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Abstract

The international community considers deep geological disposal to be the most sustainable
solution for managing high-level nuclear waste (HLW), involving its storage in underground
facilities within stable geological formations. The solution relies on a series of barriers both
natural and engineered to isolate the waste from the biosphere, with the geological barrier (host
rock), a buffer material (bentonite), and a container all playing vital roles in ensuring safety.
Corrosion rates are needed to evaluate the container lifetime, and information on corrosion
mechanism can be obtained knowing the nature of formed products. Furthermore, anaerobic
metallic corrosion at the steel/bentonite interface determines the performance of bentonite based
high level radioactive waste barrier.

Iron-based and copper-based materials were mostly considered as candidate canister materials by
many countries for deep geological repositories, where they serve as barriers to prevent
radionuclide migration possibly for hundreds of thousands of years. This dissertation
investigates the corrosion behavior of candidate canister materials for HLW disposal,
focusing on three iron-based materials like low carbon steel (CS), spheroidal graphite iron
(SGI) and spring steel (SS) which has high silicon content compared to carbon steel, as well
as a copper based material like cupronickel alloy, under widely anoxic, water saturated
conditions in contact with bentonite, a potential buffer material for radioactive waste
disposal. This study simulates the corrosion processes in the initial, transient phase and
does not look to the long-term processes under really oxygen free (anoxic) and reducing
conditions. The SGI and CS are constituents of the reference POLLUX container for heat
generating HLW in Germany developed for the previously considered repository at the Gorleben
site. The cupronickel alloy and SS were selected as potential alternative or reference materials.
The goal of this work was to fill the knowledge gap in the corrosion mechanisms and rates of
these candidate canister materials, specifically focusing on the role of bentonite in the corrosion
process, given the lack of studies on the potential bentonite based design for German radioactive
waste repositories. A further aim is to identify secondary corrosion phases, which in case of
container through corrosion may play a role for radionuclide retention.

Experiments have been performed either under static conditions in closed vessels or under
dynamic conditions in vessels allowing imposing a low water flow rate. Setups have been
developed and tested, then a series of controlled static and dynamic batch experiments were
conducted over time periods of three, six, nine and maximum 12 months at room temperature
(25°C) and elevated temperature (50°C) under anoxic and water saturated conditions, simulating
repository environments in crystalline rock. Synthetic Grimsel groundwater and MX-80 bentonite
were used to allow comparison with the in-situ MaCoTe experiment at the Grimsel Test Site
(GTS), Switzerland. For cupronickel alloy, the effect of sulfide presence, mimicking the
development of bacterial activity, was further investigated. For SGI, the effect of hematite
presence, mimicking the presence of early oxic phase corrosion products, was also investigated.

For SS and CS, the effect of scratching the surface, as may possibly occur during canister

handling, was investigated. Finally, for CS a series of experiments was performed with GMZ

bentonite (from Gaomiaozi country in Inner Mongolia Autonomous Region, China) to identify a

possible effect of bentonite composition on corrosion behavior. At the end of contact time, the

systems were characterized. First pH and En of bentonite slurry/ground water were measured in
iv



situ and at room temperature, and then the collected slurry/groundwater was ultracentrifuged. The
composition of the collected supernatant was determined by ICP-OES/MS and IC.

The coupon/bentonite interface was characterized by using various microscopy and spectroscopy
techniques like SEM-EDX, XRD, XPS, XAS and corrosion rates were determined using weight
loss measurement method. The findings of the study aim to fill knowledge gaps especially related
to corrosion behavior, secondary corrosion phase formation and possibly bentonite alteration,
because these may play an important role in the retention in the nearfield of radionuclide that will
be released following breach of the canister.

The results reveal that all candidate materials exhibit varying corrosion behavior under the
different experimental conditions, including temperature, time, presence of sulfide, hematite and
mechanical scratches. Cupronickel alloy, which showed the lowest corrosion rates lying after 6
months in a range of (0.08+£0.05 um/a to 0.44+0.12 pum/a at 25°C) with a tendency of a temporal
higher rates at elevated temperature of 50°C. Conversely, carbon steel showed the highest
corrosion rates from all iron based materials ranging (3.84+1.87 um/a to 5.07+1.60 pum/a at 25°C
and up to ~ 17£10 um/a at 50°C after 6 months). Scratching, addition of sulfide or hematite has
a limited effect on corrosion rates and also the impact of increased temperature appears to
decrease over time. These corrosion rates align closely with those measured in in-situ MaCoTe
experiments, where observed corrosion rates of carbon steel (1-2 um/a) and copper (0.1-0.3
pum/a) over similar periods of exposure.

The pH in static experiments remained stable for all materials, with a slight decrease observed at
elevated temperature, whereas in dynamic experiments, the pH increased with time, tending
towards that in the inlet groundwater (pH 9.8), indicating moderately alkaline conditions. The
redox potential for all iron-based materials remained negative, indicating reducing conditions
which develop due to formation of Fe(ll) bearing compounds. For cupronickel, on the other hand,
positive En maintained in static experiment, which shifted to negative values in dynamic
experiments but remained in a range that corresponds to the stable metallic state for Cu, with low
corrosion rates observed at room temperature. Note that the experimental setup does not reflect
the real situation in a repository, where compacted bentonite is emplaced and advective flow
normally is not expected. However, in the case of bentonite erosion, a situation as simulated in
the experiments presented here, can develop.

Secondary phase analysis for cupronickel indicated the formation of copper oxide (Cu20) in all
static experiments and a mixture of nickel hydroxide Ni(OH)2, copper oxide (Cu20), and copper
sulfide (CuzS) in dynamic experiments. Overall, the corrosion products observed in dynamic
experiments were more complex, with notable contributions from sulfide, these findings are
partly consistent with those observed in in-situ corrosion studies, such as MaCoTe, where copper
corrosion products were predominantly oxides, with only minor sulfide compounds detected.

Iron-based candidate materials exhibited a wide variety of corrosion products, including iron
oxides, iron silicates, iron sulfides, and green rust. Secondary phases such as berthierine (iron
silicate) and green rust were observed at extended exposure times, particularly at elevated
temperature, indicating an evolving corrosion process. The formation of iron silicate layers at the
metal/bentonite interface, particularly at longer time period, slowed corrosion by slowing down
further metal dissolution. These protective layers were more prominent in static conditions and at
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higher temperatures, in contrast to the MaCoTe in-situ experiments, where no such iron silicate
layers were observed, likely due to differing environmental conditions (e.g., rock vs room
temperature).

Surface characterization of corroded coupons confirmed the presence of the corrosion products,
with significant differences in the composition and distribution of corrosion phases observed
across the different materials and experimental conditions. The corrosion products detected on
the iron-based materials in both static and dynamic conditions were influenced by temperature,
exposure time, and the presence of added hematite. For example, in the presence of hematite (a-
Fe203), the corrosion rate of SGI was elevated during the initial period, as hematite presumably
acts as an oxidant and accelerates corrosion. Graphite inclusions in SGI also acted as cathodic
sites, accelerating the anodic corrosion of ferrite, which ultimately led to the formation of mixed
Fe(IN)/Fe(111) corrosion products, such as magnetite. Spring steel exhibited similar corrosion
behavior in both static and dynamic experiments, with the formation of iron (hydr)oxides and
iron silicates observed at the metal/bentonite interface.

