore size, in the reaction rim can become a semi-open or closed chemical envi-

ronment (Fig. 1.5f). Hence, the interfacial solution must not stand in equilibrium

with the bulk solution any more This opens up the possibility for auto-catalytic

reactions like the increase of pH by dissolved sodium, which, in turn, increases the

solubility of amorphous silica and hereby the corrosion rate.

As such, the ICDP model is fundamentally different to any variation of the

leaching model. If accurate, total bond-breakage during the corrosion process has to be

considered for the immobilization of radionuclides and their daughter products. In con-

trast to previous models, kinetic modelling of the corrosion progress is not implemented

at the status quo.

1.3.3 Currently discussed glass corrosion observations

Due to about half a century of research on glass corrosion, a vast collection of observations

regarding textural evolution, corrosion rates, and ion exchange behaviour is available.

With the background of formulating a unifying model for the glass corrosion mechanism,

the most challenging observation shall shortly be revisited in the following.

Corrosion rate resumption (Stage III)

As reported above, the rate of silicate glass corrosion changes over time, starting with

the fast initial dissolution, which then slows down to a residual rate. However, various

studies (e.g., Vienna et al., 2013; Fournier et al., 2014) reported a late-stage resumption

of the corrosion rate, which is said to be triggered under the following physiochemical

conditions:

• High alkali glass composition,

• high S/V ratio,

• pH20 ◦C >10.7, and/or

• temperatures ≥ 90 ◦C.

Gin & Mestre (2001) have proposed a macroscopic mechanism for the rate resumption,
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where zeolites precipitate from the solution rich in silicon and aluminium at the corrosion

rim/solution interface. Continued crystal growth consumes aluminium from solution,

resulting in aluminium extraction from the corrosion rim. Aluminium being a network

former, is thought the play a significant role in the establishment of the protective effect of

the corrosion rim (or more specific of the PRI). It has to be noted that the proclamation

of this model only hinges on the correlated observation of rate resumption and zeolite

precipitation. A detailed understanding on the resumption mechanism on the molecular

scale has not yet been given. The point of concern for nuclear waste management is

whether the sudden glass corrosion rate acceleration is merely a short term effect of the

onset of secondary mineral precipitation or a sustainable rate regime to be accounted for

in the long run.

Pattern formation

Long-term corrosion of ancient and natural glasses often results in a corrosion rim con-

sisting of fine lamellae or complex pattern, e.g., Sterpenich and Libourel, 2001; Schalm

and Anaf, 2016; Anaf, 2010. The lamellae in corroded ancient glass have been interpreted

to reflect seasonal changes in the environment of the buried glass sample and hence could

be used for dating the onset of corrosion and burial of the glass object of interest (Brill

and Hood, 1961). However, comparable patterned reaction zones were also observed in a

variety of glass corrosion experiments with silicate glasses under controlled physiochemi-

cally conditions in the laboratory (Anaf, 2010; Dohmen et al., 2013; Geisler et al., 2010),

where external influences on fluctuations in the run solution can be excluded. This phe-

nomena of self-organization does not exclude the possibilities of external influence on

the manifestation of the patterns formed, but has to have a mechanistic origin. Pat-

terns in corrosion rims can be defined by structural changes (pore/sphere size (Dohmen

et al., 2013), ordering of silica spheres (Schalm and Anaf, 2016), or chemical fluctua-

tions (Sterpenich and Libourel, 2001; Geisler et al., 2010), or a combination of both.

Whether the occurrence of one might depend or promote the other, is not yet known. In

the midst of the 20th century, a correlation was seen between patterned corrosion zones

in glass and periodic patterns formed by diffusion-reaction processes at moving reac-

tion fronts (Raw, 1955; Geilmann, 1956). The spatio-temporal self-organization of these

so-called Liesegang bands was first described for the diffusion-reaction of two reactants

(e.g., HCl, AgNO3) in a matrix of gelatinous mass, where one reactant is introduced into

the diffusion matrix already containing the other reactant (Liesegang, 1896). Model ap-
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Figure 1.6: Width of the interface gradient zone derived by B profiles as a
function of probe size diameter of different analysis techniques (after Gin et
al. (2017)).

proaches to explain the periodic pattern formation are roughly divided in the post- and

prenucleation stage: (i) during postnucleation or also called competitive particle growth,

competition between growing particles alone can spontaneously produce aperiodic and

periodic pattern in a gradient-free environment (Feinn et al., 1978; Ortoleva, 1982; Feeney

et al., 1983; Sultan and Ortoleva, 1993). Particle ripening via a type of Lifshitz-Slyozov

instability (Lifshitz and Slyozov, 1961) results in periodic pattern formation. (ii) Prenu-

cleation represents the classical Oswald-Liesegang supersaturation-nucleation-depletion

feedback loop (Ostwald, 1897), where localized crystallization of a supersaturated phase

in solution follows to depletion of its components in the adjacent areas (as heterogeneous

nucleation is energetically more favourable over homogeneous one). Along these lines,

Wang et al. (2016) numerically simulated a nonlinear dynamic model for glass corro-

sion producing periodic silica and cation concentrations at the glass dissolution interface

coupled to an oscillatory dissolution behaviour. This model also allows for at recently

discussed atomically sharp dissolution interface previously postulated by different groups

(Geisler et al., 2010; Geisler et al., 2015; Hellmann et al., 2015) and later found by atom

probe tomography analysis of corroded glass samples (Gin et al., 2017).
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Figure 1.7: Simulation of a concentration profile across an atomically sharp
interface as a function of probe size diameter.

Sharp corrosion interface

Several techniques have been applied to define and characterize the interface between

pristine glass and corrosion rim. Deep knowledge of the structural (e.g. connectivity of

the glass network) and chemical (e.g. ,element distribution) properties of the corrosion

interface itself are a key aspect to understand the underlying reaction mechanism. Tra-

ditionally, the corrosion mechanism is assumed to be driven by interdiffusion of ions (see

Section 1.3.2 for more details). This interpretation is based on sigmoidal-shaped element

distribution profiles across the corrosion interface that have frequently been documented

(e.g., B. Bunker et al., 1983; Gin et al., 2011; Gin et al., 2013a; Gin et al., 2016; Sterpenich

and Libourel, 2006; Robinet et al., 2009; Valle et al., 2010). Over the last decades, the

thickness of this so-called gradient or diffusion zones was revised downwards in the light

of newer available analysis techniques having a higher spatial resolution (Section 1.3.3,

see also Section 1.3.3). Next to direct limitations of the spatial resolution, the probing

itself might change the apparent width of the interface. As an example, time-of-flight sec-

ondary ion mass spectrometry (ToF-SIMS), one of the widely applied techniques in glass

corrosion research, is known to shift individual elements within materials by ion bom-
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bardment and can cause artefacts if measured in the depth profiling mode (De Witte et

al., 2003). However, also the sub-nanometre resolving atomic probe tomography (APT)

struggles with the undisturbed analysis of some elements (e.g., while alkalis are prefer-

entially evaporated over refractory elements, hydrogen analysis seems to work without

such problems (Gin et al., 2017)). Nonetheless, recent APT work provided for the first

time the direct observation of a sharp corrosion interface (with resolution of 0.15 nm per

point across the interface), whereby the residual gradient of 1-2 nm width is attributed

to the roughness of the corrosion interface. Such a sharp interface is incompatible with

a diffusion-based leaching model (see Section 1.3.2), but is in full agreement with the

notion of an ICDP process (see Section 1.3.2, p. 15).

1.4 This study

As seen above, a variety of phenomena in the field of glass corrosion cannot be sufficiently

explained by the classical leaching model and thereby question the proposed corrosion

rate models. The aim of this study was to investigate the underlying glass corrosion

mechanism, because understanding the corrosion process on a molecular scale is essential

to predict the release of any waste elements from the matrix over time and to formulate a

realistic rate model. The modelling of glass corrosion rate over the necessary time frame

of approx. one million years is in turn the only way to assess the safety of vitrification

of (high level) nuclear waste and its disposal in a geological repository. While safeguard

systems surrounding the glass package will be installed, groundwater breaches cannot

fully be excluded over such a long time. For that reason, it it seems to be essential

to ensure that the primary immobilization system, the glass matrix, is stable from the

beginning.

Since all currently accepted models are incapable to explain complex pattern formation

and diffusion-based corrosion models like GRAAL, are questioned by the recent finding

of a nanometre sharp reaction interface (Gin et al., 2017), this study is designed to test

and further improve the ICDP model (Geisler et al., 2010; Geisler et al., 2015; Hellmann

et al., 2012). For this, the idea was to study glasses ranging from simple to more com-

plex composition (to ensure applicability to any glass) on different scales and times of the

corrosion process. Atomic force microscopy (AFM) and single-pass flow-through (SPFT)

experiments were applied to investigate the early onset of corrosion and specifically the

role of the fluid interface for precipitation of silica (Chapter 2, p. 31).
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Conventional glass corrosion experiments have the drawback that the run products have

to be analysed post mortem. It is unclear so far, what effect the quenching of an experi-

ment has on an unstable phase like the corrosion rim (gel), and how this might effect the

interpretation. Therefore, a novel in situ Raman technique has been applied to study

glass corrosion. The setup of this new, fluid cell-based hyperspectral Raman spectroscopy

(FC-HRS), and the herefrom resulting new insights into the dynamic formation of the

glass corrosion rim will be presented in Chapter 3 (p. 57).

Finally, multi-tracer experiments (2H, 10B, 18O, 30Si, 44Ca) were designed and carried

out to compare corrosion between different glass composition, but more importantly to

trace the contribution of solution and glass-derived material for the formation of the cor-

rosion rim. These experiments allowed answering the question of whether the corrosion

rim is merely a residual and reshaped ’skeleton’ of the original glass network or a newly

precipitated phase. The experimental run products were analysed by nanometre-scale

secondary ion mass spectrometry (NanoSIMS) and high-resolution scanning transmission

electron microscopy (HR-STEM) analyses (Chapter 4, p. 81). Finally, in the light of the

observations, a refined version of the interface coupled dissolution-precipitation model

for glass corrosion will be given (Chapter 5, p. 127).
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2.1 Introduction

Considering the current discussions and decisions around phasing out of nuclear energy

production (e.g., Germany) or the renewed interested in nuclear energy technology to

fulfil climate goals, the safe storage of low- to high-level nuclear waste is relevant more

than ever. The common proposition and current (cost-effective working) solution for

storage of high-level nuclear waste is the use of a borosilicate glass waste form, in which

radionuclides and their decay products are incorporated in the glass structure. In the

history of glass corrosion studies a series of diffusion-based models for the mechanism of

the corrosion process were proposed. These models are mainly based on the diffusion-

controlled ion-exchange between the surrounding solution (H+) and alkaline ions of the

radionuclide-containing glass form, which is then followed by an in situ reconstruction of

the residual glass (e.g., Grambow, 2006; Gin, 2014; Van Iseghem et al., 2004). A more

recent model (Geisler et al., 2010; Geisler et al., 2015) adapted the interface-coupled

dissolution-reprecipitation model, which is the current standard model for mineral-water

reactions (A. Putnis, 2002; A. Putnis and C. V. Putnis, 2007), to explain reaction fea-

tures like pattern formation in the corrosion rim found in archaeological as well as in

experimental glasses (Geisler et al., 2010; Dohmen et al., 2013). An inherit problem

of studying glass corrosion lies in the nature of the application of the material: being

designed for long-term stability (i.e. > 106 yr) implies low reactivity and development of

reaction rims of only few micrometers in laboratory time scales. To overcome this obsta-

cle, researchers can either increase the duration of corrosion experiments (McLoughlin

et al., 2006), use more aggressive settings, while keeping the results still applicable to

nature, or move towards a lower scale using techniques with higher spatial resolutions,

e.g., time-of-flight secondary ion mass spectrometry (ToF-SIMS) (Gin et al., 2015a; Gin

et al., 2015b), transmission electron microscopy (TEM) (Hellmann et al., 2012; Hellmann

et al., 2015), and atom probe tomography (ATP) (Gin et al., 2013a; Gin et al., 2017).

In this study, atomic-force microscopy (AFM) was used as the tool of choice to observe

in situ surface modifications on freshly broken glass surfaces with a variety of solutions

and settings at the nanoscale. In general, one of the great advantages of AFM is that

it directly delivers in situ information in real-time on the reactions taking place at the

solution-solid interface on a nanometre scale; no other technique so-far is able to delivers

these kind of information. On the other hand, observations are restricted to the first
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reaction steps of the corrosion process occurring at the solid surface, which, however,

operate usually well within the applicable lab time scales. Furthermore, fluid-cell based

AFM allows to control over the chemistry of the running solution by regular in situ

exchange. Release of ions by dissolution of the glass parent phase will almost always

change the chemical characteristics of the running solution, and, in turn, influence the

glass corrosion process. To mitigate this interlinked effect, single pass flow-through setup

provide a more stable bulk solution chemistry by constant solution renewal. With the

surrounding physiochemically conditions fixed, the next point of interest is the solution-

solid interface. Ruiz-Agudo and co-workers (2016) showed that supersaturation at the

solution-solid interface without saturation of the bulk solution, resulting in the forma-

tion of silica-rich layers, could explain the discrepancy between silicate dissolution rates

measured in the laboratory and field. The formation of concentration gradients for ions

and pH were hereby observed to be inversely related to the flow rate of the solution.

This study aims to investigate the role of the fluid boundary layer at the solution-solid

interface for the initial and long-term glass corrosion process by AFM and single-pass

flow-through (SPFT) experiments at silica-undersaturated conditions. Freshly broken

glass pieces of the International Standard Glass (ISG) and an in-house ternary borosil-

icate glass (TBG) were in situ corroded in a flow-through fluid cell AFM setup with

different running solutions. The lack of crystalline order of glass exacerbated the visual-

ization of dissolution features by AFM analysis. However, surface precipitates could be

observed post mortem, which most likely formed from a supersaturated interfacial fluid

layer. Furthermore, flow rate dependent changes in the solution stoichiometry were ob-

served with highly concentrated salt solutions in SPFT experiment with the TBG glass,

but not with pure water as experimental solution.

2.2 Methods

2.2.1 Glass synthesis

The TBG glass was synthesized in a platinum crucible at 1400° C for 3 hours from

SiO2, B2O3, and Na2CO3 powder that was mixed in the proportion to reach a target

glass composition of 60 mol% SiO2, 20 mol% Na2O, and 20 mol% B2O3. The glass

was molten a second time after crushing and milling it in a ball mill to ensure chemical

homogeneity. After quenching the melt in a pre-heated stainless steel mould, it was
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tempered at ∼560° C for 6 hours, and then letting it cool down by switching off the

oven. The International Simple Glass (ISG) is a six-component alumino-borosilicate

glass (60.1 mol% SiO2, 1.7 mol% ZrO2, 3.8 mol% Al2O3, 16.0 mol% B2O3, 5.7 mol%

CaO, 12.7 mol% Na2O) developed with the idea of being used as a reference benchmark

glass to enable comparability of studies on nuclear waste glass corrosion (Gin et al.,

2013b). It was produced in a 50 kg batch by MoSCI Corporation (Rolla, MO, USA) in

May 2012 and distributed in 500 g glass ingots.

2.2.2 AFM

In situ experiments were performed using a Digital Instruments Nanoscope III Multimode

AFM equipped with a fluid cell, and working in contact mode under ambient conditions

(20 ◦C) at the Institute for Mineralogy, University of Münster, Germany. Obtained data

was analysed with the NanoScope Analysis 1.7 software. Glass samples were crushed

and suitable, millimetre-sized, ideally flat pieces were selected. In comparison to prepa-

ration of minerals, which often hold cleavages and thus enable flat cleaving of faces, the

glasses broke in rounded shapes and regularly showed feather-like fractures at the surface.

Crushing the glass samples was preferred over (fire-)polishing or other means of sample

preparation to not alter the glass surfaces. Samples were checked for suitability with the

AFM in air before inserting any solution.

The following solutions were used for the corrosion experiments: distilled water (R

>18 Ω cm−1), HCl (0.1 & 0.01 M ), NaOH (0.3 mM & 0.01 M ), NaCl (0.5 M ), KOH

(0.016 mM ), and a silica-saturated solution. All but the silica solution were of-the-shelf

solutions, only adjusted by dilution with distilled water. The silica solution was prepared

by melting KOH with amorphous silica in a ratio of 2:1. The resulting K-silicate was

added to distilled water to the amount needed to reach saturation of amorphous silica at

room temperature and a pH of 7, which was adjusted by addition of HNO3. Samples were

left in approx. 10 mL of solution post analysis, and revisited the next day. Therefore,

sample pieces were taken from the solution and excess water was carefully absorbed with

a torn paper tissue. Additionally, surface precipitates were imaged by SEM.

2.2.3 SPFT

For the SPFT experiments, TBG glass coupons of 10×10×1 mm3 were cut and polished

with 1 µm diamond paste. Coupons were then placed onto sieves in 50 mL polytetraflu-
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Figure 2.1: Experimental setup of SPFT experiments (visualization not to scale). Fresh running
solution on the left is being transferred by syringe pump into sample container located in heated
oven (only one of five depicted here), where the glass sample is placed onto a PTFE sieve. With each
pump step of fresh solution into the sample container, solution is also transferred to the individual
collection container on the right, where the pH and volume are measured manually.

oroethylene (PTFE) containers, which were stored in individual oven chambers at 90 ◦C

and were connected via an in- and outlet with the solution delivering syringe pump sys-

tem (J-KEM Scientific 1400) and individual PET containers for solution collection and

later analysis (Fig. 2.1). For each solution, five experiments could be performed in par-

allel with each outlet delivering a different volume of solution every 60 seconds. As such,

average flow rates from 0.5 to 5.0 mL/h were achieved. Solutions were collected over

intervals of two to three days, and pH and the solution volume were measured. These

volumes were used to correct for the actual flow rates as small discrepancies were noted.

Solution compositions were analysed by inductively-coupled plasma emission spec-

troscopy (ICP-OES) with an Thermo Jarrell Ash Atom Scan 25 at the Institute for

Mineralogy, University of Münster, Germany. Solution samples were therefore acidified

with HNO3 and analysed with the following wavelength: boron (249.678 and 249.772 nm),

sodium (588.995 and 589.592 nm), and silicon (251.611 and 288.158 nm). The standard

deviation estimated from multiple measurements for silicon and boron is ≤ ± 1%.

Surfaces of the corroded glass samples were analysed by optical microscopy, a TESCAN

VEGA secondary electron microscope (SEM), and a JEOL Superprobe JXA-8200 elec-
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tron microprobe (EMP) attached with an energy-dispersive x-ray detector (EDX) at the

Steinmann Institut, University of Bonn, Germany.

2.3 Results

2.3.1 AFM

Reaction with distilled water

The initial surfaces appeared grainy with most samples exhibiting an initial roughness

Rq of around 1 nm. After finding a suitable spot, distilled water was first used to cleanse

the surface of debris from the crushing process.

Within minutes of contact with distilled water, image signal quality improved and a clear

image of the surface could be received. Reaction of the surface is quicker with the TBG

glass than with the ISG, but ultimately both glasses reveal the same textural features

after some minutes of flushing with distilled water (2 mL flush in-between two images):

the surfaces consist of rounded, convex shapes with a diameter of 100-200 nm and a

height between 10-20 nm. The initial dissolution of the glass concentrates on minimiz-

ing the overall surface roughness and removal of particles on the surface, while general

textural features like, e.g., ridges are preserved. When enlarging the tip-scanning-area,

it is discernible that the tip or the atomic force between tip and surface influences the

reaction behaviour of the scanned glass area. In general, the previously scanned area

appeared blurred out. In one particularly flat area of an ISG sample, the dissolution of

ridges by segmentation into round sub-units (Fig. 2.4) could be observed. On an ISG

sample (Fig. 2.3b), which was submerged in distilled water for 98 h at room temperature

and subsequently dried, spheres of 2 µm could be observed by SEM (Fig. 2.5). Thereby

the larger sphere itself consists of smaller, about 100 nm-sized spheres. Such colloid ag-

gregates were not directly observed by AFM and thus might be a result of agglomeration

of the smaller spheres during drying.