XPS and SEM-EDX results corroborated these findings, with iron silicate being identified as a
major corrosion product. Carbon steel showed the formation of iron oxides, iron silicates, iron
sulfides, and iron-rich carbonates (such as chukanovite evidenced by XANES) in the presence of
MX-80 bentonite. In dynamic experiments, corrosion products formed more rapidly compared to
static conditions, especially at elevated temperature, leading to more pronounced changes in
corrosion behavior over time. For carbon steel, magnetite and iron silicate form predominantly in
the presence of GMZ bentonite, and extended exposure periods (12 months) resulted in a more
distinct morphology of corrosion products, including octahedral magnetite crystals.

The alteration of bentonite, as a result of the corrosion processes, was confirmed through XAS
(XANES), and ICP-MS analysis following digestion of bentonite that was in contact with the
metallic coupons which revealed changes in the elemental composition. For cupronickel, small
amounts of copper and nickel were adsorbed onto the bentonite, with concentrations increasing at
elevated temperatures in the presence of sulfide. The presence of secondary phases like
berthierine (iron silicate), green rust, magnetite (iron oxide), and chukanovite (iron-rich
carbonate) in altered bentonite was confirmed using XAS (XANES) analysis and these findings
were corroborated by SEM-EDX analysis. These secondary phases could potentially act as a
long-term sink for radionuclide retention, reducing the risk of their migration into the biosphere.

This study suggests that while the surface roughness caused by scratches during canister handling
may not significantly affect the corrosion behavior of the candidate materials (carbon steel and
spring steel), the formation of protective layers (such as iron silicates) and the alteration of
bentonite play crucial roles in mitigating long-term corrosion. The short-term nature of this study
does not fully capture the long-term corrosion behavior under real case geological conditions,
where residual oxygen does not anymore play a role. Furthermore, microbially induced corrosion
aspects are not investigated here. Future research should focus on predictive modeling of the
long-term evolution of a repository nearfield taking corrosion processes and secondary phases
forming in the short and long term into account.

Keywords: Cupronickel corrosion, Steel corrosion, Corrosion rate, Secondary Phases, XANES,
SEM-EDX, XPS, Bentonite alteration, Nuclear Waste Disposal
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Zusammenfassung

International wird die Endlagerung in tiefen geologischen Formationen als sicherste
Entsorgungslosung betrachtet, bei der hochradioaktive Abfélle in einem Bergwerk in einer
stabilen geologischen Formation eingelagert werden. Die Sicherheit eines tiefengeologischen
Endlagers wird durch eine Reihe natlrlicher und technischer und geotechnischer Barrieren
gewahrleistet, die die Aufgabe haben, die Abfalle von der Biosphére zu isolieren. Dabei spielen
die geologische Barriere (Wirtsgestein und Deckgebirge), ein Puffermaterial (z.B. Bentonit) und
der Behdlter eine entscheidende Rolle. Experimentell bestimmte Korrosionsraten werden
bendtigt, um die Behalterlebensdauer abzuschatzen. Informationen zu Korrosionsmechanismen
erlauben es, die Art der gebildeten Korrosionsprodukte abzuleiten. Zusétzlich kann die anaerobe
Metallkorrosion an der Stahl/Bentonit Grenzflache die Eigenschaften der Bentonit Barriere
veréndern. Auch dies gilt es zu untersuchen.

Eisen und kupferbasierte Materialien wurden in vielen Léndern als mégliche Behaltermaterialien
fiir die tiefe geologische Endlager in Betracht gezogen, wo sie im Zusammenspiel mit anderen
Barrieren die Migration von Radionukliden tiber hundertausende von Jahren mininieren oder gar
verhindern sollen. Diese Dissertation untersucht das Korrosionsverhalten von in Frage
kommenden Behaltermaterialien fir ein HLW Endlager und konzentriert sich dabei auf
drei eisenbasierte Materialien wie kohlenstoffarmem Stahl (CS), Gusseisen mit
Kugelgraphit (SGI) und Federstahl (SS) der im Vergleich zum Kohlenstoffstahl einen
hohen Siliziumgehalt aufweist. Weiterhin wurde eine Kupfernickel Legierung als Vertreter
eines kupferbasierten Materials untersucht. In allen Fallen geschah dies unter weitgehend
anoxischen, wassergesattigten Bedingungen in Kontakt mit Bentonit, einem potenziellen
Puffermaterial fur ein Endlager fur radioaktive Abfélle. Diese Studie simuliert die
Korrosionsprozesse in der initialen, transienten Phase nach Einlagerung der Abfélle, in der
erhohte Temperaturen auftreten und noch residuale Sauerstoffmengen im
Einlagerungsbereich vorliegen. Die Arbeit befasst sich nicht mit den langfristigen Prozessen
unter wirklich sauerstofffreien (anoxischen) und reduzierenden Bedingungen, die Uber
lange Zeitrdume wirksam bleiben, wenn Restsauerstoff durch Korrosionsprozesse
verbraucht und sich wieder Umgebungstemperaturen eingestellt haben. SGI und CS sind
Bestandteile des POLLUX Behalters, des in Deutschland entwickelten Referenzbehalterkonzepts
fur die Endlagerung von warmeentwickelndem HLW im friher vorgesehenen Endlager in
Gorleben. Kupfernickel und SS wurden als mdgliche Alternativwerkstoffe ausgewahlt. Ziel
dieser Arbeit war es, Wissenslicken in Bezug auf Korrosionsmechanismen und raten dieser in
Frage kommenden Behéltermaterialien zu schlielen und sich dabei insbesondere auf die Rolle
von Bentonit wahrend des Korrosionsprozesses zu konzentrieren.

Experimente wurden entweder in geschlossene GefaRe unter statischen Bedingungen oder unter
dynamischen Bedingungen in Geféal3en, welche es erlauben, eine niedrige Wasserdurchflussrate
einzustellen, durchgefihrt. Ein entsprechender Aufbau wurde entwickelt und getestet. Im
Rahmen der hier beschriebenen Experimente erfolgte die Durchfiihrung einer Reihe statischer
und dynamischer Experimente tber Zeitrdume von drei, sechs, neun und maximal zwolf Monaten
bei Raumtemperatur (25°C) und erhdhter Temperatur (50°C) unter anoxischen, wassergeséttigten
Bedingungen, die die Bedingungen in einem Endlager in Kristallgestein simulieren.
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Synthetisches Grundwasser aus dem Grimsel Felslabor (Grimsel Test Site, GTS, Schweiz) und
MX-80 Bentonit wurden ausgewahlt, um einen Vergleich mit dem MaCoTe in-situ Experiment
im GTS zu ermoglichen. Fir Kupfernickel wurde der Effekt der Entwicklung bakterieller
Aktivitat durch Zugabe von Sulfid simuliert. In den Experimenten mit SGI wurde Hamatit
zugegeben, um den Einfluss von Korrosionsprodukten aus einer friihen oxischen Phase im
Einlagerungsbereich eines Endlagers zu untersuchen. Fir SS und CS wurde zusatzlich die
Anwesenheit von Oberflachenkratzern auf das Korrosionsverhalten untersucht, die durch eine
Handhabung der Behélter bei der Einlagerung entstehen konnten. Letztlich wurde fiir CS ebenso
eine experimentelle Serie mit GMZ Bentonit (ein in China untersuchtes Material, das fir ein
dortiges Endlager vorgesehen ist; GMZ Bentonit stammt aus Gaomiaozi in der Autonomen
Region Innere Mongolei, China) angesetzt, um einen maoglichen Effekt der Bentonit
Zusammensetzung auf das Korrosionsverhalten zu identifizieren. Die Bestimmung von pH und
En Werten in Bentonit Suspensionen bzw. im simulierten Grundwasser erfolgte in situ und bei
Raumtemperatur. Danach wurden die Lésungen nach Ultrazentrifugation mittels ICP-OES/MS
und IC analysiert. Die Grenzflache zwischen Metallcoupons und Bentonit wurde mit Hilfe
verschiedener mikroskopischer und spektroskopischer Techniken wie SEM-EDX, XRD, XPS,
XAS charakterisiert. Die Bestimmung von Korrosionsraten erfolgte mit einer
Gewichtsverlustmessverfahrensmethode. Die Studie zielt darauf ab, Wissensliicken in Bezug auf
Korrosionsverhalten, Bildung sekundarer Korrosionsphasen und Bentonitalteration zu schlief3en,
um deren Rolle fir die Ausbreitung bzw. Rickhaltung von Radionukliden, die nach
Behalterversagen freigesetzt werden kénnen, bewerten zu kénnen.

Experimentell bestimmte Korrosionsraten weisen teilweise grofle Streuwerte auf. Wie zu
erwarten wies die Kupfernickellegierung in allen Experimenten die niedrigsten Korrosionsraten
auf (0.08+0.05 um/a zu 0.44+0.12 um/a bei 25°C) mit einer Tendenz zu héheren Korrosionsraten
bei der erhéhten Temperatur von 50°C nach 6 Monaten. VVon allen eisenbasierten Materialien
zeigte Kohlenstoffstahl die hochste Korrosionsrate (3.84+1.87 um/a zu 5.07£1.60 um/a bei 25°C
und bis zu ~ 17£10 pm/a bei 50°C nach 6 Monaten). Oberflachenrauhigkeit, Zugabe von Sulfid
oder Hamatit hatten nur begrenzten und temporéren Einfluss auf Korrosionsraten und auch der
Einfluss der erhdhten Temperatur nimmt offenbar mit zunehmender Zeit ab. Die hier bestimmten
Korrosionsraten stimmen gut mit den unter in-situ-Bedingungen im GTS Labor im Rahmen des
MaCoTe (Material Corrosion Test) Experiments tber ahnliche Expositionszeitrdume gemessenen
Raten uberein (Kohlenstoffstahl: 1-2 um/a; Kupfer: 0,1-0,3 um/a).

Das Vorhandensein von Restsauerstoff und das Fehlen einer Passivierungsschicht fuhrten in den
Experimenten anfénglich zu erhéhten Korrosionsraten. pH-Werte blieben in statischen
Experimenten mit allen Materialien konstant, wobei bei erhohter Temperatur eine leichte
Abnahme beobachtet wurde, wéhrend in dynamischen Experimenten der pH-Wert mit der Zeit
anstieg und sich dem pH-Wert des einstromenden Grundwassersimulats (pH 9,8) anndherte. Ex-
Werte in allen Experimenten mit eisenbasierten Materialien blieben negativ, zeigten damit
reduzierende Bedingungen an, die auf die Bildung von Fe(Il) in Losung und Fe(ll)-haltigen
Sekundérphasen zuriickzufiihren sind. In Experimenten mit Kupfernickel hingegen stellten sich
im statischen Experiment positive Ex Werte ein, wahrend in dynamischen Experimenten negative
Werte auftraten. Die Redox Bedingungen lagen alle im Stabilitatsfeld des stabilen metallischen
Zustands fur Cu. Folgerichtig wurden generell niedrige Korrosionsraten beobachtet.
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Es ist zu beachten, dass der Versuchsaufbau des dynamischen Experiments nicht die reale
Situation in einem Endlager widerspiegelt, wo verdichteter Bentonit vorliegt und advektiven
Stromungen normalerweise nicht zu erwarten sind. Im Falle der Erosion der Bentonit Barriere
konnen sich allerdings durchaus Bedingungen einstellen, wie sie in den hier vorgestellten
Experimenten simuliert wurde.

Die Sekundarphasenanalyse von Kupfernickel ergab in allen statischen Experimenten die
Bildung von Kupferoxid (Cu20) und in dynamischen Experimenten eine Mischung aus
Nickelhydroxid (Ni(OH).), Kupferoxid (Cu20) und Kupfersulfid (Cu.S). Insgesamt waren die in
den dynamischen Experimenten beobachteten Korrosionsprodukte vielféltiger, mit
bemerkenswerten Beitrdgen von Sulfiden. Diese Ergebnisse stimmen teilweise mit denen
uberein, die in In-situ-Korrosionsstudien wie MaCoTe beobachtet wurden. Dort wurden
uberwiegend Kupferoxide als Kupferkorrosionsprodukte gefunden mit nur geringen Beitrédgen an
Sulfidverbindungen.  Eisenbasierte  Materialien ~ wiesen eine grofle  Vielfalt an
Korrosionsprodukten auf, darunter Eisenoxide, Eisensilikate, Eisensulfide und Griinen Rost.
Sekundarphasen wie Berthierin (Eisensilikat) und Griner Rost wurden bei ladngeren
Reaktionszeiten, insbesondere bei erhohter Temperatur, beobachtet, was auf einen
fortschreitenden Korrosionsprozess mit der Zeit hindeutet. Die mit der Zeit zunehmende Bildung
von Eisenschichtsilikaten an der Metall/Bentonit Grenzflache bildet eine Schutzschicht, die
vermutlich fur die mit der Zeit abnehmende Korrosionsrate verantwortlich ist, indem sie eine
weitere Metallauflosung behindert. Diese Schutzschichten waren unter statischen Bedingungen
und bei hoherer Temperatur ausgepragter, im Gegensatz zu den Ergebnissen von MaCoTe in-situ
Experimenten, bei denen keine derartigen Eisenschichtsilikate beobachtet wurden. Dies ist
wahrscheinlich auf die niedrigeren Gebirgstemperaturen im GTS-Labor zurtickzufthren.

Die bei statischen und dynamischen Bedingungen auf den eisenbasierten Materialien
nachgewiesenen Korrosionsprodukte wurden von Temperatur, Einwirkungsdauer und dem
Vorhandensein von zugesetztem Hamatit beeinflusst. Beispielsweise war in Gegenwart von
Héamatit (a-Fe203) die Korrosionsrate von SGI wéhrend der Anfangsphase erhoht, da Hamatit
vermutlich als Oxidans wirkt und die Korrosion beschleunigt. Graphiteinschlisse bildeten in SGI
Lokalelemente aus und beschleunigten die anodische Korrosion von Eisen, was letztendlich zur
Bildung gemischter Fe(l1)/Fe(l11)-Korrosionsprodukte wie Magnetit fiihrte.

Federstahl  zeigte in statischen und dynamischen Experimenten ein  ahnliches
Korrosionsverhalten, wobei an der Metall/Bentonit Grenzflache mittels XPS und SEM-EDX die
Bildung von Eisen(hydr)oxiden und Eisensilikaten beobachtet wurde, wobei Eisensilikat als
Hauptkorrosionsprodukt identifiziert wurde. Kohlenstoffstahl zeigte in Gegenwart von MX80-
Bentonit die Bildung von Eisenoxiden, Eisensilikaten, Eisensulfiden und eisenreichen
Karbonaten (wie z.B. Chukanovit, das durch XANES Analyse nachgewiesen wurde). In
Gegenwart von GMZ-Bentonit bildeten sich Uberwiegend Magnetit und Eisensilikat. Langere
Expositionszeitrdume (12Monate) fiihrten zu einer hoheren Kristallinitat der Korrosionsprodukte,
u.a. zur Bildung oktaedrischer Magnetitkristalle. In dynamischen Experimenten bildeten sich
Korrosionsprodukte im Vergleich zu statischen Bedingungen schneller, insbesondere bei
erhéhten Temperaturen.