Reactions under alkaline and acidic conditions

After having observed the initial re-equilibration of the glass surface by distilled water,

these surfaces of both glasses were subsequently treated with alkaline (NaOH) and/or

acidic (HCl) solutions to monitor reaction due to changes in pH. When brought into

contact with a NaOH solution with a pH value of 10.5, the previously observed influence of
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Figure 2.2: AFM images as composites of height map overlain with deflection texture: a) Initial
broken ISG samples surface appears grainy, b) but is smoothed out within minutes in contact
with distilled water while continued scanning and intermittent solution renewal. c) Enlarging the
scanning area reveals that the ’smoothing’ must be induced by the atomic forces of the scanning tip
of the AFM. d) This reaction appears stronger in alkaline conditions, where the sudden addition
of distilled water and the consequent lowering of pH results in direct precipitation (e). Scale bars
= 1µm.
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Figure 2.3: Precipitation observed by AFM on ISG (a-e) and TBG (f-l) glass samples. Total time
in solution (and pH): ISG - a) 3364 h (1.9), b) 98 h (5.5), c) 99 h (7.0), d) 24 h (10.5), e) 22 h
(5.0, 0.5 M ); TBG - f) 24 h (10.5), g) 97 h (5.5), h) 98 h (7.0), j) 18 h (1.1), k) 21 h (5.0, 0.5 M ),
l) 18 h (9.2). Scale bars = 1 µm.

the scanning tip onto the surface appeared even more pronounced for the ISG glass. The

scanning area appeared to be covered with a blurry layer in contrast to the surrounding

surface (Fig. 2.2d), but after the tip was lifted up for ∼1.5 h, the first image taken after

restarting scanning shows a clear surface consisting of well-defined round sub-units of

similar size (Ø = ∼100-200 nm). By comparing the height maxima in both images it

could be insured that only little x-y-drift occurred in the meantime. In contrast the TBG

glass, not only dissolution but also precipitation below the previously scanned area was

observed after zooming out. The precipitates seemed to be rather fragile, as they are

dragged along by the tip in the continuing scans. No further characterization was possible

due to the small size and instability. The ISG is by design more corrosion resistant than



2.3. RESULTS 39

the TBG glass. Hence, the pH was increased to 12, which lead to enhanced dissolution

depicted by a stronger relief of the surface. The round sub-units were more isolated

and revealed a plateau-like appearance. Furthermore, the tip influence is more intense as

seen by an increased contrast between continuously scanned areas and their surroundings

(Fig. 2.2d). Similar to previous observations with the TBG glass, fine (re-)precipitation

can be seen at higher pH, which mostly appears as noisy signal in the adjacent area

around the primarily scanned area as the tip’s interaction forces prevent precipitation

underneath it. However, precipitation could also be forced by injection of distilled water,

drastically lowering the pH level and overreaching silica saturation this way (Fig. 2.2e).

As before, the precipitates are too small for detailed characterization and were dragged

along the surface by the tip. Congruent glass dissolution is to be expected in solutions

with pH levels above 10 due to the higher silica solubility. Hence, both glasses were

treated with a less alkaline solution of KOH (pH = 9.2). KOH was chosen for direct

comparisons with other experimental data sets (not shown here). In contrast to the

plateau-like appearance at pH 9.2, subunits of the surface appeared to be more rounded

(again) and the surface to have less distinct relief.

Both glass samples were also treated with HCl to test the reaction in the low pH range,

where silica solubility is low and silica surface negativity is compensated by free H+ from

solution (isoelectric point at a pH value of ∼2), which generally revealed similar surfacial

features.

Salt and silica solutions

In comparison to the previous tested solutions, the TBG glass and the half-saturated salt

solution (0.5 M NaCl) shows similar reaction affinity (tip sensitive in the beginning),

while the subunit size appeared in the end rather large and flat (300 µm). Unexpect-

edly, the sample revealed a homogeneously rough surface the next day (Fig. 2.3k), with

only a few precipitated droplets. With the ISG glass, no other surface reactions than

the initial surface reconfiguration and smoothing could be observed. Both glass types

were also treated with silica-saturated solution at pH 7. For the TBG glass, after 20

min, sporadic precipitates in the shape of small droplets were observed, but in general

the image quality was quite noisy. The ISG samples revealed no new significant obser-

vations. Both samples were left in solution for four nights. The TBG samples showed

afterwards more sporadic precipitation of little roundish lumps, especially at feather-like

cracks (Fig. 2.3h) in comparison to the samples treated with distilled water. The ISG
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Figure 2.4: Rearrangement and dissolution of ridge structures on ISG glass sample in distilled
water.
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Figure 2.5: SEM image of colloid aggregate of amorphous silica
consisting of smaller spheres observed on dried ISG sample, which
was submerged in distilled water for 98 h at room temperature.

sample shows less precipitation in shape of lumps, but a rather droplet-like surface with

some lumps (Fig. 2.3c).

Thus, in general it can be said that all fresh surfaces of the glasses show an immediate

reaction of surface reconfiguration when brought into contact with distilled water. Fur-

thermore, the tip interaction has a significant effect on the apparently unstable surface

of the scanned area of interest. Over the course of the experiments, initially grainy and

rough surfaces are smoothed out with rounded, convex features (’subunits’) characteriz-

ing the surface. Precipitates are for once observed as material transported by the tip at

the edges of the scanning area as well as by lowering the silica solubility by pH changes

during the experiment. Most pronounced and divers are precipitates after longer contact

time between solution and glass samples and subsequent solution removal (Fig. 2.3). The

amount and shape of the precipitates change with the solution composition, saturation,

and pH as it strongly influences silica precipitation (Iler, 1979).

2.3.2 SPFT

Single-pass flow-trough experiments were conducted with the less corrosion resistant TBG

glass in distilled water and concentrated salt solutions (13.3 and 26.5 wt% NaCl solutions)

to further investigate the existence and potential effect of a fluid boundary layer at the
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Figure 2.6: Evolution of pH (measured at room temperature), and sodium, boron and silicon in solution
over time in the DW experiment (as analysed by ICP-OES). Flow rates are corrected for measured
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given for 25 ◦C (dashed line) and 90 ◦C (bold line) were calculated with PHREEQC (Parkhurst and
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glass surface during borosilicate glass corrosion. The AFM experiments allowed making

observations of initial surfacial reactions at the nanoscale. The SPFT experiment were

designed to investigate two questions: (1) Is the dissolution congruent or not?, and (2)

whether silica will precipitate at the dissolution surface despite steady solution renewal

that keeps the bulk solution undersaturated with respect to amorphous silica.1

The evolution of pH and concentrations of sodium, boron, and silicon over the time of

the experiment appears to be well in accordance with results of similar experiments with

other glasses (e.g., see Icenhower et al., 2008): The concentration of glass components

increased initially, but after about 200 hours a steady state between element input by

glass dissolution and removal by solution renewal was established (see Fig. 2.6). The

change in pH, mainly caused by the release of sodium from the glass into solution, fol-

lowed this trend accordingly. Noticeably, a steady state seems to have been reached for

the experiments run at high flow rates (3.66 and 4.16 mL/h) immediately after the start

of the experiment. In general, it can be said that the lower the flow rate, the higher is the

concentration of glass components in solution. Comparing silicon and boron concentra-

tions against each other (Fig. 2.9), it appears that the corrosion of the TBG glass with

distilled water is congruent, meaning the solution reveals the same stoichiometry as the

pristine glass. As changes in the sodium concentration could not be measured against

the high NaCl concentrations of the brines in the following experiments, the Si/Na or

B/Na ratios are not shown here, but they also show the same congruency.

Results of the two experimental series with highly concentrated salt solution appear sim-

ilar to those of the distilled water experiments with high flow rates (≥ 4 mL/h) (see

Figs. 2.7 and 2.8), with the only difference being that the concentrations measured in the

collected solution are lower by a factor of about two. Naturally, the millimolar changes in

sodium concentrations over time due to glass dissolution could not be measured by ICP-

OES against the high sodium chloride contents of the running solutions. Nonetheless,

the evolution of pH reveals a steady state for the NaCl-13 solution experiment already

from the beginning of the experiment and a minimal increase over time for the NaCl-27

solution (applies to all flow rates). Furthermore, the Si/B ratios measured in solution

have again the same stoichiometry as the pristine glass (see insets Fig. 2.9).

In contrast to the described experiments in distilled water (all flow rates) and the high

flow rate experiments with the concentrated salt solutions, a divergence from the stoi-

1The presented experimental data here were obtained under personal supervision of a master’s thesis
(Gref, 2014).
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chiometry of the pristine glass was measured in solutions from both salt solution experi-

ments at lower flow rates (see Fig. 2.9). For the NaCl-13 solution, the Si/B ratios of the

low flow rate runs reveal a systematic lack of silicon in comparison to the composition of

the pristine glass (avg. Si/Bsolution: 0.32 ± 0.02, Si/Bglass: 1.48 0± 0.08). The average

Si/B ratio of the NaCl-27 experiments (0.17 ± 0.03) is also below the ratio of the pristine

glass. Bulk silica saturation of the concentrated salt solutions can be ruled out as reason

for the apparent incongruency of the corrosion process at lower flow rates, as silica satu-

ration was not reached, neither at experimental conditions nor at room temperature (cf.

Figs. 2.7 and 2.8). However, for all flow rates, silicon concentrations (as well as boron

concentrations and pH) were lower for experiments run in concentrated salt solutions

than those run in distilled water, indicating that NaCl reduces the corrosion kinetics.

This observation stands in contrast to similar experiments run by Icenhower & Dove

(2000), where the introduction of solutions with 0.3 wt% NaCl (= 0.05 molal) enhanced

the corrosion by a factor of 21.

Looking at the surfaces post mortem by naked eye, all samples appeared slightly milky,

less translucent and exhibited opalescence. Samples of the NaCl-13 and NaCl-27 runs

were rewashed with distilled water after drying, because salt crystals were still found on
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Figure 2.10: Secondary electron images of surfaces of corroded glass samples. Red arrows denote
silica analysed by EDX, white arrows point to sodium-bearing glass. (White) Scale bars = 200 µm.
The specific formation mechanism of the spiral shapes in a) is unclear, but might be a drying effect.
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the surface. Overall, the corrosion layer appeared brittle and detached easily from the

underlying glass. Observation by SEM and EMP analysis revealed extensive rounded

etch pits of varying diameter on the surfaces (see Fig. 2.10), which resemble those found

on experimentally altered ternary borosilicate glass samples (Geisler et al., 2015). While

most etch pits occur seemingly randomly at the surface, some reproduce former elongated

scratches from the grinding and polishing process (see Fig. 2.10b). Silica was identified

by EDX analysis on most samples (see red arrows in Fig. 2.10), where the corrosion layer

was preserved. It can cover the whole surface, but also forms intriguing features in direct

contact with the corroded glass surface, e.g. spirals (Fig. 2.10a) or spine-like structures

(Fig. 2.10e/f). The latter were also observed in the AFM experiments (see Fig. 2.3b).

2.4 Discussion

From the results of both the AFM and SPFT experiments, the following observation

can be made: (1) glass corrosion stars immediately after the glass has come into contact

with water, (2) silica precipitation occurs under (nominally) undersaturated conditions

with respect to the bulk solution, and (3) a non-stoichiometric solution composition was

observed hat depends on the flow rate.

Both types of glass, the simple ternary borosilicate glass and the more corrosion-resistant,

six component ISG immediately reacted in contact with distilled water, whereby the ini-

tially rough surface was smoothed out. From enlarging the scanning area, it is obvious

that the tip of the cantilever is caused unintended interactions with the reacting surface.

However, although this is an artefact of the analytical technique, it reveals how sensitive

the glass surface is when in contact with water. Such reaction was not observed during

the initial dry scanning of the samples. Within the ongoing discussion about the underly-

ing reaction mechanism of borosilicate glass (for nuclear waste disposal), the soft surface

can be interpreted in several ways: (1) a so-called leached glass is supposedly undergone

ion-exchange reactions resulting in hydrolysis of the glass, forming a gel-like phase (e.g.,

Frugier et al., 2008; Rebiscoul et al., 2004). As a result, the tip could, by scanning across

the surface, have rearranged the weakly bonded gel phase. within the framework of the

dissolution-precipitation-based corrosion model (Geisler et al., 2010; Geisler et al., 2015;

Hellmann et al., 2015; A. Putnis, 2015), the tip forces could have easily rearranged the

precipitated amorphous silica within the scanned area. Which of the model represents
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the glass replacement reaction taking place here, cannot conclusively be stated on basis

of the AFM observation. However, it should be noted that precipitation at the surface

was observed at several stages of these experiments.

The precipitates observed by AFM are interpreted to be amorphous silica for several rea-

sons: (1) SiO2 is the major component in all glasses, but (2) has a low solubility in acidic

to mildly alkaline conditions, in contrast to (3) sodium and boron; (4) formation of silica

spheres as observed by SEM (Fig. 2.5). However, for the ISG glass, minor amounts of

zirconium and aluminium-based precipitates cannot be ruled out. Considering that the

glass samples for the AFM experiments were rather small (< 4 mm in diameter, < 1 mm

thick) and the experiments were conducted at room temperature with regular solution

renewal, saturation of the bulk solution with respect to amorphous silica can be ruled out

as well. For the SPFT experiments, only at low flow rates in the distilled water exper-

iments, silica saturation might have been reached during the course of the experiment.

However, as the pH could only be measured at the outlet at room temperature, the exact

pH at running conditions and therefore the level of saturation can only be estimated. At

high flow rates and in the salt solutions, silica saturation was not reached. Nonetheless,

silica precipitation was observed in both experimental setups. Thus, an explanation for

how silica can precipitate in undersaturated conditions is needed. Setting the discussion

about the underlying corrosion mechanism aside for a moment, a similar reasoning is

required for the ion exchange and hydrolysis-driven model (Frugier et al., 2008). In this

model the stability of in situ formed, silica-rich gel phase in undersaturated conditions

must be explained. The observed change in solution stoichiometry within the two salt

solution SPFT experiments provides some evidence. As already stated, the stoichiome-

try of the solution composition matches that of the glass composition for the runs with

distilled water for all flow rates and also for the high flow rates of the salt solution runs

Fig. 2.9. However, at lower flow rates the solutions are systematically lacking silicon.

While pH is overall lower for the salt solutions, indicating a lower sodium release and

as such a slower corrosion rate in these solutions, major differences in pH between flow

rates could not be detected. And as silicon concentrations are low enough, bulk solution

saturation can also not explain the lack of silicon at these flow rates.

Ruiz-Agudo and co-workers (2016) have conducted static and flow-through experiments

to study the replacement of silicates during weathering by using wollastonite as an exam-

ple. Although, wollastonite is a crystalline mineral phase and not an amorphous glass,
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but the weathering (or corrosion) product is also an amorphous silica-rich layer. Using

a Mach-Zehnder phase-shift interferometer and micro-electrodes for in situ pH and Ca+

measurements, the authors could show experimentally that for stagnant solution con-

ditions strong concentration gradients between the solution-solid interface and the bulk

solution develop. Under stagnant conditions, transport of dissolved species is limited

to diffusion, which allows for local supersaturation at the solution-solid interface, trig-

gering the reprecipitation of the least soluble species, i.e., amorphous silica. Note that

quartz is expected to precipitate from a thermodynamical view, but amorphous silica is

kinetically favoured. The result of such a small-scale, local supersaturation and reprecipi-

tation of amorphous silica is that on the macro-scale the overall reaction will appear to be

incongruent dissolution, not an interface-coupled dissolution and precipitation process.

Without the in situ, small-scale observation, the formulation of the reaction mechanism

solely hinges on bulk solution analysis and the post-mortem examination of the altered

solid. Traditionally, altered, silica-rich surfaces on silicates such as wollastonite were thus

(falsely) interpreted to be leached layers (e.g., Casey et al., 1993). If leaching, i.e., ion ex-

change, hydralization of the crystalline material, and later restructuring, is obviously not

responsible for the formation of silica-rich alteration layers for mineral phases, then the

same should be plausible for amorphous systems showing the same alteration/corrosion

product. The dissolution kinetics and mechanics might slightly differ between crystalline

and amorphous material as long-ranged ordered crystal surfaces dissolve at high-energy

kink or step sites, which a glass does not provide. On the other side, glass does not form

perfectly (flat), low-energy crystal terraces, but will rather have a rumbled surface (Dove

et al., 2008). Additionally, glass will contain residual strain from the quenching process,

which further increases its reactivity.

Thus far, concentration gradients were shown for stagnant conditions, where mass trans-

port is limited to diffusion through the solution, but not for (very) high flow rates (up to

120 mL/h) (Ruiz-Agudo et al., 2016). The occurrence of a strong concentration gradient

enabling local supersaturation is depending on the interplay between dissolution rate

and rate of mass transport/removal (by diffusion or flow). Experiments performed in

this study range from stagnant to high flow regimes (5 mL/h). Solution analyses of the

SPFT experiments revealed thereby a transition between congruent (at high flow rates)

and apparently incongruent dissolution (at low flow rates) in the salt solution series. It

seems thus plausible to argue that if flow rates are low enough that mass transport by
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diffusion becomes dominant, a strong concentration gradient between the corroding glass

surface and bulk solution should have emerged, forming a solution boundary layer. A

change in the flow regime, from laminar flow at low rates to turbulent flow at higher

flow rates, seems to be a plausible cause for the disruption of the concentration gradi-

ent. However, the experimental setup used here is only a mixed flow design without

continuous flow. Instead, the syringe pump inserts individual amounts of solution in

regular intervals to achieve the overall renewal rates. As such, strong flow pulses may

cause short-time turbulent flow within the reactor, whereas the concentration gradients

between glass surface and bulk solution are undisturbed by weak pulses of the lower flow

rates.

For such hypersaline solution, it was shown by isotope tracer experiments with H2
18O,

using Dead Sea water composition, that in such solutions self-diffusion of water is about

25% lower at ambient temperatures (Yechieli and Ronen, 1996). Kowacz and co-workers

(2010) - working on the effect of different background electrolytes on the formation of

barite - stated that at high electrolyte concentration, the high affinity of water to solvent

molecules (other ions, e.g., Na+ and Cl-) affect the bulk solvent structure dynamics such

that water will be less mobile and less prone to hydrate solutes like, in this case, silicic

acid (Si(OH)4). This, in turn, slows down the diffusional transport of dissolved silica

allowing local supersaturation at the corroding glass interface. Hence, on one side the

salt in solution is slowing down the overall reaction rate (see pH and B concentrations,

Fig. 2.6-2.8), but on the other side it also enables the build up of strong concentra-

tion gradients at the glass interface by suppression of mass transport. Additionally, an

increase in salt concentration in solution lowers the sol stability and gel time for amor-

phous silica (Iler, 1979), meaning that polymerization and precipitation of amorphous

silica is favoured in highly concentrated salt solutions. Nonetheless, if flow rates are high

(or strong) enough, this interfacial fluid layer might be disturbed, and silica saturation

will not be reached. Once a sufficient layer of amorphous silica has been precipitated

on the glass surface, the transport properties of the (nano- )porous material control the

corrosion rate and thus the element release (Geisler et al., 2015).

Of course, it can be argued that strong concentration gradients (specifically for silicic

acid) at low flow rates diminish the affinity for silicon dissolution from the glass net-

work, thus ion exchange and hydration of the glass network could become dominant

(Van Iseghem and Grambow, 1987; Frugier et al., 2008). In that case, the silica-rich
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surface layers would resemble a so-called residual glass, which formed from the in situ re-

construction of the chemically leached gel phase. However, this would imply that initially

enough silicon was released into the nearby solution (by congruent dissolution), but not

wholly transported into the bulk solution to establish a strong concentration gradient,

and that this gradient is maintained stable over time by further release of silicon from

the glass network.The implications of these findings for the long-term disposal of high-

level nuclear waste in a borosilicate glass matrix are two-fold. First, the precipitation

of amorphous silica in undersaturated conditions enabled by the implied concentration

gradients underpins a corrosion mechanism controlled by interface-coupled dissolution-

reprecipitation (Geisler et al., 2010; Geisler et al., 2015; Hellmann et al., 2015; A. Putnis,

2015). Secondly, specifically the results of the salt solution experiments are relevant for

one of the possible (German) geological disposal scenarios, the storage of vitrified nu-

clear waste in salt formations. In the worst case scenario of a groundwater breach, the

high salt concentrations in solution will lower the overall silica solubility and mobility,

promoting the quick formation of amorphous silica-rich corrosion layers, which, in turn,

then controls the corrosion progress and ultimately slows it down (Geisler et al., 2015).

2.5 Conclusions

The dual approach by AFM and SPFT experimental corrosion of glasses delivered strong

evidence for a significant compositional difference between the interfacial and bulk solu-

tion, influencing the overall corrosion progress. The implied development of concentration

gradients can explain the observed precipitation of amorphous silica under nominally un-

dersaturated conditions (in the bulk solution). It further diminishes the need for two

different reaction mechanisms (congruent dissolution and ion exchange coupled with in

situ reconstruction of a ’leached’ gel phase) to explain both congruent and (apparently)

incongruent dissolution behaviour of the same glass at different conditions. Congruent

dissolution of the glass with subsequent precipitation of amorphous silica at the reac-

tion interface (as proposed by Geisler and co-workers (2010; 2015)) also allows to unify

the corrosion of glass with aqueous alteration and replacement reactions observed in

crystalline system (Hellmann et al., 2012; A. Putnis, 2015).
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3.1 Introduction

Conventional procedures to study the aqueous corrosion of minerals and glasses consist

of at least two steps. First, the corrosion itself is induced by experimental alteration of

the solid of interest in the laboratory under controlled physico-chemical conditions, or a

naturally corroded sample is collected in the field. Secondly, after sample preparation

specific to the applied analytical technique, the sample characterization is performed

post mortem. Depending on the variety and type of applied analytical techniques, sev-

eral steps of sample preparation are needed, e.g., cross-sectioning for analysis by electron

microprobe (EMP) followed by thin foil/wedge preparation by focused ion beam milling

(FIB) for transmission electron microscopy (TEM) or atom probe tomography (ATP).