Die Veranderung des Bentonits infolge der Korrosionsprozesse wurde durch XAS (XANES)
Messungen und ICP-MS Analyse der Elementzusammensetzung untersucht. In den Experimenten
mit Kupfernickel fanden sich geringe Mengen an Kupfer und Nickel, die offenbar auf dem
Bentonit adsorbiert vorlagen, wobei die Konzentrationen bei erhthten Temperaturen und in
Gegenwart von Sulfid anstiegen. Das Vorhandensein von Sekundarphasen wie Berthierin
(Eisensilikat), Grinrost, Magnetit (Eisenoxid) und Chukanovit (eisenreiches Karbonat) in
verandertem Bentonit wurde durch XAS (XANES) und SEM-EDX Analyse nachgewiesen. Diese
Sekundarphasen konnten moglicherweise langfristig fir die Rickhaltung von Radionukliden
sorgen und die Ausbreitung im Endlagernahfeld behindern.

Oberflachenrauheit, die mdglicherweise durch Kratzer wéhrend der Handhabung der Behalter
verursacht werden kann, beeinflusste unter den Bedingungen der hier beschriebenen Studie das
Korrosionsverhalten von Kohlenstoffstahl und Federstahl nicht wesentlich. Dagegen fihrt die
Bildung von Schutzschichten (wie Eisensilikaten) zur Reduktion der Korrosionsraten. Die
vorliegende Studie erfasst das langfristige Korrosionsverhalten unter realen geologischen
Bedingungen, bei denen Restsauerstoff keine Rolle mehr spielt, nicht vollstandig. Darlber hinaus
werden mikrobiell induzierte Korrosionsaspekte hier nicht im Detail untersucht. Zukunftige
Forschung sollte sich auf die préadiktive Modellierung der langfristigen Entwicklung eines
Endlagers im Nahfeld konzentrieren und dabei kurz und langfristig Korrosionsprozesse und die
Bildung von Sekundérphasen bertcksichtigen.

Schlusselworter: KupferNickel Korrosion, Stahlkorrosion, Korrosionsrate, Sekundarphasen,
XANES, SEM-EDX, XPS, Bentonitveranderung, Entsorgung radioaktiver Abfélle
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1. Introduction

1.1 Research background & motivation

In the modern era, the energy consumption has been significantly increased due to various
humankind activities. Energy is produced by different methods, which in turn generate significant
amount of waste materials, which must be managed and disposed of safely to minimize its impact
on biosphere. Nuclear energy plays avital role in various countries and is considered as an
appropriate technology for generating electricity with low CO, emissions. It may contribute to
cover the huge energy demand, however also produces radioactive wastes of partly high specific
activity. These wastes also arise from other activities such as nuclear medicine, research, military
operations and rare-earth mining. High-level radioactive waste generated by energy production
mainly consists of spent nuclear fuel, which contains highly radioactive materials (actinides) like
uranium, plutonium, and fission products such as cesium-137 and strontium-90. These wastes are
highly radioactive, toxic and is heat generating. These High-level waste (HLW) needs to be
disposed of properly in a safe way to protect future generations and the environment from its
harmful effects. Deep geological repositories are the most acceptable international solution to the
disposal of highly radioactive waste material since they isolate the waste from the biosphere for
very long timeframes (Féron et al., 2008). In a deep geological repository, the nuclear waste is
emplaced in tight and stable rock formations at a depth of several hundreds of meters, thus
ensuring long-term safety without the need for human intervention.

A multi-barrier system protects the waste from external impacts and retains radioactive
substances in the repository. The repository can be hosted in either salt, crystalline (mostly
granite) or sedimentary clay rock; the nuclear waste is foreseen to be encapsulated in metallic
containers and surrounded by engineered barriers. Bentonite can be used as buffer materials
surrounding the canister for nuclear waste disposal. It holds as a barrier with high swelling
properties, low permeability, strong sorption capacity, (Garcia-Romero et al., 2019), and
microorganisms may not be able to grow in the nanopores of compacted bentonite. Therefore, it
is important to ensure that these properties are preserved under real repository conditions for
hundreds of thousands of years. Bentonite is divided into Ca and Na type bentonite according to
the species of exchangeable cations present between the layers, and volume expansion is
achieved via swelling through interlayer hydration (Muhammad & Siddiqua, 2022; Yoo et al.,
2016). The swelling ability of bentonite acts as a seal of the space between the disposal canister
and disposal hole and blocks the inflow of groundwater from the surrounding host rock
(Birgersson & Karnland, 2009). Upon closure of the repository, the surrounding bentonite is
gradually saturated with the influx of natural pore water from the surrounding parent rock, while
simultaneously experiencing a temperature rise owing to the radioactive decay of the waste.
However, during the geological evolution of the repository system, groundwater may diffuse
through the barriers and ultimately reach the near field. The presence of water at the
canister/engineered barrier interface will result in alteration and corrosion processes, which
depend on the characteristics of the canister material and of the backfill material as well as on the
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prevailing geochemical conditions (S. Kaufhold et al., 2020). For a robust nuclear waste disposal
Safety Case, a detailed understanding of the underlying sub-processes is required. The choice of
the material used to construct canisters is mainly governed by the nature of the host rock. Indeed,
carbon steel is typically selected as over pack material when a deep repository is planned to be
hosted in a sedimentary clay rock formation owing to the controlled, predictable nature of its
corrosion behavior and because its use is based on industrially proven technologies (Féron et al.,
2008). In the context of nuclear waste disposal, a robust and reliable prediction of the corrosion
behavior over much longer periods requires the development of semi-empirical models and
scientific process understanding. Predictions should be based on known mechanisms of corrosion
phenomena (Féron et al., 2008).

For more permeable or fractured host rocks (e.g., crystalline rock) copper is an ideal canister
material owing to its thermodynamic stability in anoxic ground water (in the absence of sulfides)
and its tendency to uniform dissolution in the presence of chloride (King & Padovani, 2011).
Unfortunately, sulfide can be present naturally in the environment resulting in corrosion of
copper driven by the formation of cuprous sulfide (Chen et al., 2011; King & Padovani, 2011).
However, sulfide induced corrosion can be inhibited by protecting the copper coating using
bentonite buffer as a diffusion barrier for nuclear waste disposal (Boyle & Meguid, 2015;
Pedersen, 2010). Interestingly, studies also showed that alloying copper with nickel (e.g., 30 wt.
% Ni) results in a material with good corrosion resistance in contact with bentonite (Kursten et
al., 2004). Such material has been under consideration as canister material for disposal in
crystalline rock, but detailed knowledge on its corrosion behavior under repository relevant
conditions is still insufficient for being able to predict its behavior over longer periods.

Some information about steel corrosion in conditions representative of disposal in clay-based
repositories (e.g., under consideration in France, Switzerland and Belgium) has been reported (El
Mendili et al., 2014). However, a detailed knowledge of corrosion mechanisms and corrosion
rates of cupronickel, spheroidal graphite iron, spring steel and carbon steel candidate canister
materials in presence of bentonite as buffer possible for geologic formation in Germany is limited
and particularly careful analysis of corrosion product formation is still lacking in such conditions.
Some research has been conducted in the past (King, 2008) indicating the mechanism of
corrosion in the presence of clay but clear idea about nature and fate of corrosion products is still
lacking. This is crucial for optimization of canister materials, study long term material
performance under geological conditions and ensuring safety of nuclear waste disposal. In a deep
geological repository environment, the residual oxygen is expected to be consumed within a
couple of tens to hundred years after closure of the emplacement cell, buffering the environment
of the system to reducing (anoxic) conditions. Therefore, experimental effort should be dedicated
for better understanding the effect of bentonite on steel/bentonite corrosion under anoxic and
water saturated conditions. Here research is mainly focusing on MX-80 bentonite as engineering
barrier surrounding the candidate canisters, which can be used for crystalline-based rock
repository. In addition, attention is paid to identify long-term relevant corrosion products because
they may act as sink and immobilize radionuclide in the near field. Data and scientific process
understanding obtained in thesis will support to improve safety cases of geological repository.