Structural and chemical alteration by preparation of the sample has to be considered

when interpreting the analyses. In general, post mortem analyses have therefore two ma-

jor disadvantages: (1) Sudden change of environmental conditions by the termination of

the experiment (=quenching) and subsequent drying, sawing, and milling may alter the

corrosion product, and (2) the quenched sample represents only one point in time in a

dynamic process with potentially multiple reaction steps. For post mortem analysis, the

latter can only be overcome by performing several experiments in parallel and quenching

these at different time steps, making it difficult, however, to correlate textural observa-

tions as new samples possibly, having slightly different properties, have to be used for

each time step.

Specifically for silicate glass corrosion, quenching and drying the sample is crucial as

the main corrosion product is a hydrous amorphous silica gel (e.g., Frugier et al., 2008;

Rebiscoul et al., 2005; Geisler et al., 2015, and references therein), which is generally

prone to structural and chemical changes such as condensation and/or polymerization,

loss of water, and/or cracking due to cooling, changes in pH, and dehydration (Iler,

1979). Surface coatings of secondary minerals, that are a common phenomena observed

with chemically more complex glasses (e.g., Vernaz et al., 2001), could to some extend

be the result of rapid supersaturation by quenching the experiment to room tempera-

ture. For instance, this has to be taken into account in the ongoing discussion about the

role of secondary mineral precipitates for the potential corrosion rate resumption in the

scenario of long-term disposal of vitrified nuclear waste (Gin, 2014). Due to a number

of the recent experimental studies utilizing isotope tracer analyses (Geisler et al., 2010;
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Geisler et al., 2015; Gin et al., 2015b; Gin et al., 2015a; Verney-Carron et al., 2017), high

resolution TEM imaging (Hellmann et al., 2012; Hellmann et al., 2015), and ATP (Gin

et al., 2017), the overall mechanistic framework of silicate glass corrosion has been ques-

tioned recently. Thus, in situ studies overcoming the above mentioned shortcomings of

post mortem analyses might become essential for the formulation of a coherent corrosion

mechanism. However, only a limited number of analytical techniques are available that

allow studying solid-water reactions in situ without disturbing the reaction.

Atomic force microscopy (AFM) has as in situ technique become a vital tool for the

characterization of reaction interfaces in mineral-water replacement processes in the last

decades (e.g., Gratz et al., 1991; C. V. Putnis and Ruiz-Agudo, 2013, and references

therein). However, it is by design limited to morphological changes at the surface of

the solid of interest as well as to ambient temperature, which are not applicable for

the simulation of long-term storage of corrosion-resistant glasses commonly performed

at 90 ◦C. Hence, only few studies used this in situ approach (e.g. Donzel et al., 2003;

Abraitis et al., 2000, see also Chapter 2, p. 31). Another in situ approach is the in situ

measurement of ions and pH with microelectrodes in solution during experimental cor-

rosion/alteration of wollastonite (Ruiz-Agudo et al., 2016) that was used to investigate

the reaction dynamics and formation of amorphous silica layers as corrosion product.

However, the ’open reactor’ design limits the applicability to ambient temperatures and

relative short run times. Nonetheless, the study makes as strong case for the reaction

being governed by the formation of strong solute concentration gradients between the

corroding interface and the bulk solution, which is arguably transferable to the corrosion

of silicate glasses as well (see Chapter 2, p. 31). In light of these findings, the only major

in situ data regularly obtained during glass corrosion experiments are aliquot analyses

of the bulk solution, which are, however, less meaningful when discussing the underlying

corrosion mechanisms.

The goal of this study was to establish a new analytical in situ technique that allows the

observation of glass corrosion in space and time by confocal micro-Raman spectroscopy.

The latter was chosen for multiple reasons: (1) using a laser as probe enables the mea-

surement of the glass sample and its corrosion product(s) through a laser-transparent

window within an otherwise closed system, which is need to run the experiment at el-

evated temperatures. As mentioned above, at room temperatures glass corrosion rates

are too low for measurements within laboratory timescales. (2) The lateral resolution of
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confocal Raman spectroscopy (∼1 µm) allows in combination with an automated XYZ

stage space-resolved mapping of the corrosion progress by obtaining a full Raman spec-

trum at each imaging point (=hyperspectral Raman spectroscopy (HRS)). (3) With the

advent of charge-coupled device (CCD) multichannel detectors and advances in CPU-

based processing power, modern state-of-the-art micro-Raman spectroscopy systems are

now sensitive and powerful enough to collect large amount of spectral data in real time.

(4) Lastly, the spectroscopic data obtained provide structural (and by implication chem-

ical) information of the (unimpaired) corrosion product over the course of the whole

experiment. The ability to in situ characterize the silicate glass corrosion product, i.e.,

a gel of hydrous amorphous silica, is the main advantage here, since silica undergoes

structural changes over time depending on a variety of (interlinked) parameters like pH,

temperature, and solution chemistry, in particular during quenching and drying (Iler,

1979).

To achieve this goal, a fluid cell (FC) was designed and built from PTFE, which is

equipped with a temperature control by external heating and an inert thermocouple lo-

cated at the bottom of the cell. In this first prototype, the ternary borosilicate glass

(TBG) also acted as lid atop the fluid cell. Therefore, a blind hole was drilled from

the bottom of the glass lid leaving an actual window thickness of ∼180 µm. The side

walls of the blind hole were chosen as the solution-glass interface to be observed during

the experiment as the lateral resolution of confocal Raman spectroscopy is considerably

higher than its depth resolution. With 0.1 M HCl as running solution, the formation and

dynamic polymerization of an amorphous silica corrosion rim including the occurence of

a water-rich zone at the reaction interface between corrosion rim and glass was studied

at 70 ◦C over an experimental duration of 10 days. These first results of fluid cell based

confocal hyperspectral Raman spectroscopy (FC-HRS) show the high potential of this

technique for space- and time-resolved corrosion experiments and shed new light on the

mechanism of the silicate glass corrosion process.

3.2 Material & Methods

3.2.1 Glass sample

The glass was synthesized in a platinum crucible at 1400°C for 3 hours from SiO2, B2O3,

and Na2CO3 powder that was mixed in the proportion to reach a target glass composition
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Figure 3.1: Glass lid of the fluid cell. Left: Schematic with dimensions, right: Micrograph
taken from the bottom of the glass cuboid into the blind hole.

of 60 mol% SiO2, 20 mol% Na2O, and 20 mol% B2O3. The glass was molten a second

time after crushing and milling it in a ball mill to ensure chemical homogeneity. After

quenching the melt in a pre-heated stainless steel mold, it was tempered at ∼560 ◦C for

6 hours, letting it cool down by switching off the oven. The lid was prepared by cutting

a 10× 10× 5 mm3 large piece from the raw glass monolith. An approximately 4 mm

deep and 5 mm wide blind hole was then drilled into the center of the glass plate using

a diamond drill. The internal surface was carefully polished with 3 µm diamond paste to

minimize surface roughness. All faces were then carefully ground and polished, reducing

the bottom of the blind hole to a thickness of 180± 10 µm. After the experiment, the

glass sample was washed with distilled water and dried at 60°C over night. To avoid

highly Raman scattering epoxy resin in the sample, the hole was stabilized by injecting

a dense gypsum paste for grinding and polishing.

3.2.2 Experimental setup

For the in situ experiment, we designed and built a special PTFE-based fluid cell

for which the borosilicate glass under investigation directly acts as the lid of the cell

(Fig. 3.1). The blind hole in the center of the lid, with the window sealing the cell off

to the top, permits measuring the formation of the reaction educt, product(s) and the

solution in a horizontal plane across the glass hole wall as schematically shown in Fig. 3.2.

Such arrangement gives a significantly better resolution in direction of the reaction front
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movement then conventional confocal depth profiling. As corrosion agent a 0.1 M HCl

solution with a pH of 1 at room temperature was chosen, since it is known from previous

experiments with this glass composition that a several tenth of micrometer-thick corro-

sion rim will form within a few days (Donzel et al., 2003; Dohmen et al., 2013). Over the

course of the experiment, the pH increased to a value of 7.9 due to the release of sodium

(and boric acid) from the glass into the solution. Note here that the blind hole can be

considered as a wide crack in which supersaturation of silica may occur earlier than in

the underlying bulk solution.

3.2.3 Raman spectroscopy

Stainless steel Thermocouple

PTFEHeating

Borosilicate
glass

Laser beam
 (532 nm)

Objective
100x LWD
(N.A. = 0.8)

Solution
(0.1 M HCl)

T = 70°C

Figure 3.2: Schematic representation of the exper-
imental setup. For illustration, relative movement
between objective and fluid cell is presented here,
while in reality the objective is fixed to the micro-
scope, and the XYZ stage, on which the fluid cell is
mounted, is the only moving part.

The measurement were carried out with

an Horiba Scientific HR800 Raman spec-

trometer equipped with an Olympus BX41

microscope in 180° backscatter geometry

and a solid-state Nd:YAG laser (λ =

532.08 nm) as excitation source at the

Steinmann Institute of the University of

Bonn, Germany. The scattered Raman

light was collected in the frequency range

between 200 and 4000 cm-1 by an Peltier-

cooled electron-multiplier charge-coupled

device detector, having a low thermal

and read-out noise and high quantum ef-

ficiency, after having passed through a

500 µm confocal aperture and a 100 µm

spectrometer entrance slit and being dis-

persed by a grating of 600 grooves/mm.

With this analytical setup the spectral res-

olution was 3.5 cm-1, as given by the full

width at half maximum of Ne lines. The

accuracy of the spectrometer was moni-

tored by the O2 and the N2 band from

the air between glass and objective at 1555



3.2. MATERIAL & METHODS 63

and 2331 cm-1, respectively (Fig. 1b). The intensities were corrected for the overall in-

strument response function (known as white light correction). After filling the fluid cell

with the solution and closing it with the glass lid, the cell was placed on a motorized

x-y-z mapping stage of the Raman spectrometer with a step size of 0.1 and 0.5 µm in

x,y and z direction, respectively, and heated to 70± 1 ◦C. A LWD 100x objective with

a numerical aperture, NA, of 0.8 and a working distance of 3.4 mm was used. Since the

glass water interface could not be seen in optical images, the interface was searched by

measuring the OH frequency region between 2800 and 4000 cm-1 and scanning in x-y-z

direction. About one hour was needed to find the optimal analytical position and pa-

rameters for the measurements. The progress of the corrosion was measured at a depth

of ∼250 µm below the glass surface, where the spatial resolution is several orders worse

than the resolution close to the surface (see below).

The x-y dimension of the imaged area was initially 135× 7.5 µm2 with pixel spacing of

3.0 and 2.5 µm in x and y direction, respectively, but was increased to 250× 7.5 µm2 after

about 77 hours using the same pixel spacing. The imaged area was increased, because it

was realized that it did not extend into the solution and pristine glass at the same time,

because a several micrometer-thick OH-rich silica zones had already developed unexpect-

edly within the first hour. The beam power was initially set to ∼430 mW at the surface

of the glass lid, but was then increased to ∼610 mW to compensate for lower count times

per pixel over an enlarged imaging area. The total counting time per pixel of an image

was initially 30 times for 1 second, but was decreased to 20 times 0.7 seconds, yielding

total image acquisition times of ∼70 and 60 min, respectively. Altogether, 68 x-y images

were collected within about 250 hours.

3.2.4 Determination of the lateral resolution

The diffraction-limited theoretical lateral and depth (or axial) resolution at the glass

surface was 0.8 (= 1.2 λ/NA) and 3.3 µm (= 4 λ/(NA)2), respectively. However, the

measurements were made about 250 µm below the glass surface as measured by confocal

depth scans. The latter are corrected for refraction effects using Eq. 6 given in N. J.

Everall (2000b) from NA, the refractive index of the glass (= 1.55), and assuming that

the objective was fully filled by the Gaussian laser beam so that it reduces its intensity by

1 - e-2 (thereby transmitting ∼ 86.7% of the laser intensity). Here, the spatial resolution

is several orders worse than the theoretical resolution given above due to refraction of the
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laser beam at the air-glass interface, spherical aberration, and due to diffraction effects

(N. J. Everall, 2000b; N. J. Everall, 2000a; Baldwin and Batchelder, 2001). Neverthe-

less, from the H2O/OH intensity distribution across the glass-water interface the lateral

resolution was empirically estimated to be 10 ± 1 µm using a 500 µm confocal hole. The

decrease of lateral resolution with depth mainly reflects the dramatic decrease of the

refraction-limited depth resolution, i.e., the dramatic increase of the length of the region

illuminated by the incoming laser beam. This length depends mainly on NA and the

refraction index of the glass and can reach several tenth of micrometers when focusing

deep into the sample (N. J. Everall, 2000b; N. J. Everall, 2000a; Baldwin and Batchelder,

2001). Thus, the empirically determined lateral resolution is affected by the topography

of the reaction front and a non-parallel orientation of the front plane with respect to the

laser beam axis. Although close to the surface the depth resolution decreases linearly with

the depth of the focal point, at depths of several hundreds of micrometers the depth res-

olution does not in fact monotonically worsen anymore (Baldwin and Batchelder, 2001).

Here, a confocal aperture effectively restricts the volume from which a Raman scattering

signal is primarily detected and thus also improves the lateral resolution. The choice of a

confocal hole size of 500 µm reflects the best compromise between the spatial resolution

and the overall Raman intensity.

3.2.5 Data reduction

All Raman spectra were corrected for effects of the elastic scattering of the excitation

beam (Long, 1977),

I = Iobs · ν30 ·
[
1− exp

(
−hcν
kT

)]
ν

(ν0 − ν)4
(3.1)

where Iobs is the measured intensity, h is the Planck constant, c is the speed of light, k

is the Boltzmann constant, T is the absolute temperature, ν0 is the wavenumber of the

incident laser beam (in cm-1), and ν is the measured wavenumber (in cm-1). See also

Neuville and Mysen (1996) or Behrens et al. (2006) for application of the Long (1977)

correction. The spectral analyses were then performed in the typical frequency regions of

O-Si-O bending and Si-O stretching modes, as well as of OH stretching vibrations: (1) 200

to 600 cm-1, (2) 750 to 1100 cm-1, and (3) 2800 to 4000 cm-1. In these frequency regions a

cubic background was first subtracted and the integrated intensities were determined for

the bands of interest by summing up the intensity multiplied by the spectral width within
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a certain frequency region using the LabSpec 6 software. Due to imaging misalignment,

missing data points between 30<x<75 µm and 65<t<77 µm had to be interpolated by

an Akima spline (fitted in y-direction (time)). Deconvolution of the spectral regions

by least-squares fitting of spectroscopic functions to the experimental profiles was not

performed, since intensity integration appeared more robust as no physical model is

needed to fit the multitude of overlapping vibrational modes (Fig. 3.3). For visualization

of the four-dimensional x-y-t-intensity space of the recorded spectral maps (Fig. 3.4), the

first of three lines in x-direction (y=-2.5) per time step was chosen (as x-y-mapping was

performed first in x and then y-direction).

3.3 Results & Discussion

3.3.1 Spectral analysis

Raman spectroscopy on borosilicate glass provides insights into its structural network

organization, mainly on the connectivity of Si-O bonds. The degree of polymerization is

reflected by the distribution of Qn species in the amorphous structure, where Qn depicts

a silica tetrahedron and n the number of linkages over the oxygen corners to adjacent

silica tetrahedra. With n = 0 (Q0), the silica tetrahedron is fully isolated from the

remaining silica network, sharing no corner with another silica tetrahedron. On the

other side, Q4 represents a four-corner-shared tetrahedron in a three-dimensional silica

network. The connectivity of Qn species is also referred to as number of non-bridging

oxygens (NBO), whereby a bridging-oxygen being the corner- or edge shared oxygen(s)

of adjacent tetrahedrons. A non-bridging oxygen may be connected to glass network

modifiers (e.g. Na+) within the glass or interacting with an atmosphere or solution at

the glass surface.

Figure 3.3 includes a Raman spectrum of the pristine ternary Na borosilicate glass with

O-Si-O bending and Si-O stretching modes in the spectral range from 200 to 2800 cm-1,

second order bands between 2400 and 2800 cm-1 (To et al., 2008). Furthermore, the ν5
symmetric B-O stretching modes of planar metaborate ring structures were detected near

630 cm-1 (Wu and Lee, 1997) and the symmetric stretching modes of the above mentioned

Qn species between 900 and 1250 cm-1, with the Q3 having the highest intensity. Bond

vibrations of BO3 units in boroxol rings and the stretching band of molecular oxygen

(1555 cm-1) and nitrogen (2331 cm-1) from air between objective and glass surface were
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Figure 3.3: Representative background-corrected Raman spectra from amorphous silica (blue spectrum),
formed within the first hours of the experiment near the glass surface, and from the silicate glass (light
grey spectrum), showing the typical glass bands with second order bands between 2300 and 2900 cm-1.
Raman modes are for silica are assigned after Aguiar et al. (2009). The stars (*) mark bands from O2

(1555 cm-1) and N2 (2331 cm-1) of the air between glass and objective. Inset diagram shows a series of
Raman spectra in the frequency range between 200 and 600 cm-1 that were taken at different times at the
same location (cf. Fig. 3.4a). The blue and yellow spectra represent the first and last measurement at
that location, respectively. Note that with increasing reaction time, the intensity near 430 cm-1 increases
significantly, reflecting the formation of 5- and 6-fold silica rings with time. Moreover, the νs(SiO–H)
band is not visible in all spectra (purple spectrum), indicating an inhomogeneous distribution of silica
inner surface OH groups that are linked via hydrogen to a water molecule (cf. Fig. 3.4b).

also detected. While the occurrence of exemplary the Qn species can be expected within

the spectral range of 850 to 1250 cm-1, exact band assignment in Raman spectra of sil-

icate glasses is not straightforward and cannot be generalized due to the large range of

chemical composition and complexity (Parkinson et al., 2008).

The chemical composition of borosilicate glasses is the major control on the degree of

polymerization of the glass network as reflected by the Raman intense Qn bands. How-

ever, for the chemically simple, amorphous silica, the increase in polymerization is best

seen in the increase of siloxane ring sizes observed by ω1 symmetric breathing mode

vibrations in the low spectral region (Fig. 3.3) as the intensity of the Qn speciation is

comparatively low. In detail, the spectrum of the here found amorphous silica is generally

characterized by a red-shifted, sharp D1 band around 490 cm-1 attributed to four-fold

siloxane rings. The absence of the D2 band indicates that smaller, three-fold siloxane

rings did not occur. The D1 band exhibits an asymmetry shown by a slight broadening of

the left shoulder, which can be attributed to siloxane rings of higher orders (≥ five-fold)
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Table 3.1: Overview of important Raman modes found in amorphous silica.

Raman shift Mode Description
(cm-1)

430 ω1 Symmetric breathing modes of ≥5-fold Si-O-Si
rings#

450-490 δrock (Si-O-Si) Silica rocking bands#

∼488 D1 Defect band & symmetric breathing modes of pla-
nar 4-fold Si-O-Si rings#

601 D2 Defect band & symmetric breathing modes of pla-
nar 3-fold Si-O-Si rings#

860 νas (O2Si=NBO2) Asymmetric stretching of Q2#

967-970 νas (O3Si-NBO) Asymmetric stretching modes of Q3

νas (O3Si-OH) Surface silanol groups+

1060-1170 ω4 Si-O-Si stretching modes#

∼1630 νb (H2O) Bending mode of ’free’ water & water H-bonded to
H+ of silanol group+

3250 2νb (H2O) First overtone of water bending mode*

3450 νss (H2O) Symmetric stretching mode of water*

3520 Superimposition of OH vibrations of adsorbed wa-
ter molecules and vicinal/geminal silanol groups *

3610 νas (H2O) Asymmetric stretching mode of water*

3615 νs (SiO-H) Stretching mode of silanol groups (H-bonded to O
of water)+

∼3680 νs (Si-OH) Stretching mode of vicinal/geminal silanol groups#

3750 νs (Si-OH) Stretching mode of isolated silanol groups#

#Aguiar et al. (2009), +Davis and Tomozawa (1996), *Anedda et al. (2003)

(Aguiar et al., 2009). As expected, modes of the metaborate ring structures found in the

pristine glass cannot be observed in the amorphous silica, but further Si-O-Si bending

modes are observed between 750 and 850 cm-1. The symmetric stretching modes (νs) of

the Qn are detected, but are overlain by a sharp intense band around 975 cm-1, which

can be attributed to the symmetric stretching mode of the Si-O bond of silanol groups

(Aguiar et al., 2009; Davis and Tomozawa, 1995). In the higher wavenumber region,

the typical OH and H2O vibrational modes of water and surface silanol groups can be

seen (Fig. 3.3). A summary of the important vibrational modes in the measured spectral

range for amorphous silica can be found in Table 3.1.

To study the structural changes of the precipitated amorphous silica in space and time,

a set of band intensity ratios was defined. First of all, the polymerization of the corro-
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sion rim was monitored by the integrated intensity of the ω1 symmetric breathing modes

of 5-fold and higher siloxane ring structures between 250 and 460 cm-1, which was di-

vided by the total integrated breathing mode intensity from all siloxane ring structures

measured between 250 and 600 cm-1 (see Table 3.1. The relative fraction of adsorbed

water onto the amorphous silica was determined by the ratio of the integrated intensity

between 3500 and 3550 cm-1, where the superimposed OH vibrations of adsorbed water

molecules and vicinal/geminal silanol groups (Anedda et al., 2003) are found, over the

integrated intensity of the total H2O/OH bands measured between 2800 and 3800 cm-1.

Additionally, the relative fraction of (solely) surface silanol groups in the amorphous sil-

ica was estimated from ratio of the integrated intensity of the sharp Si-OH band between

935 and 1010 cm-1 over the surrounding vibrational modes of the Qn species of silica

between 850 and 1250 cm-1. Lastly, the relative content of water species in the anal-

ysed volume was determined by the ratio of the integrated intensity of the OH groups

measured between 3000 and 3750 cm-1 and the integrated intensity of the intense silica

vibrational modes measured between 250 and 1250 cm-1. Note that all these parameters

are not a correct quantitative measure of the actual fractions. In the absence of a detailed

understanding of the silica structure and its Raman spectrum, however, these ratios are

easily determinable parameters that can be used to monitor structural changes in silica

as a function of space and time, which is relatively independent of spectrum quality and

physical assumptions. As such, it is also appears as the more approachable and robust

method to analysis the large number of about 5000 complex Raman spectra obtained in

the experiment.

3.3.2 Corrosion dynamics

By the time the first mapping step was finished (1+1 h experimental setup + imaging),

an hydrous amorphous silica layer of about 90 µm had already formed (Fig. 3.4). The

formation progress of this gel was therefore not directly recorded. However, any solid

state diffusion-controlled glass hydrolysis and ion exchange process can be excluded from

producing such a layer as they are two slow to work over these length scale within a

few hours. Accordingly, it can be assumed that the gel precipitated from solution by

an interface-coupled dissolution-precipitation process. Hereby, the congruent dissolution

releases glass constituents into solution, with the possibility of saturating the adjacent

solution at the solution-glass interface with respect to amorphous silica, especially in the
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Figure 3.4: False-color Raman images rendered from the recorded spectra over time, showing
the spatial distribution of (a) the relative fraction of 5- and 6-fold rings in silica, (b) the rela-
tive fraction of adsorbed water on the silica surface, and (c) OH groups in the analysed volume.
The images were obtained by color-coding the ratios A250-460/A250-600, A3500-3550/A2800-3800, and
A3000-3750/A250-1250, where A represents the accumulated and background-corrected intensity in
the frequency range given as index (in cm-1). Dashed line marks location of the time profiles shown
in Fig. 3.5. Dashed lines encase profile location shown in Fig. 3.5, white lines represent the location
of the retreating silica/glass interface, which is derived from sigmoidal fits of the intensity of the
OH bands. Gray areas in the top-left were initially not imaged. Glass areas in a) and b) are also
shown in grey as the presented parameter are not applicable for glass.

case of acidic (to low-alkaline) solutions, where overall silica solubility is low in the first

place (Iler, 1979). Moreover, the solution volume within the hole may be saturated much

faster than the underlying solution (Fig. 3.2). Such local saturation at an dissolving

interface was observed in experiments on the replacement of wollastonite by amorphous

silica (Ruiz-Agudo et al., 2016) as well as in the SPFT experiments within this study

(see Chapter 2, p. 31). The principle idea behind the local saturation is that during

dissolution a concentration gradient between bulk solution and dissolving interface will

develop if the release rate of Si from the glass is higher than the transport of Si into

the bulk solution. In the latter study, the interfacial solution also showed a distinctively

higher pH value than the surrounding solution (due to the release of calcium by the

dissolution of wollastonite, CaSiO3. In case of this experiment here, the release of sodium

from the glass into the interfacial solution should have increased the pH, which only
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effectively changes the solubility of amorphous silica starting from a value of pH > 9 at

70 ◦C, but shifts the polymerization of silica into the domain of rapid aggregation (pH 2 -

7, Iler, 1979). Hence, nanoparticles of silica from the condensation of monomeric silicic

acid to dimers and oligomers/cyclic structures in solution would quickly cross-link to

form a gel through the ongoing reaction of silanol groups to siloxane bridges represented

by the following equation:

≡Si-OH +HO-Si≡ 
 ≡Si-O-Si≡+H2O (3.2)

The aggregation of particles is particularly preferred in the presence of sodium, which

neutralizes the negative surface charge of silica particles in the electric double layer (Iler,

1979).
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Within the next 10 hours, the hydrous

silica gel polymerizes and aggregates in-

dicated by a red-shift of the D1 band

at the very beginning and the strong

increase in Si-O-Si ring structures of

higher orders (Figs. 3.3 and 3.4). At the

same time, the relative fraction of sur-

facial silanol groups in the gel decreases

in an anti-correlated fashion (Fig. 3.5),

which can be interpreted as the result

of the ongoing polymerization and sil-

ica sphere size growth. With increasing

degree of polymerization, surface curva-

ture of the silica spheres should change

as well. With an increase in surface cur-

vature, the interaction of surface silanol

groups is in turn decreased and silanol

groups become isolated. Isolated silanol

groups are, however, less likely to bind

free water molecules, as water molecules

are preferentially adsorbed on complex

interacting vicinal and geminal silanol



3.3. RESULTS & DISCUSSION 71

0 50 100 150 200 250

0
5

10
15
20
25
30
35
40

r2 = 0.09(1) µm/h

r1 > 9 µm/h

r3 = 0.7(1) µm/h

G
la

ss
 r

et
re

at
 (

µ
m

)

Time (h)

r4 = 0.06(1) µm/h

≈ 
≈ 

Figure 3.6: Retreat of the silica-glass interface as a function of time, showing four different
kinetic regimes. The given rates r2, r3, and r4 were obtained by a linear least-squares
fit to the data. However, r1 was estimated considering that a ∼90µm thick silica had
already formed before the first image was taken. The glass retreat is given by the shift
of the position of silica-glass interface compared to its position in the first image at t =
1.0 h. The undulation on the fitted position is an artefact of the mechanical XYZ table.

groups (Brinker and Scherer, 1990). After Anedda et al. (2003), the Raman band at

3520 cm-1 represents a superimposition of several silanol-related vibrations: O-H vibra-

tions from water molecules adsorbed at the surface, interacting silanols hydrogen-bonded

to oxygen atoms of other silanols and/or adsorbed water molecules. These authors pro-

pose that the relative concentration of adsorbed water molecules and interacting vicinal

and geminal silanol groups with respect to the isolated ones increases as the pore di-

ameter decreases. The other way round, this means that water has be to be released

from the surface, when the surface curvature increases, e.g. during silica sphere growth.

As such, this dependency explains, why a relative increase of water adsorption can be

seen in the initial gel within the first 10 hours, but a later decrease with the continuous

polymerization and silica sphere growth (Fig. 3.5).

After about 75 hours, when the initial maturation progress levels out Fig. 3.5, a water-

rich zone between the pristine glass and silica rim can be observed (Fig. 3.4), as indicated

by the ratio of the integrated intensities of the OH bands over the lower spectral range

of the solid silica (A3000-3700/A250-600). At this stage, an increase in the retreat rate of

the glass interface can be observed for about 15 hours (Fig. 3.6), in which the water-rich

zone apparently grows at the expense of the pristine glass.

The different corrosion rates, calculated here by the in situ measured glass retreat

(Fig. 3.6), correlate well with the established rate regimes (e.g., Frugier et al., 2008;

Frugier et al., 2017). The initial rate, r1 (Fig. 3.6), corresponds to the fast forward disso-
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Figure 3.7: Backscattered electron image taken after the experiment from a
polished section that was prepared from the dried glass window. Note the
occurrence of a gap/crack marking the interface between the pristine glass and
the silica corrosion rim.

lution rate (Stage I, Gin, 2014), which is evoked by the congruent dissolution of the glass

network (Geisler et al., 2010; Geisler et al., 2015). The slowdown of the corrosion rate

by about two orders of magnitude after the formation of the initial corrosion rim (r2,

Fig. 3.6) conforms with the residual rate regime (Stage II, Gin, 2014). Hereby, the rate

is controlled by the transport properties of the corrosion rim (Geisler et al., 2015). In

the literature, a later-stage resumption of the corrosion rate was reported and proposed

to originate from the rapid formation of secondary minerals like phyllosilicates and zeo-

lites at solution-silica interface (e.g., Gin and Mestre, 2001; Vienna et al., 2013; Fournier

et al., 2014), which are supposed to cause an undersaturation of the (local) solution and

a destabilization of the gel layer (Rajmohan et al., 2010; Gin et al., 2012). However, the

formation of secondary phases was not observed during (Fig. 3.4) or after (Fig. 3.7) the

here presented in situ experiment. The glass composition does not support the forma-

tion of secondary mineral phases like phyllosilicates and zeolites. Nonetheless, a short

resumption of the corrosion rate was observed (r3, Fig. 3.6), which here correlates with

the formation of the water-rich zone at the corrosion rim-glass interface (Fig. 3.4c). A

plausible explanation is for this is an increase in pH at the silica-glass interface caused by
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release of Na from the congruent glass dissolution and the transport limitation through

the polymerized corrosion rim. As such, the interfacial (pore) solution is undersaturated

with respect to amorphous silica and might temporarily increase the rate of congruent

glass dissolution, after which the corrosion rate drops down to a residual level again (r4,

Fig. 3.6).

After the experiment was stopped, the water-rich zone between the pristine glass and

the silica reaction rim is visible in backscattered electron (BSE) images (Fig. 3.7). Here,

the formerly water-rich zone appears as a gap that is, after cooling and drying, partly

filled with hydrous amorphous silica that appears dark-grey in the BSE image. Most

importantly, the width of the gap with about 20 µm is the same as the in situ observed

water-rich zone.

3.3.3 Implications for the Reaction Mechanism

The above described insights into the dynamics of borosilicate glass corrosion by an

aqueous medium provide a series of observations to refine existing corrosion models. The

most obvious feature of glass corrosion found in this study might be the development

of the water-rich zone at the interface between glass and corrosion rim. Gaps or cracks

between pristine glass and reaction rim are commonly found in dried samples from ex situ

experiments (e.g., Anaf, 2010; Sterpenich and Libourel, 2001; Geisler et al., 2010; Geisler

et al., 2015; Dohmen et al., 2013) and are explained by cracking or ripping apart due to

shrinkage of the previously hydrous silica layer. However, in this study, the gap already

exists during the experiments in form of a water-rich zone of similar extend and is part of

the corrosion process rather than a by-product of sample treatment. The concentration

of water or OH-bearing phases at the reaction interface is a common phenomenon and

fundamental basis of mineral replacement by interface-coupled dissolution-precipitation

(A. Putnis, 2002; A. Putnis and C. V. Putnis, 2007), which has been discussed to be ap-

plicable for the glass corrosion as well (Geisler et al., 2010; Geisler et al., 2015; Hellmann

et al., 2012).

The development of the water-rich zone shows a strong correlation with the structural

maturation of the initial corrosion rim (as shown above) seen by increasing polymeriza-

tion and implied silica sphere size growth by the relative decrease of surface-adsorbed

water molecules. Such maturation might slow down mass transport through the cor-
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rosion rim. Depending on the rate ratio between glass corrosion and mass transport,

the pH can increase in the (pore) solution at the glass interface by continued release of

sodium from the glass. This, in turn, self-enhances the corrosion rate as could be seen

by the (temporary) resumption of corrosion, which is not an uncommon phenomena and

currently discussed issue in the nuclear waste community (Ribet and Gin, 2004; Fournier

et al., 2014; Frugier et al., 2017).

The sudden formation of the initial gel layer of about 90 µm within the first hour of

the experiment is further evidence that the glass corrosion is proceeding by an interface-

coupled dissolution-precipitation mechanism (Geisler et al., 2010; Geisler et al., 2015)

and that this process is not restricted to high alkaline conditions as proposed by Gin et

al. (2015b). Solid state diffusion-controlled hydrolysis and ion exchange reactions cannot

facilitate glass corrosion over such a range within the short time frame.

Lastly, besides providing more insights into the fundamental reaction processes, the

water-rich zone being seen as a structural weakness could explain the phenomenon of

"flacking" or "scaling" often observed in archaeological glasses (Pearson, 1988).

3.3.4 Method review

As shown above, fluid cell hyperspectral Raman spectroscopy is capable to provide unique

insights into (running) processes and interim stages of aqueous corrosion/alteration reac-

tions, which are otherwise lost in standard ex situ experiments and post mortem analysis.

Understanding this study as a proof of concept, FC-HRS (as of right now) has also its

limitation and needed improvements, which shall briefly discussed here.

In the case of glass corrosion, preparation of a glass lid in dimension of 15 x 15 x 5 mm3 is

cost-wise and technically not too challenging, while for mineral-fluid reactions fracture-

free and large enough crystals will be needed. Constructional modifications on the cell

design or the use of an additional sealing window (e.g. corrosion-resistent sapphire glass)

atop the crystal of interest might solve this problem. For more complex and therefore

slower reacting glasses (or other materials), the fluid cell might be taken out and set

aside to be then regularly be re-placed under the Raman microscope and measured. Pre-

liminary test showed no problem with locating and adjusting to the original mapping

location by using surface features of the glass lid, which ultimately should be improved

by laser-etching marks onto the surface.

The use of oil immersion objectives with an N.A. close the glass of interest should enhance
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the depth resolution significantly (N. Everall, 2014). As explained in the methods section,

the depth resolution is approximately by one magnitude lower then the lateral resolution,

hence, the approach to measure in lateral and not confocal direction. A higher depth

resolution will again minimize the sampling volume and as a consequence increase the

spatial resolution further. With that either the signal-noise ratio of the Raman spectra

would be increased or signal accumulation times can be lowered to allow faster mapping.

To suppress the observed undulation of the XY positioning of the mechanical table, an

optical encoder should be installed.

Feature-wise, newer prototypes of the fluid cell are already equipped with additional elec-

trodes for impedance spectroscopy measurements to gain insights into the fluid chemistry

at any time of the experiment. Additionally, in- and outlets allow sampling of the solu-

tion phase as well as manipulation of the solution chemistry during the experiment, e.g.,

by insertion of isotope tracer (D2O) or acids/bases to change the pH.

The limiting factor for the common usage of FC-HRS will most likely be the requirement

of a powerful laser system attached to the Raman spectrometer system. In this setup,

a 532 Nd:YAG laser with an output power of max. 2 W was used, which results in ap-

proximately 0.6 W at the sample interface. No damaging effects of such high laser power

on either starting material nor reaction product was observed, which is most likely due

to the immersion in solution and thus rapid heat dissipation.
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4.1 Introduction

While surface, textural, and structural analyses of glass corrosion rims on all scales have

already allowed identifying distinct reaction steps, there is a lack of information on - with

the partial exception of in situ experiments (see Chapter 3, p. 57) - about the dynamics

of a (multistage) corrosion process and the contribution of solution and glass components

to the corrosion rim.

In general, corroded glass, if not revealing chemical or structural patterns, is build up by

a so called ’hydrated glass’ layer, which is void of alkaline elements and is located directly

adjacent to the pristine glass, spatially followed by an amorphous layer of porous, silica-

rich material (often called ’gel’ in case of nuclear glass or ’palagonite’ for natural glass)

and (not obligatory) by a surface layer of secondary minerals. The hydrated glass is

assumed to be the result of hydration following ion exchange of mobile glass constituents

with inbound hydrogen by hydrolysis of the non-bridging Si-O-M bonds (M = B, Na,

Ca). Reported widths of the hydrated layer vary strongly from nano- to micrometers

(e.g., Ait Chaou et al., 2015; Gin et al., 2011; Gin et al., 2013a; Verney-Carron et al.,

2008; Verney-Carron et al., 2010), and depends on glass composition, time, tempera-

ture, solution composition, pH and saturation with respect to individual phases, which

in turn, are all interlinked and result in a specific corrosion rate. To explain the observed

slowdown of the corrosion rate, a protective effect by pore closure in the gel layer or

by reaction of the hydrated glass (passivating reactive interphase (PRI)) have been dis-

cussed (Frugier et al., 2008). In some cases, the corrosion rim detaches partly or entirely

from the pristine glass (e.g., Dohmen et al., 2013; Geisler et al., 2010; Sterpenich and

Libourel, 2001; Verney-Carron et al., 2008; Schalm and Anaf, 2016), which is also known

as flaking (Pearson, 1988). While elements with a high solubility in aqueous solutions

are transferred to the bulk solution, less soluble elements are retained in the corrosion

rim (e.g., Valle et al., 2010). Until now, a general, coherent corrosion mechanism, which

can account for the dynamic formation of the corrosion rim over a spectrum of different

conditions and glasses compositions, natural and synthetic ones, is still under debate.

The two (most recent) hypotheses for the formation of the corrosion rim are: (i) in situ

silica recondensation of the alkaline-free, hydrated glass layer (e.g., Van Iseghem and

Grambow, 1987; Bunker, 1994; Jégou et al., 2000; Grambow and Müller, 2001; Rebis-

coul et al., 2004; Van Iseghem et al., 2004; Gin, 2014; Frugier et al., 2008; Gin et al.,
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2015a), and (ii) precipitation and polymerisation of amorphous silica coupled in space

and time to the congruent dissolution of the glass (Geisler et al., 2010; Geisler et al.,

2015; Hellmann et al., 2012). Valle and co-workers (2010) stated that the main differ-

ence of these models are the degree of equilibrium with recondensation only requiring

a local, but precipitation a global thermodynamic equilibrium. This stands strongly in

contrast to self-organization during precipitation reactions far from equilibrium in general

(Nakouzi and Steinbock, 2016) and specifically in corroded glasses (e.g. Geisler et al.,

2010; Dohmen et al., 2013; Wang et al., 2016, and references therein).

Isotope tracers are a powerful tool to investigate such dynamic processes in a wide range

of replacement reactions. Most approaches to study replacement reactions so far are

based on the examination of alteration products of either natural minerals or glass from

hydrothermal experiments. In case of laboratory experiments, analysis of the accompa-

nying run solution allows mass balancing the reaction. The advantage of using isotopes

is that by tracing back the participation of different reservoirs (e.g., running solution,

primary phase) in the formation of individual phases or layers during a reaction, new

insights into the underlying mechanism can be gained. The basic procedure of using iso-

topes as reaction tracers in replacement processes is to enrich the experimental solution

(or vice versa the educt itself) with a naturally non-abundant isotope of the element of

interest, and then monitor the distribution of this isotope pair in the run product and/or

solution. The idea behind this is that - beside small fractionation effects - all isotopes of

an element behave structurally and chemically in the same way. For once, by measur-

ing the ratio of tracer and naturally abundant isotope, the extend of exchange between

solution and solid material can be quantified, but even more importantly, it can provide

evidence for rupture of old and formation of new chemical bonds (with the tracers).

Isotope tracer experiments based on the initial work by O’Neil (1977) are nowadays a

common technique to investigate reaction mechanisms in the field of mineralogy, with

experiments in the early 2000s, where the solid solution-aqueous solution system KCl-

KBr-H2O was used as a model system to determine the underlying reaction mechanism.

In this study, it could be shown that the solution-derived 40K was abundantly incorpo-

rated into the replaced salt crystal (C. V. Putnis and Mezger, 2004). The latter was

interpreted as a strong argument for the coupled dissolution of the 38KBr crystal and the

reprecipitation of (38K,40K)Cl. In a different case, the stability of the hafnium isotopic

system during recrystallization of radiation-damaged (metamict) zircons by acidic aque-
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ous solutions was tested using 180Hf as tracer (Lenting et al., 2010). The results showed

that the isotope tracer was not incorporated into the recrystallized zircon structure. Only

Hf precipitates of the highly insoluble hafnium tracer were found on the surface and in

small fissures. This led to the interpretation that the underlying reaction mechanism for

the recrystallization ot the formerly amorphous zircon must be a proton-based diffusion-

reaction mechanism.

Geisler and co-workers performed isotope tracer studies with silicate glasses (2010; 2015),

whereby the authors used a simple ternary borosilicate glass as well as the more complex

German nuclear waste glass WAK and a variety of isotope tracers. Laser-ICPMS and

NanoSIMS analyses of the glass corrosion rims revealed abundant exchange of magne-

sium, oxygen, as well as silicon with their respective tracers in solution. However, while

the oxygen isotope ratio across the corrosion rim is rather constant, magnesium and sili-

con isotope ratios are characterized by spiked profiles. Particularly, the evolution of the

silicon isotope ratio seems to depend on the structure, porosity and permeability of the

newly formed corrosion rim. If the corrosion rim appears dense, no silicon tracer was

found in the corrosion rim, whereas, in porous sections higher amounts of the tracer were

found. It has to be emphasized here that porous and dense corrosion rims were not only

found in experiments with the same glass at different solution conditions, but also on

different faces of a single glass monolith itself.