1.2 Aim of present work

The thesis describes laboratory corrosion experiments which are performed with three iron-based
materials like low carbon steel (CS), spheroidal graphite iron (SGI), and spring steel (SS), and
one copper-based material like cupronickel alloy reference materials discussed as potentially
relevant for nuclear waste containers under anoxic and water saturated conditions.

The main aims of the study are to:

Identify corrosion products which may be present when radionuclides would be mobilized
from the waste matrix and which may play a role for radionuclide retention in the near
field.

Investigate the effect of bentonite on iron and copper corrosion under anoxic and water
saturated conditions. To obtain information on the potential alteration of bentonite.

Obtain a detailed understanding of corrosion processes, i.e., mechanism and rate, under
the applied conditions and to quantify the dependence of temperature, time, alloying
elements, presence of different bentonite types (MX-80/GMZ) and secondary phases on
corrosion rates.

Investigate the effect of transient conditions (presence of early period oxic corrosion
product (hematite) on SGI corrosion, elevated temperature, progressive increase of
sulphide concentration due to development of bacterial activity on a Cu-Ni alloy), effect
of surface roughness (CS and SS) on the corrosion behaviour of potential canister
materials.

Examine the potential impact of bentonite erosion in low ionic strength groundwater on
corrosion by applying a dynamic experimental approach.

Examine transferability of laboratory (KIT-INE) experimental data to field conditions of
in-situ corrosion experiments at the Grimsel Test Site in Switzerland (Reddy, Padovani,
Rance, et al., 2021), the Material Corrosion Test (MaCoTe).

Overall, the idea is to obtain insights into the repository near-field environment after corrosion
has taken place. The formation of secondary corrosion phases will have possible impact on the
porosity of the geotechnical or geological barrier and will modify the mineralogy in this area.
Both could influence radionuclide migration/retention in the repository near field. Note that the
impact of bacteria (beside the influence of sulfide) and irradiation are not considered within the
context of this thesis.



1.3 State of the art

1.3.1 Container corrosion in nuclear waste repositories

In the past, studies were carried out on metallic corrosion of SGI under anoxic, saline and
elevated temperature conditions in the Korrosions und Sorptionsprozesse an Stahloberflachen bei
hohen Temperaturen und Driicken im anaeroben salinaren Milieu (KORSO) project (Finck et al.,
2021). Limited information is available regarding corrosion behavior of spheroidal graphite iron
as candidate canister materials for possible German repository design in contact with bentonite.
Considering the concepts of final disposal of high-level radioactive waste in Switzerland, one
candidate canister material over pack is made out of cast steel GS-40 which has good weld ability
or a higher toughness and can withstand its property at elevated temperature. This material was
chosen to minimize potential problems related to stress corrosion cracking which occur in
repository because of tensile stress and corrosive environment (Attinger et al., 1991).

The thesis also comprises Concord and Imkorb project work, which focuses on studying and
understanding corrosion behavior of candidate canister materials in contact with bentonite under
anoxic conditions for nuclear waste disposal. The systematic exploration of novel and traditional
materials, which is one small part of EURAD (a HORIZON 2020 European Joint Programmed on
Radioactive Waste Management), is covered under the work package Container Corrosion under
Disposal conditions (Concord, https://www.ejp-eurad.eu/implementation/container-corrosion-
under-disposal-conditions-concord) which will provide solid state-of-the-art for the pursuit of the
container optimization according to the geological sites, disposal concepts and regulatory
requirements (Mufioz et al., 2024). A deep understanding of the corrosion process and
underlying mechanism will help for development of assessment tools, which will ensure
confidence and predictability of the long-term performance of containers under relevant
conditions. The main goal of Concord is to optimize and evaluate the behavior of materials for
disposal containers in view of their long-term barrier performance.

In the Concord project, a focus was laid on transient conditions (e.g., chemical, redox) of the
early repository post closure phase. Those conditions are incorporated in the experimental part of
this thesis either by using different concentrations of sulfide for investigations with Cu-Ni alloy
coupons, or hematite powder for SGI coupon materials. For Cu-Ni alloy, in order to study the
effect of bacterial activity some experiments involve investigations about the effect of sulfide on
the corrosion behavior of cupronickel alloy. The development of bacterial activity may result in
the formation of sulfide, which may initially increase with time as bacterial population grows and
till  sufficient substrates (sulfate) are available for sulfide production. However, over time
depletion of available sulfate or other necessary nutrients, change in environmental conditions
(may be pH) can lead to stabilization which could be expected in the long-term evolution of the
repository. However, the amount of sulfide concentration reduces or limited at container surface
due to diffusive layer of bentonite because of its extremely small pore sizes. Also, the bentonite
buffer immediately surrounding the canisters maybe depleted microbially because of high levels
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of radiation and desiccation. In this project, we have considered a sulfide concentration that is
relevant to disposal sites (Cloet et al., 2017). Here focus was to investigate on the effect of
stepwise increasing sulfide content to compare with bacterial population growth with time
(dynamic condition) and its effect on the corrosion behavior (e.g., corrosion products) compared
to constant sulfide content (static condition) in the ground water. During the operation of the
repository, canisters will experience a phase of oxic corrosion, resulting in the formation of ferric
compounds at the surface in contact with bentonite. Here experiments were dedicated to
investigate about the effect of the presence of ferric compounds (e.g., hematite), formed during
the oxic phase, on the corrosion behavior of SGI. After repository closure, once all the residual
oxygen has been consumed and steel corrosion started, ferric compounds present at the interface
between steel and bentonite will be transformed and possibly affect the steel corrosion behavior
due to change in chemical conditions (increased iron concentration) and further added hematite
will be transformed into stable corrosion products (e.g., magnetite) which will act as protective
layer. Information about the effect of the transient presence of such compounds e.g., in terms of
nature of corrosion products will be provided by performing experiments in the presence and in
the absence of such ferric corrosion product. Knowledge of corrosion products is of interest since
it may alter chemical environment (pH, redox conditions and ionic compositions) around the
canister. They may form stable protective layer and lower the corrosion rate of canister materials,
also it can play a role for radionuclide retention in the near field. Thus, it has direct impact on
safety and longevity of the repository for nuclear waste disposal.

The project Imkorb (Implementation of monitoring system to evaluate the corrosion processes on
container materials in bentonite-based repository concepts) funded by the German Federal
Ministry of Economic Affairs and Climate Action (BMWK), the German Federal Ministry for the
Environment, Nature Conservation, Nuclear Safety and Consumer Protection (BMUV) focuses
on obtaining detailed knowledge about corrosion processes affecting the mechanical and
chemical stability of metallic canisters containing nuclear waste, which is important input for the
Safety Case. The goal of this project is to significantly improve the understanding of metallic
corrosion under conditions representative of clay-based disposal sites for heat generating waste.
Partners involved in this project are Karlsruhe Institute of Technology (KIT), Gesellschaft fir
Anlagen und Reaktorsicherheit GmbH (GRS), Leibniz University Hannover, and the Federal
Institute for Geosciences and Natural Resources (BGR). The ultimate goal is to quantify and
evaluate the degradation processes based on a reliable description of the underlying corrosion
mechanism.