Jollivet et al. (2008) made similar observations in a setup, where the glass monolith was

placed onto glass powder, resulting in morphologically and chemically different corro-

sion rims. The bottom face thereby was thinner, but exhibited a higher silica content,

which was interpreted to have clogged the porosity and thereby prohibited the silicon

isotope tracer to be incorporated. The corrosion rim of the bottom face revealed a higher

silica content, while the extent of the rim was larger on the solution face. Valle et al.

(2010) performed silicon and oxygen isotope tracer experiments on a subset of the French

non-active SON68 nuclear waste glass. The authors report an extensive exchange of both

silicon and oxygen isotopes between corrosion rim and solution, indicated for both isotope

tracers by concentration gradients across the corrosion rims, which indicates thorough

mixing of silicon and oxygen derived from solution and corroded glass. In contrast to a

study by Gin et al. (2015) and conducted experiments in this study, the running solution

was not saturated with respect to silica (Valle et al., 2010: 20 mg/L). The experiment in

the tracer study on the ISG glass - a simplified version of the SON68 glass - by Gin and
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co-workers (2015) was saturated with respect to silica and did not show any noteworthy

enrichment of silicon isotope tracer across the corrosion rim. Both studies (Valle et al.,

2010; Gin et al., 2015a) argue that the silicon isotope exchange occurs via hydrolysis of

Si-O-M bonds (M = Si, Al, Zr), which is thought to be favourable in dilute conditions.

Hydrolysis is one of the driving forces in the diffusion-driven corrosion models. On the

other hand, Icenhower and Steefel (2013) reported flow-through experiments showing

that low amounts of silicon in solution (∼ 20 mg/L) are sufficient to drastically decrease

the overall glass corrosion rate. It seems therefore unlikely that the rate of hydrolysis

between those sets of experiments was very different, and therefore cannot be the reason

for the different isotopic ratios. Lastly, a more recent study by “SON68 Glass Alteration

under Si-Rich Solutions at Low Temperature (35–90° C): Kinetics, Secondary Phases

and Isotopic Exchange Studies” showed clear uptake of a silicon tracer from a silica-rich

synthetic groundwater solution during experimental corrosion of the SON68 glass.

It follows from these studies that the available results on different isotope tracers are not

strictly coherent and can be explained by a single underlying reaction mechanism. The

conceptual idea of this study was to use a wide range of isotope tracers to possibly cover

all structural units of the corroding glass. Four glass compositions ranging from a simple

ternary borosilicate glass to the six component International Simple Glass (ISG) (Gin

et al., 2013b) were used to evaluate the role of composition for the underlying reaction

mechanism. Furthermore, the isotope tracer experiments were performed on pristine as

well as on precorroded glass samples to test the reactivity of the corrosion rim. For this

reason, full saturation of the solution with respect to amorphous silica was chosen to

suppress any re-dissolution of the precorroded samples.

The decoupling oxygen and hydrogen tracers at the corrosion rim-glass interface, which

was previously postulated (Geisler et al., 2010; Geisler et al., 2015; Hellmann et al., 2012)

and is now known from atom probe studies (Hellmann et al., 2015; Gin et al., 2017) to

be atomically sharp, gives strong evidence for the corrosion mechanism to be based on

the congruent dissolution of the glass coupled in space and time to the polymerization

and precipitation of amorphous silica. Additionally, the so-called ’hydrated glass’ can

be traced back to be a quench phase from an interfacial (pore) solution, formed during

quenching and drying the sample.

Results of this study are published in Lenting et al. (2018).
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4.2 Methods

4.2.1 Glass synthesis

The ISG glass was produced by MoSci Corporation, USA, on the decision to establish an

international benchmark glass for comparability of results between different experiment,

laboratories and workgroups worldwide (Gin et al., 2013b). Other glasses (Table 4.1) were

produced in-house from standard reagents mixed and milled, then melted in a platinum

crucible at 1400 ◦C for 3 h, crushed and milled again to be re-melted. After quenching

the melt in a pre-heated stainless steel mould, it was structurally relaxed at 560 ◦C for

6 h, letting it slowly cool down to room temperature over several hours by switching

off the oven. Glass coupons of about 2 mm edge length were cut. All faces were then

carefully ground and polished with 1 µm diamond paste to minimize surface roughness.

The exact dimensions of each monolith were measured with a calliper to determine the

geometric surface area.

4.2.2 Corrosion experiments

Corrosion experiments were performed on pristine and precorroded glasses of four differ-

ent chemical compositions (Table 4.1). For the precorroded experiments, glass monoliths

from a set of long-term experiments were extracted, where a total of 17 monoliths per

glass were corroded in PTFE vessels of 180 mL volume at 90 ◦C for 7 months. How-

ever, experiments with the less-corrosion-resistant TBG glass were started later on the

assumption of higher corrosion rates (Geisler et al., 2010). The monoliths were placed

in in-house made PTFE holder with 5 mm blind holes for each monolith, touching only

corners or edges, positioned at the bottom of the vessels. The fill level of each vessel was

adjusted according to the total geometric surface of the individual glass monoliths to

achieve a S/V ratio of ∼0.21 m−1. The reaction solution was half-saturated with respect

to amorphous silica at 90 ◦C and pH 7 by dissolution of potassium silicate (K2SiO3) pre-

pared as given in Gin et al. (2015). The pH value of each solution was checked regularly

and if needed re-adjusted by addition of nitric acid/potassium hydroxide solution. The

corrosion progress over time can be seen in Fig. 4.1, which is depicted by the evolution

of pH and sodium concentration in solution. The isotope tracer solution was prepared

to be fully-saturated with respect to amorphous silica at 90 ◦C and pH 7 to suppress re-

dissolution. Potassium silicate was again produced, but this time with 30SiO2. Further,
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Figure 4.1: Na concentration (top) and pH (bottom) of precorrosion stage
of experiments. pH was re-adjusted by addition of HNO3 when necessary.
Samples were transferred to tracer solution at day 210. Error (2 s.d.) within
icon size.

44CaCl2 and H3
10BO3 were incorporated and D2

18O was used as solvent, while the pH

was adjusted to 7 by addition nitric acid. The detailed (isotopic) solution composition

is listed in Table 4.1. The precorroded monoliths were quickly rinsed in distilled wa-

ter between transferring them from the running experiment set into smaller vessels for

the tracer experiments. Each tracer experiment then contained one glass monolith with

1 mL of tracer solution (S/V = 26± 4 m−1) encapsulated in an in-house built PTFE-

lined cold-sealed vessels, running at 90 or 150 ◦C for three months. After quenching the

cold-sealed vessels in air and checking for leakage by weighing, the glass monoliths were

removed and rinsed in distilled water to suppress any late-stage precipitation and to re-

move excess running solution. Samples were then dried at 60 ◦C over night. Consequently

to surface characterization by µRaman spectroscopy, samples were embodied in a resin

mount, which was ground and then polished with 1 µm diamond spray to produce cross-

sections of the pristine glasses and reaction rims. The TBG experiment at 90 ◦C with a

pristine sample failed, and could not be repeated in time for NanoSIMS analysis, and the

precorroded sample at 150 ◦C was fully altered, giving no possibility for cross-interface

analysis.
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4.2.3 µRaman spectroscopy

Raman spectra of the surface of the corroded samples were obtained by a confocal

Horiba HR800 Raman spectrometer equipped with an Olympus BX41 microscope in

180◦ backscatter geometry at the Steinmann Institut of the University of Bonn, Ger-

many, using a Nd:YAG laser (532.09 nm) with about 0.1 W laser output power, a 100×
objective, a 600 grooves/mm grating, a confocal hole of 500 µm and a spectrometer

entrance slit widths of 100 µm, yielding a spectral resolution of approx. 3.5 cm-1. Sam-

ples were analysed over the range of 100 to 4000 cm−1 in three spectral windows, each

measured for 20×3 s. All spectra were white-light corrected and the spectrometer was

calibrated using the Ne line at 1707.04 cm-1.

Data treatment of the Raman spectra was afterwards performed as follows: (i) the in-

tensities of all measured spectra were normalized on the height of the intensity measured

at the position of ∼630 cm-1, which is where the metaborate rings bands are observed in

borosilicate glasses. (ii) To eliminate any underlying glass signal in the collected spectra,

an averaged spectrum (n=10) of the individual pristine glass was adjusted to the inten-

sity measured here, and consequently subtracted. This was necessary due to the small

width of the surface layers and the larger depth resolution of the Raman measurements.

(iii) Afterwards the cubic background spline was set and subtracted as well.

4.2.4 NanoSIMS

NanoSIMS analyses were performed on resin-mounted and cross-sectioned samples with

a CAMECA NanoSIMS 50L at the Centre for Microscopy, Characterisation and Analysis

at the University of Western Australia. The polished sample mounts were coated with

gold to provide conductivity. Prior to each analysis, every area was pre-sputtered with

the primary beam to a dose of more than 2× 1017 cm2. Isotope mapping was performed

in three runs per location, two for positively charged ions with the oxygen source and

after changing the ion source to caesium one for negatively charged ions (cross-analysed

ions in bold):

O-: 10B, 11B, 27Na, 28Si, 30Si, 40Ca, 44Ca,

O-: 10B, 23Na, 27Al, 30Si, 38K, 44Ca, 90Zr,

Cs+: 1H, 2H, 10B, 11B, 16O, 18O, 19F.
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For both sources, the beam diameter was approximately 100 nm and the impact en-

ergy was 16 keV. The high-resolution O- beam was obtained with a Hyperion (H200)

RF plasma oxygen ion source. The beam current was approximately 3 pA for Cs+ and

14 pA for O-. Images were carried out with a raster size of 10− 50 µm2, with a resolution

of 256 x 256 pixels and a dwell time of 25-60 ms per pixel. Line scans were acquired

using the line scan beam control mode on the NanoSIMS. First, an image of the area was

acquired over an area of 20− 30 µm2, at a resolution of 256 x 256 pixels and with a dwell

time of 1 ms/pixel. A line across the interface was then manually selected and scanned.

The length of the line was in the range of 5 µm and the counting time was 2-6 seconds

per step.

Multiple one- and two-dimensional isotope mappings for each set of isotopes were per-

formed on all glass samples by manual or preprogrammed automated runs (over night).

In a few cases mappings of the latter had to be discarded/repeated due to an incorrect

focus (the focus cannot be adjusted in automated runs). Note that all sets of measure-

ments have some isotopes (marked in bold above) in common to allow for direct data

correlation. The second set with then three unmeasured isotopes were located directly

adjacent to the first one to minimize beam damage for the third run in the original

position again (reposition error: ± 2 µm). Fluorine, originating from the fresh PTFE

linings of the reaction vessels, was also measured as an additional tracer. Data handling

was performed with ImageJ/Fiji (Schindelin et al., 2012) and the OpenMIMS plugin

(Gormanns et al., 2012), in which profiles were extracted from the isotope maps per-

pendicular to the reaction front, accumulating a width of 50 pixels per step. Then the

sigmoidal-shaped 18O profiles at the rim-glass interface were fitted with a double Boltz-

mann function. A double Boltzmann function was chosen over a single one to account

for tailings some isotopes like boron reveal in the reaction rim. The inflection point of

the 18O fit close to the interface was then chosen as point of origin for data visualization.

Consequently, coordinates of the two data sets measured by oxygen source were shifted

by aligning the inflection points of the double Boltzmann fitted boron profiles, while also

cross-checking the sodium profiles of the first two datasets for congruence. Hence, the

data alignment around the interface can be taken as accurate, while the matching of

the outer rim boundary may underlie minor discrepancies due to small variation in rim

thickness and focus issues during automated runs. Moreover, as evident by a small gap

between samples and embedding resin, the extended drying of the epoxy resin followed
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to shrinkage by which less consolidated material was ripped-off the sample surface.

4.2.5 FIB-STEM

An Electron-transparent thin foil was prepared from a corroded ISG-90/90 sample by

utilizing a Zeiss NVision 40 cross beam station at the Forschungszentrum Jülich (IEK-6),

Germany. The sample was coated with C to enhance the electrical conductivity. The

lamella was extracted perpendicular to the surface including a layer of resin, corroded

glass and pristine glass. To avoid beam damage by the Ga+ beam, a protective layer of

approximately 2 µm C was deposited on the glass surface. A thick slice of 1 µm was cut

out of the sample (beam current 30 kV/300 pA) and attached to an Oxford Instruments

Omniprobe TEM-grid. The lamella was stepwise thinned >100 nm using decreasing

beam current for each step (30 kV/150 pA, 30 kV/80 pA, 30 kV/40 pA). Another thin

foil of the QBG-90/150 experiment was prepared by using a FEI Helios Nanolab G3 UC

focused ion beam-scanning electron microscope (FIB-SEM).

The FIB foils were investigated in a FEI Talos F200X (scanning) transmission electron

microscopy ((S)TEM) equipped with four energy-dispersive X-ray detectors (Super-X

EDX). The FEI Talos F200X TEM information limit is 0.12 nm. All FIB-SEM and TEM

analyses were carried out at the Microscopy Square, Utrecht University, Netherlands.

4.3 Results

4.3.1 Raman spectroscopy of the corrosion rim

Before mounting the samples in epoxy resin and cross-sectioning, the outer corrosion

surfaces were characterized by Raman spectroscopy, revealing typical spectral features of

amorphous silica (see Fig. 4.2):

250-500 cm-1: The lower spectral region around the D1 defect band at ∼495 cm−1

shows an asymmetric flank towards lower frequencies due to oxygen breathing mo-

tions of higher silica ring structures (n>4). In pristine borosilicate glasses, this

area is symmetric (Fig. 4.2).

850-1250 cm-1: The Qn species distribution differs from the pristine glass in the re-

gard that it shifts to an increase in the Q2 species, representing a lower degree of

polymerization.
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3000-3750 cm-1: All measured outer corrosion surfaces reveal high intensities in the

higher frequency range indicating significant amounts of OH-groups/water being

contained in the silica corrosion rim.

For an in-depth description of the Raman spectrum of amorphous silica formed during

glass corrosion, see the spectral analysis in Chapter 3 (Section 3.3.1, p. 65).

Although all Raman spectra of the corroded surfaces reveal amorphous silica to build

up the corrosion rim, not all spectra seem to indicate the exact same structure of the

amorphous silica across glasses as seen by the differences in the distribution of the Qn

species. This might have two reason: (i) background signal from the chemically and hence

structurally diverse pristine glass, and (ii) pH and salinity at the corrosion interface will

differ between experiments due to the chemical compositions and consequently unequal

elemental release by dissolution. While pH and salinity control aggregation and polymer-

ization of amorphous silica on one hand (Iler, 1979), on various elements released from

the pristine glass can potentially be re-incorporated during silica condensation which

further alters the structure.

4.3.2 Texture and thickness of the corrosion rim

Processed NanoSIMS maps and profiles of the corrosion rim-glass cross-sections are shown

in Fig. 4.4-4.10 In general, the cross-sections cover the whole range of (i) the epoxy resin

(embedding matrix), (ii) the outer part of the corroded glass, where secondary minerals

might precipitate, (iii) the newly formed corrosion rim including the prior altered part in

cases of precorroded glass samples, (iv) the interface between rim and glass, and (v) the

pristine glass itself. The zone around the interface between corrosion rim and pristine

glass is thereby characterized by a strong drop in the measured intensities of the network

modifying sodium as well as network forming (and modifying) boron in direction of the

corrosion rim as already seen in previous studies (e.g. Gin et al., 2015b; Gin et al., 2015a;

Hellmann et al., 2015; Gin et al., 2016; Bouakkaz et al., 2016; Gin et al., 2017. Due to the

ambiguity of structure and extend of the corrosion interface (zone), so far often defined

by its diffusion profiles, the sharp drop in intensity of the inbound 18O tracer was selected

in this study as reference for the location of the interface for all samples. 18O was chosen

because it is an external tracer and no glass constituent (beside the natural abundance

0.2% of the total oxygen) and because the spatial resolution of the NanoSIMS is higher
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Figure 4.2: Raman spectra of pristine glasses (grey) and samples corroded at 90 ◦C (blue) and 150 ◦C
(green). Asterisks mark unidentified Raman bands.



Table 4.1: Glass and solution compositions, experimental details and comparison of NanoSIMS analyses of corroded glass samples.

Glass composition SiO2 ZrO2 Al2O3 B2O3 CaO Na2O Density
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (g/cm³)

ISG 60.7(7) 1.7(1) 3.8(1) 16.0(8) 5.6(1) 12.3(15) 2.41(14)
B18 60.7(14) 4.1(1) 17.6(8) 5.3(1) 12.3(2) 2.45(3)
QBG 65.9(10) 4.2(1) 11.9(7) 0.09(1) 17.9(2) 2.48(2)
TBG 65.3(3) 15.8(2) 18.7(3) 2.49(5)

SA/V SiO2 KOH BH3O3 CaCl2 D/H 18O/16O
Solution composition pHinit,RT (mm²/mL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

Precorrosion 7.0 2.7 2.2 (3.1% 30Si) 6.0 0.0001 0.002
Tracer 7.0 24 5.9 (99% 30Si) 12.1 4.1 (99% 10B) 0.76 (97% 44Ca) 0.225 0.231

Experiment ISG B18

Temperature (°C) 90 150 90/90 90/150 90 150 90/90 90/150
Condition pristine pristine precorroded precorroded pristine pristine precorroded precorroded
Duration (months) 3 3 7+3 7+3 3 3 7+3 7+3
pHfinal,RT 7.6 7.7 8.1 8.1 8.2 8.3 7.6 8.3
Rim thickness (µm) 1.63(11) 0.68(21) 2.97(25) 2.70(21) 1.74(02) 0.52(10) 3.10(27) 3.21(0.29)
Avg. 18O/16O 0.04449(72) 0.08263(82) 0.03602(20) 0.05017(12) 0.1487 0.03439(10) 0.11791(24)

Experiment QBG TBG

Temperature (°C) 90 150 90/90 90/150 90 150 90/90 90/150
Condition pristine pristine precorroded precorroded pristine pristine precorroded precorroded
Duration (months) 3 3 7+3 7+3 3 3 2+3 2+3
pHfinal,RT 7.7 8.0 8.3 8.4 n.a. 7.2 8.1 10.3
Rim thickness (µm) 1.54(37) 1.92(21) 2.42(07) 4.09(26) n.a. 1.75(08) 0.45(9) fully corroded
Avg. 18O/16O 0.07709(38) 0.07774(28) 0.03263(12) 0.07587(28) n.a. 0.05989(35) 0.07240(321) 0.116(35)
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when using the Cs+ source (<50 nm) instead of the O- source (<200 nm).

Corrosion rim thickness

The corrosion rim thickness was derived by fitting the 18O/16O NanoSIMS images with

the local thickness function of the Fiji/ImageJ software package (Schindelin et al., 2012).

Comparing the individual widths (Table 4.1), a few observations can be made: (i) the rim

thickness in the basic 90 ◦C experiments fall within a similar range between 1.54(37) µm

(QBG) and 1.74(02) µm (B18), (ii) the respective experiments at 150 ◦C reveal a smaller

width most likely caused by initial dissolution, (iii) the precorroded samples show nat-

urally the largest width, up to a fully corroded sample of the TBG glass (not shown

here).

Isotope & chemical alteration: The International Simple Glass

Starting with a closer look at the results of the reference experiment with the pristine

International Simple Glass corroded at 90 ◦C (Fig. 4.4a), most glass constituents (Na,

B, Si, Al, Zr) reveal a behaviour also reported in recent literature (Gin et al., 2015a; Gin

et al., 2015b):

• Sodium is characterized by a sharp sigmoidal-shaped profile across the interface

zone with a flat signal throughout the corrosion rim.

• Boron shows a profile similar to sodium at the interface, but the concentration of

boron only slowly decreases towards the outer border of the corrosion rim.

• Silicium is relatively enriched in the corrosion rim.

• Aluminium and zirconium also appear to be slightly enriched in the corrosion

rim and show a strong spike at the solution-corrosion rim boundary, i.e., at the

sample surface.

Note that when applying any ablating analysis technique on a multi-phase sample, evap-

oration properties of the individual phases might differ strongly, i.e., the ablation of

material from the hydrated corrosion rim might be more efficient than from the pristine

glass resulting in an artificial, relative signal increase. Furthermore, the NanoSIMS in-

tensity signals are not calibrated to the actual content in the analysed material. Under

the assumption zirconium is immobile, it is often used as an internal standard. However,

a concentration of zirconium is observed at the solution-rim boundary in these
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Figure 4.3: Montage of individual isotope distribution maps of corroded ISG samples obtained by
NanoSIMS. Mapping areas are 10-by-10µm2, with each square here showing one isotope (ratio) in
the upper and lower half (or thirds) of the same map. Dashed and dotted lines represent outer and
inner corrosion rim interfaces defined by the 18O/16O profile. Scale bars = 1µm.
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Figure 4.4: NanoSIMS profiles across corrosion rims of ISG altered at (a) 90 ◦C and (b) 150 ◦C over 3
months. Coloured Symbols represent normalized isotope counts (or sums of them), black circles and
right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of the sigmoidal-
shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated NanoSIMS
probe diameter.
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experiments, demonstrating that zirconium redistribution across the entire corrosion rim

occurred, which was also observed under specific conditions by Gin et al. (2015a). Fur-

thermore, only the ISG contains zirconium. Hence, a normalization to zirconium was

not performed for the NanoSIMS data. The analysis of the tracer isotopes from solution

revealed the following observations (see also Fig. 4.4a):

38K: Potassium, used for the solution preparation, shows a anti-correlated profile

to sodium.

19F: Fluorine, dissolved from the PTFE lining of the reaction vessel, penetrates the

entire corrosion rim with a sharp drop of intensity at the interface zone.

10/11B: 10B was introduced to the solution as tracer, but naturally 20 % of boron in

the glass is also 10B. In the corrosion rim a slight increase in the 10/11B ratio can

be seen, but due to the low concentration of boron in the rim, the signal-noise ratio

is quite low.

30/28Si: Silicon isotope enrichment could not be detected within the corrosion rim, only

at the surface of the corrosion rim. This coincides with recent findings by Gin et

al. (Gin et al., 2015a) working on the same type of glass, but stands in contrast

to results from isotope tracer studies on a ternary borosilicate glass (Geisler et al.,

2015) and the French SON68 glass (Bouakkaz et al., 2016) (of which the ISG is the

simplified version).

44/40Ca: While the calcium isotopes show a concentration gradient within the corrosion

rim, the 44/40Ca ratio plateaus over the range of the corrosion rim including the

outer surface layer.

18/16O: The oxygen isotope ratio gives a clear outline of the corrosion rim with sharp

sigmoidal-shaped profiles on both sides. Note here again the lateral resolution of

analysis is higher when using the Cs+ source.

2/1H: Hydrogen isotopes reveal a rather unexpected behaviour While the 1H shows

a concentration gradient from high at the outer surface to low in the pristine glass,

a weak intensity of the 2H isotope could only be measured in the interface zone. In

comparison to the other inbound tracer isotopes, the 2/1H peak is situated right in

front of these in direction of the pristine glass body. D-H exchange in amorphous
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silica is highly surface area dependent (Suzuki et al., 2008). In accordance with

Geisler et al. (2015), this finding indicates smaller silica spheres at the rim-glass

interface than in the matured corrosion rim.

Comparing this tracer experiment on the ISG sample at 90 ◦C (Fig. 4.4a) to the one

at 150 ◦C (Fig. 4.4b), the first observation will be the lower corrosion rim thickness as

indicated by the 18O isotope profiles (Table 4.1). As the tracer solution was saturated

with respect to amorphous silica in the experiment at 90 ◦C, the degree of undersatura-

tion at 150 ◦C allowed some initial forward dissolution of the pristine glass to take place,

which explains the lower overall rim thickness (90 ◦C: 1.63(11) µm, 150 ◦C: 0.68(21) µm,

Table 4.1). Further distinction and determination of the extend of individual zones in

the corrosion rim suffer from signal overlap of apparent surfacial precipitates, corrosion

rim and pristine glass due to the limited resolution of the analytical technique. How-

ever, following notes can be made: (i) fluorine has a strong intensity peak close to the

sample surface and a smaller around the corrosion rim-glass interface. (ii) Based on the

total concentrations of silicium, calcium, oxygen, and their respective isotope tracers two

zones can be differentiated, an outer surface zone with strong tracer uptake and an inner

corrosion rim zone, where 30Si could not be detected, but 44Ca and 18O have infiltrated

the rim. (iii) Deuterium again could only be detected at the rim-glass interface. Unfor-

tunately, the analysis of the third set of isotopes including 27Al and 90Zr failed due to

misalignment of mapping stage and the beam focus during the automated run.

Looking at the precorroded samples (Fig. 4.5), further observations can be made: (i) flu-

orine can be detected in the corrosion rim-glass interface zone in the 90 ◦C experiment,

but only close to the surface in the 150 ◦C experiment, and (ii) no elemental or isotopic

anomaly (e.g., low 18O indicates the precorroded section of the rims). In comparison to

the previously untreated samples, naturally the width of the corrosion rim is larger, but

more importantly, the calcium isotope ratio shows a mixing signal of inbound 44Ca and

outwards moving 40Ca.

Behaviour of mobile elements in other glass samples

Sodium shows a sigmoidal profile at the corrosion rim-glass interface throughout all ex-

periments and glasses (Fig. 4.4-4.10), whereby its concentration is below the detection

limit within the corrosion rim. The other well soluble glass constituent, i.e., boron, also

shows a sigmoidal profile (in most cases) at the interface, but always with a tailing ex-
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tending into the corrosion rim. The tailing is more pronounced in precorroded samples.

However, in experiments with the quaternary QBG glass (Al-Na-B-Si) at 150 ◦C, boron

is equally retained in the newly formed (section of the) corrosion rim. Specifically, the

precorroded experiment at 150 ◦C gives the evidence for previous corrosion in the orig-

inal, non-tracer solution: (i) boron intensity drops in the centre of the corrosion rim at

approx. −1.73 µm from the rim-glass interface; (ii) at the same time, the intensity of

calcium, originating only from the tracer solution, peaks around the same area.

Potassium, being introduced into the solution by the silica preparation, is always de-

tected within and up to the interface zone, i.e., at the rim-glass interface, where it builds

anticorrelated sigmoidal profiles with sodium. Similar to calcium and boron, the distri-

bution of K also marks the two rim sections in the experiment with precorroded QBG

at 150 ◦C.

The probably most mobile isotope deuterium (2H), added to the solution as tracer, can

only be found in the rim-glass interface zone. The maximum of the peak intensity though

is slightly offset into the pristine glass in regard to the rim-glass interface defined by the
18O profiles, and falls back to zero within a measurement steps. Unexpectedly, the cor-

rosion rim itself reveals no deuterium signal, whereas, 1H can be detected, which to an

unknown fraction originated from the embedding resin.

Thus, while mobile species like sodium, potassium, deuterium and oxygen have clearly

traversed the whole corrosion rim, calcium and boron mobility was controlled by some

property of the corrosion rim and/or pore solution.

Behaviour of network former

Total silicon shows in all experiments a relative enrichment in the corrosion rim in com-

parison to the pristine glass, which is expected due to the higher ionization proneness

of the hydrated species in the corrosion rim. The silicon isotopic composition changes

merely in the surface regions, where silica condensation from the 30Si containing solution

may occur, which is in accordance with experiments on the ISG glass at similar condi-

tions performed by Gin et al. (Gin et al., 2015a). However, this does not rule out silicon

from the bulk solution entering the corrosion rim and isotope exchange to occur during

glass corrosion in general as experiments on a ternary borosilicate glass by Geisler et al.

(Geisler et al., 2010) reported corroded glass samples showing both, isotopically normal

and enriched corrosion rims. In conclusion, this apparent contradiction was attributed
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Figure 4.5: NanoSIMS profiles across corrosion rims of precorroded ISG altered at (a) 90 ◦C and (b)
150 ◦C over 3 months. Coloured Symbols represent normalized isotope counts (or sums of them), black
circles and right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of
the sigmoidal-shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated
NanoSIMS probe diameter.
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Figure 4.6: NanoSIMS profiles across corrosion rims of ISG altered at (a) 90 ◦C and (b) 150 ◦C over 3
months. Coloured Symbols represent normalized isotope counts (or sums of them), black circles and
right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of the sigmoidal-
shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated NanoSIMS
probe diameter.
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Figure 4.7: NanoSIMS profiles across corrosion rims of precorroded B18 altered at (a) 90 ◦C and (b)
150 ◦C over 3 months. Coloured Symbols represent normalized isotope counts (or sums of them), black
circles and right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of
the sigmoidal-shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated
NanoSIMS probe diameter.
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Figure 4.8: NanoSIMS profiles across corrosion rims of QBG altered at (a) 90 ◦C and (b) 150 ◦C over
3 months. Coloured Symbols represent normalized isotope counts (or sums of them), black circles and
right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of the sigmoidal-
shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated NanoSIMS
probe diameter.
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Figure 4.9: NanoSIMS profiles across corrosion rims of precorroded QBG altered at (a) 90 ◦C and (b)
pristine TBG 150 ◦C over 3 months. Coloured Symbols represent normalized isotope counts (or sums of
them), black circles and right ordinates represent isotope ratios. Origin of abscissa is set to the inflection
point of the sigmoidal-shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents
estimated NanoSIMS probe diameter.
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Figure 4.10: NanoSIMS profiles across corrosion rims of TBG altered at (a) 90 ◦C and (b) 150 ◦C over
3 months. Coloured Symbols represent normalized isotope counts (or sums of them), black circles and
right ordinates represent isotope ratios. Origin of abscissa is set to the inflection point of the sigmoidal-
shaped oxygen isotope ratio at the rim-glass interface. Symbol size represents estimated NanoSIMS
probe diameter.
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to the (individual) density and structure of the silica-rich corrosion rims controlling the

accessibility and mobility of ions inside the corrosion rim. Aluminium and zirconium, as

already observed with the 90 ◦C ISG experiment (Fig. 4.4) show no noticeable variations

in the other experiments beside slightly higher intensities in the corrosion rim (likely

due to ionization proneness) and intensity peaks at the surface (likely due to surface

precipitates). Intensity peaks at the surface are normally ascribed to secondary phase

precipitation of previously dissolved glass constituents, but no secondary phases could

be detected by Raman spectroscopy. However, hydroxides (e.g., Al(OH)3) are poor Ra-

man scatterers and as such may have stayed undetected (especially if only present in low

abundance).

Oxygen isotope exchange

The 18/16O ratios were averaged over the plateau-like regions of the corrosion rim in the

NanoSIMS profiles (values and number of averaged pixels given in Table 4.1). Beside
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the integrated Raman scattering intensities of water and OH bands (3050-
3750 cm-1) and the silica intensity (240-600 cm-1). Sample spots with OH/silica
ratios below 1 are considered to contain no measurable water (due to the
stronger Raman scattering cross-section of water).
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one outlier (B18, 150 ◦C), most samples show stable ratios across the entire corrosion

rim (Fig. 4.4-4.10). Assuming a linear mixture between oxygen from the glass with that

from the bulk solution (initial 18/16O ratio ≈ 0.231), the isotope exchanges results in

a range of 14 to 51 % of 18O atoms originating from solution. Despite staying under

high vacuum in the NanoSIMS for several days, to exclude the possibility to merely have

measured 18O-rich pore water in the corrosion rim, oxygen isotope values were checked

against the intensity of water and OH bands measured by Raman spectroscopy. Raman

analyses were performed on the surface of the corroded glass samples before NanoSIMS

analysis, but the depth resolution with semi-transparent materials and the low thickness

of the corrosion rim should allow for a relative estimate of the water/OH content. To

correct for background and fluorescence, the water/OH intensities (3015 to 3715 cm−1

were normalized by division of the silica signal (240 to 600 cm−1. A correlation between

water/OH content and oxygen isotopic composition is not developed (Fig. 4.11).

4.3.3 The rim-glass interface

FIB sections across the whole corrosion rim and reaction interface were taken from two of

the cross-sectioned precorroded samples, the 90 ◦C ISG and 150 ◦C QBG, to investigate

the corrosion rim structure and the elemental distribution at the rim-glass interface with

higher spatial resolution. A closer look at the reaction interface of the precorroded 90 ◦C

ISG sample reveals the following phenomena: (i) the corrosion rim is characterized by a

porous structure. Whether the visible pores are interstitial pores between silica spheres as

proposed by Geisler et al. (2015) or secondary porosity in a gel-like material cannot not

be stated with certainty due to the limits of the spatial resolution. (ii) A dense layer of

about 100 nm thickness characterized by a high Z-contrast has formed between corrosion

rim and pristine glass. While the transition of the corrosion rim into the dense layer seems

to be continuous, the boundary of this layer to the pristine glass appears sharp within a

few nanometres as for a phase boundary. EDX analyses from this region (Fig. 4.12a,f)

confirm the previously made observations of element and isotope distributions around the

reaction interface, but can be less ambiguously described at higher resolution. Sodium

is characterized by the sigmoidal profile within the first few hundred nanometres of
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the glass itself. The intensity of potassium spikes right behind the interface, reaching

approximately 100 nm into the glass. However, calcium concentrations increase from

the corrosion rim towards the interface with no Ca signal from the underlying glass

body. The position of the calcium intensity peak correlates well with the extend of the

high Z-contrast zone between rim and glass seen in Fig. 4.12f. The remaining measured

elements show no further anomalies. Whereas the precorroded ISG sample shows no

major chemical or structural heterogeneities throughout the corrosion rim, TEM(-EDX)

analysis of the second precorroded sample, the quaternary QBG glass which was corroded

at 150 ◦C during the isotope tracer phase, exhibits two distinct reactions zones in the

corrosion rim. HAADF imaging reveals porosity of two size distributions with about three

times larger silica spheres in the inner part formed at 150 ◦C (Fig. 4.12b-d), which are

divided by an approximately 300 nm wide dense zone that is similar to the high Z-contrast

zone at the rim-glass interface also seen in the ISG sample. Furthermore, the pore size

again seems to increase from the rim-glass interface towards the rim. The extend and

position of these layers correlate well with the chemical profiles obtained by NanoSIMS

(Fig. 4.9b) and TEM-EDX analysis (Fig. 4.12a), showing that the inbound transfer of

calcium stopped at the first dense layer, while potassium penetrates through the entire

corrosion rim and the outbound boron is retrained in the newly formed corrosion layer.

4.4 Discussion

The here presented results from new corrosion experiments are in general agreement

with results reported in the recent literature. Glass compositions, pH and solution sat-

uration, and overall experimental setup and analysis technique often vary from study to

study. For this reason, the ISG glass is now used as a reference and benchmark glass.

Concentration profiles of typically analysed elements like boron and sodium here show

similar sigmoidal shapes across the corrosion rim-glass interface as seen in experiments

where the corrosion rim was analysed by other techniques like EMP or ToF-SIMS. Due

to recent TEM and atomic probe tomography work (Gin et al., 2017; Hellmann et al.,

2015), concluding that the so-called diffusion profiles possibly being an artefact of the

insufficiently small probe size of previously used analytical techniques, the here presented

results have to be discussed in this light. As 11B was measured with both ion sources, it

can be used to illustrate the dependence of the width of the sigmoidal profile across the

rim-glass interface on the probe size (Fig. 4.13; see also Section 1.3.3, p. 20). While the
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caesium source allows for lateral resolutions of down to 50 nm, the oxygen source delivers

about 100 to 150 nm. 11B measured by caesium source appears - even-though noisier

due to the worse ionization potential of normally positively charged glass constituents

by the caesium ions - sharper than those profiles measured by the oxygen source. The

probe size is crucial to correctly measure chemical profiles across the rim-glass inter-

face to then draw conclusions concerning the underlying reaction mechanism. Recent

atom probe tomography data from corroded ISG glass presented by Gin et al. (2017)

are in strong contrast to their previous works with spatially lower resolving analyti-

cal techniques (e.g., Frugier et al., 2008; Gin et al., 2013a; Gin, 2014, and references

therein), in which the rim-glass interface was perceived as sigmoidal-shaped ion profile

and as a consequence interpreted as diffusion zone. The atomic resolution of the atom

probe, however, revealed this interface to be a nanometre-sharp interface, which is in line

with the ICDP model (Geisler et al., 2010; Geisler et al., 2015; Hellmann et al., 2012).
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The residual nanometre-wide transition zone

(Gin et al., 2017) is no further interpreted by

the authors as diffusion zone, but attributed

to a nanometre-sized roughness of the inter-

face, but a mechanistic origin for this is not

presented. An interface roughness is, however,

to be expected from any dissolution front, ei-

ther in amorphous or crystalline systems. Nu-

merous AFM studies on mineral crystals have

shown that dissolution is facilitated along etch

pitches, screw dislocation, and/or step edges of

a surface, resulting in a multitude of possible

geometric shapes of a dissolution front depend-

ing on the individual site’s dissolution rates

at given environmental conditions (e.g. C. V.

Putnis and Ruiz-Agudo, 2013; Ruiz-Agudo et

al., 2012; Ruiz-Agudo et al., 2014). This pro-

cess is not stopped after congruent dissolution

of the initial outer surface of the parent phase

and precipitation of a daughter product via
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epitaxial growth, but congruent dissolution continues at an inward-receding surface of

the parent phase. This continuously dissolving surface is what is called the reaction inter-

face. Naturally, amorphous materials are lacking any long-range order and as such do not

hold definite surface sites, i.e., terrace, step, or kink sites as found in crystals, at which

dissolution could otherwise occur in an oriented manner Kossel, 1927; Stranski, 1928.

However, if treating the disordered, not (crystal) lattice-like glass surface as an assem-

blage of differently coordinated and constrained structural units, e.g., Q2 and Q3 species,

the surface can be depicted as holding pseudocrystallographic sites for dissolution (Dove

et al., 2008). Less constrained Q2 units are rapidly detached from a surface in contrast to

the higher coordinated Q3 units. Nonetheless, Q3 will eventually be detached, but likely

at heterogeneously distributed sites of an disordered glass surface, at which detachment

is energetically preferred due to surface energy minimization. Hence, for further discus-

sion the here reported rim-glass transitions (Fig. 4.4-4.10) should be regarded as sharp

interfaces between corrosion rim and pristine glass with a nanometre-sized roughness.

4.4.1 Decoupling of (isotope) tracers

The atomically sharp boundary of the rim-glass interface might explain the decoupling

of hydrogen and oxygen isotope tracers. In all measured samples with pristine and

precorroded glass monoliths, the deuterium tracer is found directly ahead of the 18O

tracer. The oxygen isotope composition of the corrosion rim is a mixture of solution

derived 18O and 16O originating from the original glass network indicates high fluid

mobility across the corrosion rim. Highly solvable tracer isotopes from the solution

like 44Ca and 38K were also detected abundantly in the corrosion rim, which is another

indicator for thorough water transport across the corrosion rim. While all isotope tracers

beside 30Si penetrate the corrosion rim, only deuterium is measured within the pristine

glass by NanoSIMS analyses. Gin et al. (2017) have performed a post-mortem exchange

experiment by submerging a corroded sample in deuterium water at room temperature for

100 h. ToF-SIMS results show concentrations of deuterium up to the rim-glass interface,

but count rates for both hydrogen species in the glass were below the detection limit.

Deuterium count rates are also not high in the here presented NanoSIMS data, but a thin

layer, enriched in deuterium, signals are above the background noise, is located directly

behind the rim-glass interface. The seemingly quick exchange of hydrogen isotopes in the

corrosion rim even at room temperature explains the lack of deuterium in the corrosion
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product observed in this study. Sample washing with distilled water has likely removed

most deuterium by quick exchange of hydrogen with surfacial silanol groups from the

open structure of the corrosion rim (see Suzuki et al., 2008). Nonetheless, deuterium was

measured at the rim-glass interface with a small lateral offset from the 18O. Misalignment

of data coordinates from different measurement sessions can be excluded when comparing

hydrogen and oxygen isotopes as they were measured simultaneously. Thus, deuterium

was transported across the rim-glass interface into the pristine glass. Similarly, in one

of two glass samples analysed by TEM-EDX, potassium was also detected within the

pristine glass.

Treating the corrosion rim as endless reservoir for deuterium, which under the assumption

of steady exchange of mobile ions between corrosion rim and bulk solution seems to be

adequate, deuterium will diffuse into the pristine glass network from an atomically sharp

reaction interface. The latter is by itself known to advance into the glass, at first at

a fast initial and then in the following at a slower residual rate (see e.g., Van Iseghem

and Grambow, 1987, Chapter 1, Section 1.3.2, p. 9). At the time of termination of the

experiments, two rate scenarios for deuterium diffusion into the glass are possible: (i)

a steady state between glass corrosion and deuterium diffusion is established, meaning

that deuterium diffusion from in fact an interdiffusion-reaction front (Doremus, 1975) is

advancing the corrosion interface at a roughly constant distance. With the continued

corrosion of the pristine glass, the diffusion front is driven forward. (ii) By the time

of experiment termination, the glass corrosion rate had been slowed down enough so

that the diffusion of deuterium is faster than the movement of the dissolution interface,

resulting in the occurrence of a diffusion front after all. The latter case would exclude

any rate-limiting role of deuterium and hence protons in the glass corrosion process. The

diffusion front is only a side effect, but, importantly, not rate-limiting. The second rate

scenario is fully consistent and supported by a study of Gin et al. (2017), who showed

that while the advance of the reaction interface dramatically slowed down, the diffusion

of hydrogen continued evidenced by the broader hydrogen diffusion profiles.

4.4.2 Dense Interfacial Layer

While the oxygen and hydrogen isotope tracers revealed a decoupled behaviour from each

other at the rim-glass interface, the calcium tracer exhibited a unique decoupling in the

one experiment (QBG, precorroded, 150 ◦C), in which a dense layer within the corrosion
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rim formed (Fig. 4.9b, Fig. 4.12a).The calcium tracer could not penetrate though this

layer. However, it is apparently not fully passivating to all ions as seen by penetration

of the smaller solute ions of deuterium, oxygen, sodium, and potassium. The concept of

a diffusion barrier (at the reaction interface) was postulated in the literature so far as a

passivating reaction interphase (PRI) and is considered in the GRAAL model (Frugier

et al., 2008; see also Section 1.3.2, p. 13) as it is assumed to control the corrosion rate.