In the Imkorb project the focus is on two iron-based candidate canister materials i.e., a spring
steel having high tensile strength, resilience property, and a low-alloyed construction steel widely
used in structural applications. Both materials are procured in similar dimensions and difference
in (Si content) composition for a fair comparison as candidate materials for canisters. During
operation of repository and handling of canisters, it might be possible that some scratches occur
on the surface of canisters, which can change its surface roughness and have an effect on
corrosion behavior of canisters. So, information about effect of change in surface roughness on
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corrosion behavior of iron-based canister materials can be drawn by performing experiments with
scratched and unscratched (polished) spring steel and construction steel coupons. This
experimental approach will give valuable insights into how surface roughness, caused by
scratches, affects the corrosion behavior of iron-based canister materials. The data will help
assess the long-term durability and safety of canisters in real-world repository conditions and
could guide the development of better handling protocols or surface treatments to minimize
corrosion risks.

Iron based materials such as SGI and CS could be used in Pollux containers for nuclear waste in
Germany (BGE Germany). The Pollux container system was developed by the Gesellschaft fir
Nuklear Service GmbH (GNS) for direct permanent storage of high-level radioactive waste in a
deep geological repository in rock salt (Bracke & Fischer-Appelt, 2015; Einfeld & Popp,
1988). However, it is not yet certain whether this cask will one day be used in this manner. This
container for high-level radioactive waste, which consists of heat conducting material to dissipate
generated heat due to radioactivity, can withstand lithostatic pressure as well as pressure, which
potentially will build up over long period due to gas (hydrogen) evolution. These containers are
made of GGG 40 nodular cast iron, which has similar ductility properties to that of carbon steel.
Cu-Ni alloy material was selected as candidate material here to compare its corrosion behavior
w.r.t pure Cu material in the presence of bentonite. Steel containers were used for coquilles in
which the vitrified glass is delivered from reprocessing plant. Spring steel is also iron based
candidate material selected here because it has comparable composition though it has high silicon
content w.r.t carbon steel and to observe the effect of silicon content on corrosion behavior in
presence of bentonite.

Container corrosion is a relevant process during storage and disposal of nuclear waste depending
upon type of host rock in deep geological repositories. Various types of corrosion mechanisms
can affect the integrity of waste containers. The materials used for nuclear waste containers must
be carefully selected to fulfill their respective safety function in deep geological repositories,
which varies for different repository concepts. Notably in disposal concepts in crystalline rock,
the container in combination with geotechnical barriers is responsible for the containment of the
radioactive waste over long time scales. Respective containers require corrosion resistant
materials. In other host rocks, the container has to fulfill only a temporal protective function (e.g.
in clay rock for about 10,000 years). In those concepts such type of materials is required which
show a slow, uniform and thus reliably predictable corrosion behavior. Local pitting and crevice
corrosion processes need to be avoided.

Geochemical conditions, temperature and varying levels of radiation have an impact on
corrosion. Several studies emphasize the need to thoroughly understand the corrosion
mechanisms that occur under these conditions. Factors such as galvanic corrosion between
different materials, electrochemical interactions, and material degradation processes play key
roles in determining the long-term performance of waste containment systems (Mani Mathew &
Krueger, 1989; Padovani et al., 2017; Shoesmith et al., 1997).



To ensure the safety of these systems, materials must exhibit high corrosion resistance,
particularly against localized corrosion mechanisms like pitting and crevice corrosion, which may
play a role in deep geological environments. (Shoesmith et al., 1997) applied electrochemical
models to investigate the dissolution of nuclear fuel and the corrosion of container materials.
Their work emphasized the importance of electrochemical stability in assessing the long-term
safety of nuclear waste containers which may be play a role only when a container is placed in
crystalline rock. In another study, (Smailos & Kienzler, 2005) investigated the potential effect of
galvanic corrosion between copper-nickel alloys and carbon steel in salt brines, focusing on
localized corrosion attacks. Galvanic corrosion will always play a role when using a corrosion
resistant material, e.g. Cu as an outer shell and an iron-based pressure resistant material as an
inner container material.

The environmental conditions in deep geological repositories, including groundwater
composition and the presence of corrosive ions, significantly influence corrosion behavior. For
instance, (Nakayama et al., 1992) studied how chloride, bromide, and thiosulfate ions affect
crevice corrosion in stainless steel alloys used for disposal packages. These ions can create
conditions that accelerate corrosion processes, particularly in confined spaces like crevices.
(Dunn et al., 2005) focused on the corrosion resistance and mechanical properties of alloy 22, a
Ni-based material used in waste disposal containers. Their work demonstrated how the material’s
fabrication process influences its corrosion resistance. Similarly, (Hua et al., 2005) in the U.S.
High-Level Nuclear Waste Repository Study highlighted how groundwater composition drives
the degradation of materials over time. The role of ions like HCOs™ and SO+*" in pitting corrosion
was explored by (Zhang-Gang et al., 2012), showing the crucial impact of environmental
chemistry on the longevity of containment materials. Different materials exhibit distinct
corrosion behaviors under repository conditions. For example, (Huttunen-Saarivirta et al.,
2016) conducted an electrochemical study on copper, commonly used in nuclear waste canisters
for disposal concepts in crystalline rock, to assess its corrosion behavior in anoxic groundwater
environments, with attention to both biotic and abiotic conditions. Their study revealed how
copper reacts in oxygen-depleted environments, a condition typical in deep repositories. Research
has offered valuable insights into the design and selection of materials for high-level nuclear
waste canisters for nuclear waste disposal considering long-term repository safety. (Cabrera et
al., 2024) used reactive transport models to predict the corrosion behavior of candidate canister
materials in presence of bentonite, clay often used as a buffer material in repository designs. This
research helps forecast long-term corrosion behavior, which is essential for repository design.
Recent studies have used advanced techniques to deepen the understanding of corrosion
processes in nuclear waste environments. (Yun et al., 2024) studied the corrosion of oxygen-free
copper canisters in groundwater, identifying corrosion byproducts like copper chloride hydroxide
and calcite. These byproducts provide a clearer picture of how copper react in repository
conditions, contributing to the understanding of long-term corrosion in copper materials.

Iron-claystone interactions under hydrothermal conditions (90°C) by monitoring in situ pH and
H> generation was carried out in literature (Bourdelle et al., 2017). The study investigates the
evolution of the Fe®-COx system in a waste repository, focusing on how the Fe%claystone ratio
and pH influence phase formation and iron corrosion. Two systems were considered: one near the
steel container, where high pH and a high Fe%Cclaystone ratio lead to the formation of magnetite
and serpentine minerals; and another near unaltered claystone, where low pH and a low
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Fe%claystone ratio result in poorly crystallized Fe-enriched phases (but not only ferrous). The
experimental results, under abiotic conditions, show that hydrogen gas production, used to track
the iron corrosion rate, reveals a competition between iron corrosion and claystone alteration. The
rate of corrosion depends on the amount of claystone available to interact with the iron, with
more claystone potentially slowing the corrosion process (Bourdelle et al., 2017).

Corrosion in nuclear waste disposal is a complex issue influenced by material selection,
environmental factors, and biological activity. Research has highlighted the importance of
understanding electrochemical corrosion, environmental effects, and specific material behaviors
to ensure long-term repository safety. By integrating these insights, researchers are developing
strategies to mitigate corrosion and enhance the effectiveness of nuclear waste containment
systems, ensuring that they remain robust over thousands of years.

1.3.1.1 Types of Corrosion

In nuclear waste disposal, various types of corrosion processes can affect the containment
materials, each with distinct characteristics and implications. Different types of corrosion listed
here are related to nuclear waste disposal but are not equally relevant for all host rocks (salt, clay
or granite).