A dense layer in the centre of the corrosion rim was only observed in one of two sam-

ples analysed by TEM. The isotope profiles by NanoSIMS give no indication of any

further dense layer formed like this. Comparing both TEM analysed samples, it ap-

pears that the thickness of the dense layer at the corrosion interfaces are similar, while

the inner dense layer is twice as thick. The porosity of the outer part matches thereby

that of the ISG sample, while it is larger in the inner part (Fig. 4.12c). The location

of this inner-rim dense layer is most likely the point of corrosion advancement at the

time of sample transfer to the tracer solution. For this, samples were removed from

their original vessels and transferred into a new reaction vessels, containing the tracer

solution at room temperature. A decrease in temperature will inevidently lower the sol-

ubility of dissolved species in the solution in the pore space (or a fluid film). Rapid

deposition of phases like amorphous silica thereby may close up pore space for larger

ions hindering their transport across this dense layer. In this instance, the effect of

this semi-passivating layer is not only seen in isotope or elemental profiles, but also by

comparison of the larger pore sizes in the latter part of the corrosion rim. It can only

be speculated why only in the instance of this precorroded QBG sample a dense, pas-

sivating layer was observed within the corrosion rim, which has also about twice the

thickness of the dense layer found at the rim-glass interface. In comparison to other

glasses and their corrosion rims, the QBG glass is one of the glasses with a simple com-

position, and revealed the thickest corrosion rims. A higher corrosion rate equals faster

release of sodium at the reaction interface into the confined interfacial and/or pore so-

lution increasing the pH which in turn increases the silica solubility. Drastic decrease of

temperature during termination of the experiment results in the precipitation of amor-

phous silica from a then supersaturated solution. As the precipitation, aggregation and

growth of amorphous silica is complexly dependent on temperature, saturation, con-

centration of background electrolytes, and pH (Iler, 1979), the dense layers might have

varying resistance to later re-dissolution and/or different permeabilities for ion transport.
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c)

pristine glass

spheres of amorphous silica

silica-rich fluid film

larger spheres of amorphous silica

precorrosion step

quenching

tracer step

dense interfacial layer 

Figure 4.14: Sketch of proposed formation of in-
ner dense layer. a) Coupled (congruent) dissolu-
tion of the pristine glass (green), saturation and
nucleation of amorphous silica in the interfacial
layer (yellow spheres), and precipitation of silica
spheres (grey) building up the corrosion rim (dur-
ing the precorrosion step). b) Interruption of ex-
periment for samples transfer in tracer solution
quenches and densifies the silica-rich interfacial so-
lution (small grey spheres). c) Continuation of
coupled dissolution-reprecipitation, whereby the
difference in the chemical environment conditioned
by the partial shielding of the inner quench layer
resulted in different sphere morphology.

The pristine QBG glass contains only

a minor contamination of calcium (Ta-

ble 4.1). TEM-EDX clearly shows abun-

dant calcium in the outer part of the cor-

rosion, but also a smaller amount within

the inner part (Fig. 4.12), suggesting that

it must have been imprinted into the cor-

rosion rim during the late tracer period

of the experiment. In both cases the

calcium intensity peaks in the respective

dense layer, implying that the dense layer

cannot be originate from a calcium phase

as the inner dense layer predates the cal-

cium input during the tracer stage.

The (sudden) local formation of a dense

layer and the porosity difference is hard

to explain by diffusive ion exchange

and consequent glass network reconstruc-

tion. A more elegant explanation is the

dissolution-precipitation-based model pro-

posed by Geisler et al. (2010; 2015): (i)

The dense layer deposits from a silica-

saturated, water-rich layer or fluid film by

rapid temperature during quenching the

precorrosion experiment (Fig. 4.14), (ii)

after which the dense layer acts as a se-

lective diffusion barrier, allowing for a dif-

ferent chemical environment in the second

part of the corrosion experiment. As in-

dicated by the blocked calcium ions, pore

space solution chemistry should be differ-

ent between both layers, i.e., pH, satu-

ration states and background electrolytes.
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After Iler (1979) the growth of individual silica spheres is amongst others increasing with

increasing pH values by Ostwald ripening, which then again results in larger interstitial

pore space.

4.4.3 Oxygen exchange

While mobility of calcium is seemingly affected by the inner dense layer, water transport

occurred throughout the entire corrosion as indicated by he oxygen isotope profiles (Fig.

4.4-4.10). Almost all experiments reveal constant 18/16O isotope ratios across the corro-

sion rim, which shows abundant isotopic exchange between solution and solid as modelled

by Geisler et al. (2015), assuming (i) silica saturation at the solution-solid interface, (ii)

a constant corrosion rate, i.e., a steady advance of the dissolution-reprecipitation front,

(iii) a constant pore fraction in the corrosion rim (about 30%), (iv) varying reactivity

of silica with the state of maturation/growth (simplified as distance from the reaction

interface), and (v) changing water diffusion coefficients based on the location within the

corrosion rim, i.e., low diffusivity at the reaction interface. In contrast to Geisler et al.

(2015), however, the oxygen isotope ratio of those corrosion rims formed in isotopically

unlabelled solution during the precorrosion stage has fully re-equilibrated by the second

experimental stage in the tracer solution. The glass composition cannot be the deciding

factor to explain the different re-equilibration behaviour, as the re-equilibration is ob-

served across all compositions, including the TBG also used in the study of Geisler et al.

As such, the reactivity of the amorphous silica must somehow differently between those

otherwise similar experiments.

As listed in Table 4.1, the 18/16O ratio of the corrosion rim spreads from 0.03263(12) to

0.11791(24) with the calculated ratio of the tracer solution being ∼0.231 and ∼0.002 for

the pristine glass. In natural systems, amorphous silica is fractionating oxygen isotopes

by a preferential uptake of the heavy 18O isotope during precipitation (Kita et al., 1985).

Leng and Barker (2006) pointed out that surfacial silanol groups are readily exchanging

oxygen with surrounding solution, hence have to be eliminated for analysis of oxygen

isotopes as climate proxies. As mentioned before, no correlation between the relative

OH/water content of the silica layer and the 18/16O ratio was observed, which indicates

that the measured 18O must have originated from the solid material and not solely from

surfacial silanol groups or adsorbed water. It cannot be stated to what extend distilled
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water from the sample rinsing after termination of the experiments interchanged with

surfacial silanol groups and therefore altered the oxygen isotopic signature. Considering

that the surface area of silica should correlate with such an exchange, the constant 18/16O

ratio across the whole corrosion rim in the QBG experiment (Fig. 4.12a) characterized

by two different porosities stands in contrast to surface size dependent alteration. Fur-

thermore, the different 18/16O ratios between experiments neither show any correlation

with the width of the corrosion rim, run temperature, or concentration of any of the

initial glass constituents. Thus, the differences in oxygen isotope ratios of the corrosion

rims between experiments cannot be explained here, but possible reflects the individual

reactivity of the amorphous silica as modelled by Geisler et al. (2015).

4.4.4 Impact on formulation of the corrosion mechanism

Several observations made in this study and other recent studies challenge the available

corrosion models. First of all, the findings of an nanometre-sharp reaction interface

made by Hellmann et al. (2015) and Gin et al. (2017) questions the long assumed

concept of a continuous ion exchange-based transition from pristine glass to a silica gel

reaction rim (Chapter 1, Section 1.3.2, p. 9). On the other hand, the here presented

combined results of NanoSIMS and TEM analyses suggest that deuterium and potassium

diffused from the nanometre sharp reaction interface into the pristine glass. TEM-EDX

furthermore revealed a sigmoidal-shaped concentration profile of potassium behind the

reaction interface (Fig. 4.12a,f). Previous ToF-SIMS studies also reported sigmoidal-

shaped profiles in the reaction zone (Gin et al., 2015a; Gin et al., 2015a), but the spatial

definition of the reaction interface was different. However, the before mentioned APT

studies reveal for most elements a sharp change in intensity at the nanometre-sized

interface. Nonetheless, specifically the mobile alkalis elements are prone to evaporation

loss, whereas hydrogen is apparently not affected (Gin et al., 2017). Thus, at least the

glass network is corroding along a sharp interface, while the exact behaviour of network

modifiers has still to be determined. The recent discussion about the actual corrosion

mechanism inherits the underlying question whether all glass network bonds are being

broken during corrosion or if a ’skeletal’ remnant of the strongest bonds is retained, which

then later restructures to form a silica-rich gel. In the latter case, network modifiers like

the alkalis are assumed to be removed by ion exchange with inbound hydrogen in the

form of protons. Having a nanometre sharp reaction interface would mean that the ion
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exchange zone or at least the restructuring zone must lie within this dimension.

It was argued above that the dense layers at the reaction interface must be a quenching

product and therefore have been formed from a silica-rich fluid phase or hydrogel. Thus

far the applicability of the dissolution-precipitation model proposed by Geisler et al.

(2010; 2015) was often discarded because of the lack of a fluid films at the reaction

interface of corroded samples (Gin et al., 2017, and references therein). The occurrence

of dense interfacial layers of similar scale as reported here has been observed before

and interpreted as PRI or more recently as layer of hydrated glass (Gin et al., 2013a;

Guittonneau et al., 2011). The mechanistic concept of hydrated glass as transitional

phase between pristine and corroded glass is no more justifiable in light of the inner dense

layer found in the QBG sample, which is otherwise texturally and chemically similar to

the dense layers found at the reaction interface. Quenching an experiment cannot explain

how the progress of the proposed glass transition by recombination of silanol groups of

the hydrated glass to siloxane bridges (≡Si-OH + HO-Si≡ → ≡Si-O-Si≡ + H2O) can

be permanently stopped in this layer. However, a quench phase precipitated from a

fluid (super-)saturated with respect to amorphous silica will inevitably have a varying

chemical and structural properties depending on exemplary the fluid composition. Hence,

this thin layer might re-dissolve during the continued glass corrosion process or, if stable,

might provide semi-passivating properties as observed in the QBG experiment.

Apart from extensive pattern formation, experiments with less corrosion-resistant glasses

often reveal a dense layer on the micrometer scale at the reaction interface, which in some

cases detached from the glass body (e.g. Dohmen et al., 2013; Sterpenich and Libourel,

2001; Schalm and Anaf, 2016). The resulting gap between corrosion rim and pristine

glass has previously been interpreted as the space which contained the interfacial fluid

film before terminating the experiment (Dohmen et al., 2013; Geisler et al., 2010). In

some cases, similar gaps can also be observed in mineral replacement reactions (e.g.,

Pöml et al., 2007; Kasioptas et al., 2011; Kusebauch et al., 2015; Pedrosa et al., 2016).

However, in many natural and experimental samples of such replacements governed by

coupled dissolution-precipitation a fluid film has not yet been observed at the nanometre

scale (A. Putnis, 2002), but reaction interfaces are often well depicted by pore structures

(Hövelmann et al., 2010). The in situ experiment (Chapter 3, p. 57) showed that a

water- and silica-rich layer exists between the corrosion rim and pristine glass during the

corrosion process, which in the dried state detaches from the (assumingly) nanometre-
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sharp interface of the pristine glass due to volume shrinkage. It appears that the thickness

of the dense layer and therefore the distance between corrosion rim and pristine glass

can vary in orders of magnitude, which could be controlled by total and/or relative

solubility of educt and product, (interface) solution chemistry (pH, silica saturation state,

background electrolyte (concentration)), glass corrosion rate, and/or permeability of the

corrosion rim.

4.5 Conclusions

The here presented tracer experiments provide strong evidence for a dissolution-precipitation-

based glass corrosion mechanism. First of all, high resolution TEM images and EDX

maps revealed a sharp boundary between the corrosion rim and pristine glass. The in-

terface region is hereby characterized by a distinct thin dense layer situated between

glass and porous corrosion rim. HAADF images and TEM-EDX show sharp contrast

in Z-contrast and element distribution around the dense layer-glass transition, which is

less pronounced between corrosion rim and dense layer. Isotope distributions obtained

by NanoSIMS show that water, as indicated by the oxygen tracer (18O), penetrates the

corrosion rim and reaches the rim-glass interface, at which point deuterium decouples

from the oxygen tracer and diffuses into the pristine glass. Such distinct segregation of

isotope tracers requires a sharp interface on the atomic scale, which is only provided by

the dissolution-precipitation model (Geisler et al., 2010; Geisler et al., 2015; Hellmann

et al., 2012). Nevertheless, the (inter-)diffusion of hydrogen/deuterium into the pristine

glass needs ion exchange to keep the charge balance (Doremus, 1975).

The preservation of an amorphous dense layer at the centre of a corrosion rim, which was

found in a precorrosion experiment and strongly resembles those layers encountered at

the corrosion rim-glass interface, questions previous interpretations of such layers to be a

(passivating) transitional phase between glass and corrosion rim (Cailleteau et al., 2008;

Frugier et al., 2008). If these dense layers would be one link in a continuous reaction

chain of glass hydration, ion exchange and in situ restructuring into a gel phase, the

dense inner layer should have not been preserved as is, but it should have been further

reacted to a gel phase as well. Furthermore, a general passivating character cannot be

attributed to the dense layers, as chemical profiles of the dense inner layer reveal only

transport limitations for calcium within the corrosion rim, but not for water or other

ions. As such, these dense must have formed from quenching a silica-saturated interfa-
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cial (pore) solution, which is a result of silica accumulation at the reaction interface by

congruent glass dissolution and slow silica transport across the corrosion rim. The dense

inner layer is hereby a quench phase induced by the interim temperature drop during the

solution change.

Additionally, the oxygen tracer indicated the corrosion rim to be reactive even after for-

mation. The older, outer rim layers of the precorroded samples reveal the same altered

oxygen isotope ratios like the newly formed rims. This further implies that there was

sufficient water transport and exchange over the entire corrosion rim to equilibrate the

oxygen isotopes.

These observations cannot be explained (solely) by any diffusion-driven corrosion model.
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5.1 Introduction

Within the last three chapters, the process of the corrosion of borosilicate glass was

described from the first surface precipitates at the inward-moving solution-glass interface,

over the dynamic development of the corrosion rim itself, and the tracing of individual

species within the corrosion rim and across the rim-glass interface. A comprehensive

study of the entire spectrum of (early) borosilicate glass corrosion was presented. As

a synthesis,the new observation shall used to formulate a unifying mechanistic model

merging previously contradicting glass corrosion models. Before that, a brief summary

of the most significant findings will be given.

5.1.1 Concentration gradient(s) at solution-glass interface

The dual approach by AFM and SPFT experimental corrosion of glasses delivered strong

evidence for a significant compositional difference between the surfacial and bulk solution,

influencing the overall corrosion progress. The development of concentration gradients

can explain how precipitation of amorphous silica at the glass surface under nominally

undersaturated conditions (in the bulk solution) could be achieved. It further dimin-

ishes the need for two different mechanistic approaches (congruent dissolution and ion

exchange coupled with in situ reconstruction of a ’leached’ gel phase) to explain both

congruent and (apparently) incongruent dissolution behaviour of the same glass at differ-

ent conditions (Gin et al., 2015a; Gin et al., 2015b). The (implied) establishment of flow

rate-depending concentration gradients is not an entirely new finding in general, but was

recently described for mineral replacement reactions (Ruiz-Agudo et al., 2016), in which

also amorphous silica was the corrosion product. This precipitation and the flow rate

dependence of the solution stoichiometry found in the SPFT experiments is substantial

evidence to assume the occurrence of strong concentration gradients, for at least solute

Si, between the bulk solution and the dissolving glass surface.

5.1.2 Water-rich interfacial layer

The most striking feature of glass corrosion found in the FC-HRS in situ experiment

is the development of the water-rich zone at the interface between glass and corrosion

rim. Gaps or cracks between pristine glass and corrosion rim are commonly found in

dried samples from ex situ experiments (e.g., Anaf, 2010; Sterpenich and Libourel, 2001;
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Geisler et al., 2010; Geisler et al., 2015; Dohmen et al., 2013) and are explained to be

the result of cracking or ripping apart due to shrinkage of the previously hydrous sil-

ica layer. However, in this work the development of a water-rich zone was observed in

situ, i.e., while the process was running, implying that it is part of the corrosion process

rather than a by-product of sample treatment. The concentration of water or OH-bearing

phases at the reaction interface is a common phenomenon and immanent feature of min-

eral replacement by interface-coupled dissolution-precipitation (ICDP) (A. Putnis, 2002;

A. Putnis and C. V. Putnis, 2007). The development of the water-rich zone also shows a

strong correlation with the structural maturation of the initial corrosion rim, which might

slow down mass transport through the corrosion rim over time. The sudden formation of

this initial corrosion rim of about 90 µm within a few hours is further evidence that the

glass corrosion is proceeding by an ICDP mechanism (Geisler et al., 2010; Geisler et al.,

2015), and that it is not restricted to high alkaline conditions as previously suggested

(Gin et al., 2015b). Solid state diffusion-controlled hydrolysis and ion exchange cannot

facilitate glass corrosion over such an extend within a short time frame.

5.1.3 Decoupling of isotope tracers & quench layer

The results of the isotope tracer (2H,18O,10B, 30Si, 44Ca) corrosion experiments that

were performed with precorroded and pristine glass monoliths of a range of chemical

compositions exhibited multiple decoupling between the individual tracers as shown by

NanoSIMS analyses. 18O and 2H decoupled at a phase boundary between the silica-based

corrosion rim and the underlying, pristine glass, suggesting the diffusion of protons into

the glass while molecular water was repressed at the glass surface. The diffusion of
2H into the glass was found to coincide with the outward diffusion of Na+. However,
30Si, even-though abundant in solution, was not detected within the corrosion rim. In

a previous study (Geisler et al., 2015), a solute silicon tracer was observed to be partly

incorporated into the corrosion rim, however, there the corrosion rim exhibited porosity

on the micrometer-scale. It thus seems likely that steric hindrance by the nanometre-sized

interstitial pores might have inhibited vast exchange of larger hydrated silica polymorphs.

In contrast to Geisler et al., 2015, the oxygen tracer indicated the corrosion rim to be

reactive even after its initial formation. The older, outer rim layers of the precorroded

samples reveal the same (unnatural) oxygen isotope ratios as the newly formed rims.
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This further implies that there was sufficient water transport and exchange over the

entire corrosion rim to equilibrate the oxygen isotopes. It has to be noted that the

experimental run times were longer here than in Geisler et al., 2015, providing more time

for isotope equilibration.

Furthermore, TEM analysis of these samples revealed dense silica layer at the interface

between the corrosion rim and the leached glass. Such dense layers are often found within

gaps of post mortem analysed glass samples of extensively corroded glasses (see above),

where the shrinkage of the larger corrosion rims pulled itself apart from the underlying

glass. In one precorroded sample another dense layer was identified within the corrosion

rim, suggesting that this layer is a relic of the precorrosion step and thus indeed a quench

layer precipitated from an interfacial (pore) solution.

5.2 Refined corrosion model

On basis of the above mentioned findings and ground-laying work on ICDP in glass cor-

rosion presented in previous studies (Geisler et al., 2010; Geisler et al., 2015; Dohmen

et al., 2013), a refined model for the glass corrosion mechanism is proposed that unifies

diffusion-controlled ion exchange in the glass with an interface-coupled glass dissolution-

silica precipitation reaction that forms the actual corrosion rim. It provides a funda-

mental basis for predictive modelling of silicate glass corrosion. The refined model is

schematically drawn out in Figure 5.1 for the general case of glass corrosion, but also

for the special case of the precorroded QBG experiment (Chapter 4, Fig. 4.9, p.104).

The individual reactions involved in the overall corrosion process and their interdepen-

dences are presented in the flow chart in Figure 5.2 and will be discussed in the following.

5.2.1 Dissolution

Glass corrosion occurs in diluted (e.g., Icenhower et al., 2008; Kerisit and Pierce, 2011;

Inagaki et al., 2012; Inagaki et al., 2013) as well as in silica saturated solutions (e.g.,

Kerisit and Pierce, 2012; Gin et al., 2015a), whereas there is no linear correlation be-

tween silica saturation and corrosion rate (Icenhower and Steefel, 2013). The absolute

aqueous solubility of glass is also not relevant in an ICDP process. It is the solubil-

ity difference between parent phase (here: glass) and the corrosion product (amorphous

silica) which provides the necessary thermodynamic driving force (A. Putnis, 2002; A.
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Putnis and C. V. Putnis, 2007). As such, the low solubility of borosilicate glasses does

not stand in contrast to their corrosion. Since even at low solubility of the parent phase

in solution, the saturation of the solvent with respect to the product phase will result in

its precipitation. In this lies the most basic feature and fundamental distinction to any

other proposed model. The glass network will be dissolved congruently, which is coupled

in space and time to the formation of the corrosion rim by precipitation of amorphous

silica. Interestingly, this replacement reaction appears to be more pseudomorphic at low

pH values, where the solubility of glass and silica are very low, i.e., dissolved silicon from

the glass is quickly saturated in the interfacial solution and directly reprecipitated as

amorphous silica. As such, a homogeneously structured corrosion rim is formed, whereas

at high pH chemical patterns and structural variations of the corrosion rim are observed

(Dohmen et al., 2013; Geisler et al., 2015). Thus, the rate-limiting factor is not the

absolute solubility and/or precipitation, but solely the kinetics of the dissolution of the

glass network, i.e. the rupture of chemical bonds by hydrolysis. As indicated by ion

exchange profiles across the reaction interface (e.g., Gin et al., 2015a; Gin et al., 2015b),

the hydrolysis of less strongly-bound glass network modifiers seems to be energetically

favoured over higher coordinated network builders. Nevertheless, as overall thermody-

namic equilibrium between glass and water cannot be reached, in the next step network

bonds like Si-O, Zr-O or Al-O must be broken. Dove et al. (2008) suggested a mecha-

nism for the step-wise dissolution of the disordered silica surface by electrolyte-mediated

hydrolysis attack on the highly coordinated Q3 species, which, in turn, creates a surface

of reactive, less coordinated Q2 species that increase the surface energy. Considering

that solute Na+ increases the pH of the nearby solution, more hydroxyl molecules be-

come available for this hydrolysis reaction. As such, the congruent dissolution of glass is

achieved. Depending on the rate of dissolution, solid-state reactive diffusion of protons

into the glass may also occur. However, solid-state diffusion rates are generally rather low

at ambient to slightly elevated temperatures (potentially occurring in high-level nuclear

waste repositories). Thus, larger diffusion profiles of hydrogen can only be expected once

the ICDP process has slowed down (Gin et al., 2017) due to reasons discussed below. In

light of the application of borosilicate glasses for the safe disposal of high-level nuclear

waste, the disintegration of the radionuclide-binding matrix is naturally highly critical

for the long-term safety assessment.
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5.2.2 Polycondensation, nucleation & precipitation

Initially, in silica undersaturated solution, the dissolved glass constituents will be trans-

ported away depending on the concentration gradient between glass surface and bulk

solution and/or flow rate of the surrounding aqueous medium. If the transport of so-

lutes is effective, the reaction simply continues with congruent dissolution of the glass

(Fig. 5.1a, Fig. 5.2). Thus, in high-flow and/or bulk diluted systems, precipitation should

not occur. However, if the mass transport to the bulk solution is slower than the rate of

solvation, solute concentration at the glass surface will increase. If saturation with re-

spect to a thermodynamic stable phase is reached, nucleation and precipitation will occur

(Fig. 5.1b,c). One of the least soluble phases in the case of silicate glasses is amorphous

silica.
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(pore) solution
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(polymerizing) silica-rich fluid

dense interfacial layer 

larger spheres of amorphous silica
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Figure 5.1: Revised phenomenological model (based on Geisler et al., 2015).
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At high enough supersaturation of silica in the (local) solution, silica dimers

form by self-condensation reaction of orthosilicic acids, which is catalysed by OH- above

the isoelectric point at pH ≈2 (and by H+ at lower pH) (Iler, 1979,Fig. 5.2):

HO Si

H
O

O
H

OH + HO Si

H
O

O
H

OH
OH-

HO Si

H
O

O
H

O Si

H
O

O
H

OH + H2O (5.1)

In comparison to the following condensation reactions, the monomer-monomer condensa-

tion has generally the lowest reaction rate (Rothbaum and Rohde, 1979). The polycon-

densation of silica continues by addition of a monomer to intermediately ionized dimers

(Iler, 1979, Fig. 5.2):
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Such trimer will (Eq. (5.2)) polycondense to a tetramer by further monomer attachment,

but it can also form by the condensation of two dimers:
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(5.3)

As cyclic structures are energetically more favourable than linear chains (Iler, 1979;

Sefcik and McCormick, 1997), tetramer rings are formed by the condensation of silanol

end groups:

Si
OH

OH O
H O
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Si

OH OH
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O

OH

OH
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Monomer and dimer will then preferentially attach to the ionized, active sites of the ring

structures. Continuous silanol group condensation leads to larger and more compact

three-dimensional polymers, from which eventually colloidal nanoparticles may form.

Silica polycondensation also leads to the formation of larger polymers of nine-fold ring
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structures or linear hexamers as evidenced by 29NMR and UV-Raman studies (Cho et al.,

2006; Depla et al., 2011), whereby these larger oligomers are less abundant than four-fold

rings or tetramers. The overall polycondensation process follows a fourth-order rate law

(Icopini et al., 2005), and depends on the silica concentration/supersaturation and the

ionization potential of the individual species or sites, which, in turn, depends on the pH

of the solution (Iler, 1979). As such, the condensation rate is at a minimum around

the isoelectric point (pH ≈2), while its maximum can be observed at a pH of around 7,

where silica exhibits the highest charge density (Iler, 1979). Moreover, at silicon concen-

trations close to the equilibrium with respect to amorphous silica, an induction period is

reported, during which little or no oligomerization was detected. This was attributed to

the time necessary for the formation of critical nuclei of amorphous silica (White et al.,

1956; Baumann, 1959; Rothbaum and Rohde, 1979). The duration of this induction

period ranges hereby from minutes to several days. It decreases with increasing super-

saturation and/or increasing ionic strength of the solution, and, in turn, with decreasing

temperature. Moreover, the induction period decreases towards the point of neutral pH

in solution. Additionally, Rothbaum & Rhode reported (1979) that fewer silica polymers

are formed at higher temperatures, but, in return, their average molecular weight and,

as such, their size increases by several orders of magnitude.

It is noteworthy that while free OH- acts as a catalyst for the polymerization by the for-

mation of siloxane bridges, this process is reversible, i.e., OH- also drives hydrolysis and

depolymerisation (Iler, 1979). It follows that a polymeric nucleus stays in an equilibrium

with the monomer concentration of the solution. Particle formation is achieved, once an

anhydrous SiO2 core has formed by continued addition of monomers to the active sites

of a polymeric nucleus. At the same time, silanol groups in the inside of the nucleus

condense with each other forming new siloxane bridges. The surface of such nanoparti-

cles is estimated to contain about 40-50 silicon atoms (Iler, 1979). At low pH or high

ionic strength of the solution, the negative surface charge of these nanoparticles will be

compensated by hydronium and/or cations, and the nanoparticles agglomerate and form

a gel network. At alkaline conditions, the negative surface charge repels nanoparticles

from each other, and particle growth by consumption of monomers can continue (see

Fig. 5.2). The monomer depletion in solution follows to the thermodynamic destabilisa-

tion, depolymerisation and dissolution of oligomers in solution, which, in turn, promotes

further particle growth. Moreover, larger particles grow at the expense of smaller ones
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by Ostwald ripening (Ostwald, 1897). The resulting sphere size is thereby independent

from the silica concentration, but mainly depends on the given temperature (Iler, 1979).

The latter explains the two sets of silica sphere sizes observed in the corrosion rim of the

QBG-90/150 experiment in the tracer study, in which the inner section of the corrosion

rim, formed at 150 ◦C, reveals three times larger silica spheres than the outer section

(formed at 90 ◦C) (Chapter 4, Fig. 4.12, p. 108).

Intergrowth of spheres will occur, when two (or more) silica spheres collide. The negative

curvature at the contact point of these spherical particles is infinitely small, by which the

silica solubility becomes zero and, as a result, intergrowth occurs by instant monomer

addition (Iler, 1979). Intergrowth between silica sphere and glass surface is likely not of

long continuance due to the thermodynamic instability of glass. Nonetheless, precipita-

tion and accumulation of silica spheres onto the corroding surface (Fig. 5.1c) is reported

in numerous studies (e.g., Bunker (1994), Abraitis et al. (2000), Jégou et al. (2000),

and Geisler et al. (2015)), and was also observed in the AFM experiments of this study

(Chapter 2, Fig. 2.5, p.41). Polycondensation, precipitation and growth of amorphous

silica decreases the silica concentration in the nearby solution and, consequently, pro-

motes further glass dissolution. The initial silica precipitation at the glass surface will at

one point form a continuous layer of silica spheres (Fig. 5.1c). Further precipitation will

preferentially occur onto this silica layer, where the spheres intergrow at their contact

points forming a coherent, stable layer (Iler, 1979).

5.2.3 Silica sphere-based corrosion rim

With water and mass transport through the interstitial pores of the intergrown silica

spheres, congruent glass dissolution can continue and eventually the connectivity of the

underlying glass to the silica sphere layer may partly or entirely be lost (Fig. 5.1d), an

effect that was also observed in situ (see Chapter 3, p. 57). The reason for this is

that while water and small soluble elements are transported across the rim, larger so-

lutes may be subject to transport limitations (Fig. 5.1d,e). Especially the major element

forming the corrosion rim, silicon released from the glass dissolution, should be affected.

Silicon exhibits a range of aqueous species with increasing pH (SiOH4, Si4O8(OH)62– ,

Si4O8(OH)44– , SiO(OH)3 – , SiO2(OH)22– , (Brinker and Scherer, 1990)), and polycon-

densates to larger polymers (see above), which will likely slow down its transport across

the corrosion rim into the bulk solution. Moreover, not only will the increase in size of
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the silica polymer decrease their mobility, but also the surface change density restricts

transport rates with increasing size of the silica nulcei (up to about 100 nm (Barisik et

al., 2014), which is below the measured sizes in this study (see Chapter 4), Fig. 4.12, p.

108). On the other side, the results of the isotope tracer experiments presented here as

well as those of a previous study (Gin et al., 2015b) demonstrated that silicon dissolved

in the bulk solution can be restricted from entering the corrosion rim in larger amounts.

Comparing most recent isotope tracer studies, it seems that the amount of silicon from

solution being incorporated into the corrosion rim may be anti-correlated to the silica

saturation of the bulk solution, i.e., at low to medium silica saturation abundant silicon

tracer could be detected in the corrosion rim (Valle et al., 2010; Bouakkaz et al., 2016),

while at high silica concentration only slight enrichment could be detected (Gin et al.,

2015b). Geisler et al. (2015) reported silicon isotope tracer incorporation, however, not

uniformly, but only in porous sections of the corrosion rims, which larger oligomers can

naturally access more readily. Two mechanism, which are not mutually exclusive, can

explain this behaviour: (1) The silicon isotope exchange rate must be coupled to the

residence time of the ion in solution. At high silica supersaturation, monomeric silica,

released from the glass during congruent dissolution, quickly polycondensates (Rothbaum

and Rohde, 1979) and reprecipitates at the glass surface to form the corrosion rim before

the silicon of the tracer solution and the dissolved silicon from the glass can exchange

and equilibrate. (2) High silica supersaturation promotes oligomerisation. The increasing

size of polycondensating oligomers will decrease their transport rates due to electrostatic

and steric hinderance within the bulk solution as well as within the corrosion rim, where

the transport is governed by the pore size, pore connectivity and its surface charge.

However, the retention of solute silicon in the corrosion rim may even enhance the glass

corrosion. If the retained solute silica eventually polycondensates, nucleates and/or pre-

cipitates, these reactions (re-)release OH- groups into the solution (see Eqs. (5.1) to (5.3)).

This release would increase the pH value of the pore solution, whereby the congruent glass

dissolution is enhanced. Such feedback loop may occur in a steady-state or by a non-

linear phenomenon of criticality (Fig. 5.2). A similar feedback mechanism for oscillatory

dissolution behaviour was developed by Wang et al. (2016) for alkaline conditions based

on the phenomenological model of Dohmen et al. (2013) and Geisler et al. (2015), in which

cations, e.g. Na+, primarily released by glass dissolution create a positive feedback loop

by increasing the pH at the reaction interface and, as such, enhance the dissolution ki-
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netics and the silica solubility. An increase in dissolved silica by glass dissolution coupled

with transport limitation across the corrosion rim, can lead to high concentrations of silica

in the interfacial solution. In alkaline conditions, in which the silica solubility increases

drastically with increasing pH, any process lowering the pH will imminently lead to high

degrees of supersaturation of silica, by which burst nucleation and following precipita-

tion can produce fine layers of monodispersed silica spheres (LaMer and Dinegar, 1950).

Such critical phenomenon may explain the formation of structural and in consequence

also chemical pattern observed in corroded glasses (see Chapter 1, p. 18). A plausible

scenario for pattern formation is as follows: (1) A corrosion rim of a certain width has

formed that retains solute silica, (2) which polycondensates with increasing silica su-

persaturation in the interfacial solution. (3) Polycondensation reactions re-release OH-

groups into the interfacial solution (Eqs. (5.1) to (5.3)), increasing its pH, while simul-

taneously silica nuclei precipitate and silica spheres grow on the extend of monomeric

acid or smaller particles. (4) The enhanced increase in pH by the release of sodium

from the continuous congruent glass dissolution and the re-release from silica polycon-

densation leads to an increase in glass dissolution and results in high supersaturation of

silica in the interfacial solution. (5) At sufficient supersaturation, burst nucleation will

quickly produce a fine layer of small, monodispersed silica spheres (LaMer and Dinegar,

1950), which in contrast to the larger, steadily grown silica spheres can retain more OH-

groups and solute sodium due to their higher surface area to volume ratio. (6) Corrosion

then continues again with congruent glass dissolution and silica precipitation as in (1).

Whether pattern formation occurs and can be triggered by a critical phenomenon such

as burst nucleation, might depend on the alkaline content of the dissolving glass.

With time, the maturation of the corrosion rim by Ostwald ripening (Ostwald, 1897)

and polycondensation may eventually fully restrict solute and water transport across the

corrosion rim (Fig. 5.1d,e, Fig. 5.2). This can be achieved as a result of pore size re-

duction itself, which is evidenced by the higher degree of polymerization and decrease of

molecular water adsorption in the in situ Raman experiment (see Chapter 3, Fig. 3.5, p.

70). Moreover, the percolation of the interstitial pores can become subcritical, meaning

that the connectivity of the pore network across the corrosion rim is not given any more.

Silicic acid and other glass constituents therefore pile up in the interfacial (pore) solution,

which may lead to aggregation and gelation. It follows that less and less silicic acid can

be detached from the glass, transported, and dissolved into this interfacial suspension
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or gel, slowing down the surface-controlled dissolution process. As such, the corrosion

rim or specifically the dense interfacial layer might become passivating and the corro-

sion only proceeds at an up to 200 times slower residual rate (Frugier et al., 2008; Gin

et al., 2015a). Only at this point the like-wise slow solid-state diffusion of protons into

the pristine glass may become more prominent and an interdiffusion zone may develop

(Fig. 5.1e, Fig. 5.2). However, in some situation this stage will never be reached, i.e.,

dissolution proceeds in a steady state as long as transport through the corrosion rim

is possible. Gin et al. (2017) reported results of corrosion experiment similar to those

conducted in the isotope tracer study presented in this work, in which the diffusion of

hydrogen into the pristine glass proceeded after the corrosion rate itself had dropped by

several orders of magnitude. The advance of the hydrogen diffusion front decouples from

the slowed congruent dissolution of the glass, which indicates that the protonation of the

glass network cannot be rate-limiting for the replacement of the glass by amorphous silica

Gin et al., 2017. Hence, the long-term corrosion rate, i.e., the rate of replacement, must

be limited by the transport of elements through the corrosion rim formed by amorphous

silica.

However, resumption of corrosion may also occur as observed in the in situ Raman ex-

periment in this work. A possible explanation is that the passivation of the corrosion

rim will also inhibit or sufficiently slow down the transport of solute sodium away from

the corrosion interface. Possibly, the continuous growth of silica sphere decreases their

effective surface size, which will re-release previously adsorbed sodium and other alkali

elements back in the pore solution. The resulting increase in pH will then again in-

crease the congruent dissolution rate of the thermodynamically unstable glass, which, in

turn, releases more sodium to the interfacial pore solution ( Wang et al., 2016). Such

resumption of the corrosion rate was observed as expansion of the water-rich zone at the

corrosion interface in the in situ Raman experiment (Chapter 3, Fig. 3.4, p. 69). Often,

the resumption of corrosion is correlated with the late-stage precipitation of secondary

minerals at the surface of the corrosion rim (Ribet and Gin, 2004; Jantzen et al., 2008;

Fournier et al., 2014; Frugier et al., 2017), whereby the precipitating minerals, such as

phyllosilicates and zeolites, consumes elements adsorbed to surface of the silica sphere in

the corrosion rim and as such re-initiates solute transport across the corrosion rim.
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5.3 Conclusion

In summary, several observations made in these project studies as well as in other re-

cent studies challenge the available corrosion models that consider the corrosion rim as

a residual and restructured glass. First, results of atomic force microscopy and single-

pass flow-through experiments deliver strong evidence for a significant compositional

difference between the surfacial and bulk solution. Hence, local supersaturation of the

interfacial solution with respect to amorphous silica at the glass surface can explain how

precipitation of silica can occur when the bulk solution is still undersaturated.

The findings of a clear phase boundary between the dense silica-based corrosion rim and a

chemically leached glass (as observed by STEM), which agrees with the nanometre-sharp

reaction interfaces observed by APT (Gin et al., 2017; Hellmann et al., 2015), question

the intensively propagated concept of a continuous ion exchange-based transition from a

pristine glass to a residual, chemically leached and re-structured glass. Moreover, with a

novel fluid cell-based in situ Raman spectroscopy method it could eventually be shown

that a silica- and water-rich zone occurs at this sharp interface between corrosion rim and

glass during the corrosion process. Commonly such zones were identified post mortem as

gaps or cracks between pristine glass and corrosion rim, and, hence, referred to as result

of sample drying. These results show that these discontinuities are a primary feature

of the corrosion process itself and that the dissolution process must proceed within the

therein present interfacial solution.

However, the isotope tracer data from experimentally corroded borosilicate glasses, con-

taining variable amounts of Al, Ca, and/or Zr, unambiguously reveal the formation of an

interdiffusion zone ahead of an ICDP interface. This implies that both processes are not

mutually exclusive as suggested by Hellmann and coworkers (2015; 2012) and supports

previous assumptions that solid-state interdiffusion and related structural relaxation of

the glass may be an important process during long-term glass corrosion (Chave et al.,

2007; Gin et al., 2017; McGrail et al., 2001). Since the interdiffusion of hydrogen and

network modifiers in silicate glasses is usually slow at temperatures that are relevant in

most natural or technical systems (DH = 1.3× 10−23 m2 s−1), the ICDP process must

slow down significantly from typical forward glass dissolution rates in the order of 10-12 -

10-15 m/s (Icenhower and Steefel, 2015) before an interdiffusion zone can form. Based on

textural evidence from HAADF-STEM images, it is proposed that a dense silica layer,
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observed at the boundary to the glass, reflects the product of quenching and drying of

an interfacial (pore) solution that was supersaturated in dissolved silica. This solution

forms since with increasing thickness of the corrosion rim aqueous silica cannot effectively

be transported away anymore from the dissolution-reprecipitation interface towards the

bulk solution. Silicic acid and other glass constituents therefore pile up at the ICDP

interface, which may lead to aggregation and gelation. It follows that less and less sili-

cic acid can be detached from the glass, transported, and dissolved into the interfacial

suspension or gel, slowing down the surface-controlled dissolution process so that the

interdiffusion process becomes the faster process.

The conclusion is that an interface-coupled dissolution-precipitation (ICDP) and an in-

terdiffusion process are not mutual exclusive. The diffusion process may replace the

ICDP process but only if the ICDP process significantly slows down. In such a case,

the long-term release of elements from the glass becomes dependent on the transport

properties of the glass and the growing corrosion rim. Following reactions have so far

been identified in this and other studies:

1. Congruent dissolution of the glass (including several individual microscopic reaction

steps such as hydrolysis, detachment, transport).

2. Silica precipitation/deposition from an interfacial solution (including several indi-

vidual microscopic reaction steps such as, e.g., condensation, coagulation, aggrega-

tion, ripening).

3. Solid-state ion exchange/interdiffusion inside the glass (e.g., Doremus model (Dore-

mus, 1975; Doremus et al., 1983)).

4. Silica aging (e.g., polymerization, ripening) (Cailleteau et al., 2008).

5. Chemical transport through the silica-based corrosion rim (porosity-controlled)

(Geisler et al., 2010; Geisler et al., 2015).

6. Precipitation of secondary minerals within and at the silica surface (e.g., zeolites,

clays etc. (Ribet and Gin, 2004)).

7. Aqueous diffusion within a solution boundary layer that allows for silica-saturation

at the glass surface before the bulk solution is silica-saturated (Geisler et al., 2010;

Geisler et al., 2015; Ruiz-Agudo et al., 2016).
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A sound description of the reaction mechanisms and the identification of the rate-limiting

steps is essential to predict reliably the long-term corrosion of silicate glasses, particularly

when time scales must reach several thousand to millions of years as necessary for safety

regulations for a nuclear repository. Accordingly, all above given processes and their

interdependencies as well as the dependence of transport properties of the corrosion rim

on the morphology of precipitated silica should be considered in future kinetic models.
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