Uniform corrosion:

The most common form of corrosion is general or uniform corrosion (Féron et al., 2008). In
repository under long-term anoxic conditions, steel corrosion in bentonite is expected to occur as
uniform (Smart et al., 2003). As the name implies, uniform corrosion occurs across a broad
front on the surface of the metal and the metal loss occurs at approximately the same rate over the
whole surface, leading to a general thinning of the metal surface, possibly with some roughening
due to statistical variation in the local rate of corrosion. Metals sometimes corrode uniformly
throughout the surface in contact with a source of electron acceptors. Uniform corrosion in
nuclear waste disposal occurs not only due to trapped oxygen or residual oxygen but also due to
water reduction (iron and steel). Uniform corrosion rates can decrease in case a protective
corrosion layer form. Uniform corrosion is a positive property of container material in a
repository because it leads to a consistent, predictable degradation across the entire surface (King
et al., 2024). This helps ensure the material maintains structural integrity over time, preventing
failure due to localized corrosion.

Pitting Corrosion

Pitting corrosion is relevant to nuclear waste disposal and its damage was studied (Henshall,
1992) using stochastic approach. In pitting corrosion small hemispherical depressions, or ‘pits’
develop in the surface of the metal, due to the formation of occluded cells under a covering of
corrosion product, which allows the generation of acidic conditions by hydrolysis reactions and
due to restrictions on the mass transport by electro-migration and diffusion of species into and out
of the occluded cell. A necessary condition for pitting is that electric charge can be transported
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not only in the metal but also in the corrosive medium. Stainless steel is relatively prone to pitting
corrosion, as the passivation layer is very dense and stable. Pitting corrosion is not so much an
issue for carbon steel, as the forming corrosion layer is usually porous and thus, does not favor
the formation of pitting hole. A corrosion allowance of 10 mm has been estimated for pitting
corrosion in the Swiss disposal concept (Johnson & King, 2003).

Crevice corrosion

Crevice corrosion is also likely to happen in nuclear waste disposal. Enhanced crevice corrosion
of stainless steel 316 as candidate canister material was studied for nuclear waste disposal (Guo
et al., 2022). Crevice corrosion occurs in regions where there is close contact between two metal
surfaces e.g., in welding seams, which results in restricted mass transport into and out of the thin
liquid film within the crevice. This can result in the formation of a liquid phase whose conditions
are conducive to rapid rates of corrosion, for example by the development of a low pH, high CI
environment compared to the external bulk environment, in a similar manner to that experienced
inside a pit. This form of corrosion needs to be considered in relation to the design of radioactive
waste container materials particularly steel and alloys (Guo et al., 2020; King, 2013). In the
corrosive environment of disposal site (repository) crevice corrosion can occur in confined spaces
where stagnant water or brine creates an oxygen-deprived environment. Its relevance lies in the
risk it poses to the long term safety of nuclear waste isolation in geological repositories. Crevice
corrosion behavior of Alloy 22 and Titanium grade 7 candidate materials in repository
environment have been studied by few researchers (Hua et al., 2001). Under bentonite porewater
conditions, bicarbonate will promote passivation, whereas chloride will promote passive film
breakdown. The fact that the re-passivation potential is close to the passivation potential suggests
that crevice and pitting corrosion might occur during partially saturated phase.

Galvanic corrosion

Galvanic corrosion is relevant to nuclear waste disposal when using two dissimilar metals or
alloys together. Galvanic corrosion for copper-nickel alloys and carbon steel in salt brines for
nuclear waste disposal was studied (Smailos & Kienzler, 2005). Galvanic corrosion occurs when
metals with two different compositions are in electrical contact, within a conducting electrolyte
medium. Where there is a difference in the equilibrium electrochemical potential of the two
metals the metal which has the most negative electrochemical potential in the couple becomes the
cathode and the other metal becomes the anode and it experiences an increase in the rate of
corrosion due to the galvanic coupling. Studies have shown that galvanic corrosion, which occurs
when different materials are in contact in a corrosive environment, is a concern in nuclear waste
disposal. For example if copper shell is breached and ground water comes in contact with the cast
iron insert, as a result galvanic corrosion may take place and this kind of research was
investigated by (*'Smart et al., 2004). In oxygen free water, the corrosion rate of cast iron
galvanically coupled to copper were in the same range as those measured for cast iron in the
absence of galvanic coupling to copper (*'Smart et al., 2004).
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Microbial Induced Corrosion

Microbial activity can be another significant factor influencing corrosion in nuclear waste
disposal environments. Microbial corrosion, particularly hydrogen-induced corrosion, can occur
in the early stages of disposal. Research by (Zhang et al., 2023) has shown that microorganisms
can induce embrittlement, weakening the canisters over time. This highlights the need for further
studies on the role of biological factors in corrosion, as they can significantly affect material
integrity. The highly compacted bentonite buffer in a geological waste repository is expected to
play an important role in precluding microbial activity due to its high swelling pressure and low
water activity (Pedersen et al., 2000; Stroes-Gascoyne, 2010). Hence bentonite at target dry
density is of relevance and should be selected based on physical, chemical and biological
(relevant) conditions.

From above information and details, it can be seen that a wide range of corrosion phenomena can
occur, and it is clearly important to investigate and evaluate these various degradation
mechanisms in relation to waste container materials and metals in waste, under all the possible
environmental conditions that may arise during radioactive waste management. Some of these
conditions are common to many industrial applications, and are not specific to the nuclear
industry, but others are unique to the nuclear industry, particularly those that will be encountered
in the long-term underground exposure in specially designed disposal facilities. The other main
factor that distinguishes the problem of corrosion assessment of radioactive waste management
facilities from conventional industrial problems is the much longer time scales under
consideration and the need to be able to extrapolate results from relatively short-term experiments
to cover periods of thousands or even millions of years. One approach to address this issue is the
use of reactive transport models, such as the one developed for bentonites in COMSOL Multi-
physics, to understand and predict corrosion behavior (Cabrera et al., 2024). Other approach that
can be followed to support such extrapolations is to consider how man-made and industrial
analogues (e.g., ancient and more modern archaeological artifacts) have corroded over periods of
many centuries’ exposure to natural environments, together with assessment of geological
deposits (e.g., native copper), which have been buried at depth for millions of years. Thus,
Predictive modeling (Briggs et al., 2021; Kiczka et al., 2024) is a scientific approach to get
information about corrosion behavior of materials and geological evolution for millions of years.

1.3.1.2 Corrosion Mechanism

Corrosion is an electrochemical reaction occurring between metals and its surrounding
environment which leads to gradual deterioration of materials usually metals. In the presence of
water, this process involves the establishment of equilibrium between the anodic oxidation of the
metal, where it transitions from its elemental state (oxidation state zero) to a higher oxidation
state, releasing electrons in the process, and a corresponding cathodic reaction, which consumes
these electrons. In the presence of oxygen, typically sourced from the atmosphere, the cathodic
reaction involves the reduction of oxygen. However, in environments lacking oxygen (anoxic
conditions), the most common cathodic reaction for iron-based materials (iron and steel) is the
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reduction of water to produce hydrogen gas. The overall outcome of these electrochemical
reactions is the loss of metal from the surface, either in a uniform manner across the surface or at
localized spots, leading to deterioration in the mechanical properties of the affected structure. The
general corrosion process of carbon steel in clay environment was shown below in Figurel.
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Figure 1 General corrosion process of carbon steel in clay environment (Féron et al., 2008).

Corrosion mechanism of iron based materials

For iron, the following reactions are assumed to occur under oxygenated conditions:

e 4Fe+6H20 +302 > 4Fe(OH)s  oovinviniiiii e Q)
o 4Fe+302—>2Fe203 (2)

In anaerobic conditions, corrosion is believed to proceed through these reactions:

Water reduction and iron corrosion

e Fe(0) > Fe? +2€ i, (iron oxidation) ............cccccevuevernne. (3)
e 2H0+2e 5> Ho+20H i (water reduction) ................. 4)
o FE%+ 2H0 —> FE2* 4 20H + Houeoooooooe oo (5)

This reaction represents the corrosion of metallic iron (Fe) in an aqueous, anoxic environment. In
the absence of oxygen, water reduction is the primary mechanism for corrosion (Smart et al.,
2002a). Iron metal (Fe°) reacts with water (H20) and electrons are transferred, leading to the
formation of ferrous ions (Fe*) and hydroxide ions (OH"). The reduction of water produces
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hydrogen gas (Hz). The formation of Fe*" indicates the initial stage of corrosion where iron is
oxidized from a zero oxidation state to +2. The hydroxide ions (OH") formed in this reaction
contribute to an increase in the pH around the iron surface, which can further influence the
precipitation of corrosion products like iron hydroxides. In an anoxic environment, oxygen is
absent, so the corrosion process shifts from typical oxygen-driven corrosion to water reduction
process that occurs in case of anoxic conditions (Kiczka et al., 2024). In such environments,
hydrogen gas formation becomes prominent, and the corrosion rate may differ from that seen in
the presence of oxygen.

Under anoxic and specific chemical conditions (dissolved species in solution), where oxygen is
not available to further oxidize iron, the formation of magnetite is favored (Smart et al., 2002b).
This reaction is a key process in the formation of stable iron oxide phases under reducing
conditions. The oxidation from Fe?* (ferrous) to Fe** (ferric) is central to magnetite formation,
and this transition helps stabilize the corrosion products. Ferrous hydroxide can be transformed to
Fe304 (Schikorr reaction).

e Fe+2H2O - Fe(OH)2+Hz oo (6)
e 3Fe(OH)2— Fe304+2HoO + Houonvoeiniii e (7
o 3Fe+4H20 — FesOa+4Hz oo, (8)

Ferrous hydroxide (Fe(OH).) forms as a primary corrosion product when iron is exposed to water
under neutral pH or slightly alkaline conditions. Under anoxic conditions, Fe(OH) can undergo a
transformation to magnetite (FesO.), a mixed-valence iron oxide. The transformation involves the
oxidation of Fe?* to Fe** within the iron hydroxide matrix, leading to the formation of Fes;Oa,
which is a common corrosion product in anaerobic conditions. Additionally, hydrogen gas (Hz) is
produced, a characteristic of the Schikorr reaction.

Bentonite alteration

(Fe3+)c|ay + Fe2+aq — (Fez+)c|ay + Fe3+sorbed .................................................... (9)

Bentonite is an assemblage of various mineral phases and mostly made of montmorillonite,
whereas amounts of iron, present in it usually in the form of octahedral Fe**. During corrosion,
Fe** ions formed from the corrosion of metallic iron can interact with Fe** ions present in the
bentonite clay (Morelova et al., 2021). In this reaction, dissolved Fe?" present in aqueous phase
sorbs to clay mineral and exchanges an electron with octahedral Fe** ions that were originally
present in the clay structure, leading to an exchange of electrons between the clay matrix and
surface sorbed Fe(ll) (Ishidera et al., 2008). In anoxic conditions, Fe?* is stable in the aqueous
phase, and the clay acts as a sink for these ferrous ions. The sorption of Fe*" ions onto the clay
could potentially accelerate steel corrosion to some extent under certain conditions by removing
Fe?* ions from the solution and inducing some kind of a “pump effect” (Savage et al., 2010).
However, the reduced form of iron (Fe?**) could still participate in secondary reactions such as the
formation of green rust.
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Green rust formation (sulfate based)

Green rust (GR) is a mixed-valence iron hydroxide, which typically forms under anoxic or
reducing conditions (Wang et al., 2023). Its structure is made of brucite like layers in which
octahedral sites are filled by Fe?** and Fe*' ions, and the excess layer charge is balanced by
anionic species (e.g., sulfate ions (SO4>")) located in the interlayer. In the present study, chloride
and sulfate anions are present in the groundwater (or bentonite slurry). Green rust can precipitate
from solution containing both Fe(Il) and Fe(l11) according to:

AFe?* + 2Fe® + 120H" + SO4% — [Fes® Fe** (OH)12]%" (SO4) % ..o, (10)

However, in the present study (pH ~8) the amount of dissolved Fe(lll) available for this reaction
is very limited, suggesting that this phase may form via another mechanism. (Jones et al., 2017)
reported the formation of GR compounds upon interaction of Fe(ll) with smectites at pH ~8.
Under anoxic conditions, green rust formation is promoted in reducing environment, where Fe?"
is prevalent. GR compounds can serve as an intermediate corrosion product that may later
transform into more stable phase (may be magnetite and iron sulfide).

Mechanism of iron silicate formation (Berthierine)

4Fe?* + 4Si(OH)s + 2H20 + X(APF*,Mg?") + e — 2(Fe?',Fe3* Al Mg)sSi:0s(OH)s + 12H*

In the presence of bentonite clay which has cations such as AI** and Mg?*", Fe*" ions from
corrosion (due to dissolution) can react to form iron silicate minerals, such as berthierine. This
iron-rich silicate mineral forms in anoxic conditions, particularly where the local pH is high
(Francisco et al., 2020) (due to the presence of hydroxide ions). Berthierine is a silicate mineral
belonging to the serpentine group (Bailey, 1988; Brindley, 1982) and is a mixed mineral
containing iron and aluminum or magnesium, and it forms through a process where iron ions bind
with silicate structures, producing a stable corrosion product. Under anoxic conditions,
berthierine formation was typically seen in environments where both anoxic conditions and
abundant silicate material are present. The formation of such corrosion products could contribute
to the long-term stability of the corrosion process by protecting canister within silicate matrices.

In anoxic conditions, corrosion of iron-based materials occurs through a series of electrochemical
reactions, predominantly driven by water reduction and results in formation of various corrosion
products. These products include ferrous hydroxides, magnetite, green rust, and iron silicates,
depending on the specific environmental conditions. The presence of bentonite, which contains
clays and other minerals, facilitates the alteration of iron present in bentonite because of steel
corrosion caused by water presence and results in the formation of mixed-oxide minerals and
silicates (Hofstetter et al., 2014). These corrosion processes are influenced by factors such as
pH, ion concentration (e.g., sulfate, silicate), and the presence of reducing agents (hydrogen,
ferrous ions and sulfides), making anoxic corrosion a complex interaction of electrochemical and
mineralogical transformations.
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Oxic corrosion of copper in water and chloride solutions

The corrosion of Cu in saline (CI) solutions is known to be accelerated in aerated solution and
have following general reactions

Cu + XClI'— CuCIx"™ + e (Anodic reaction) ..............ceeeveeueuueiuainnann (12)
02 + 2H20 + 4e” — 40H" (Cathodic reaction)................ccvvvevieenieeennnn(13)

In absence of significant amounts of CI" the anodic reaction proceeds via a (CuOH)ags leads to
form the stable corrosion product, Cu.O (Keech et al., 2021).

During initial stages of film formation involve competition between CI- and OH" for exposed
surface and Cu20 formed.

CUCIads'I'OH-—) (CUOH)ads"‘ CI_ .................................................. (14)
2(CuOH)ads — Cu0 + HoO e, (15)

The extent of Cu20 formation will depend on the relative CI- and OH" concentrations with higher
pH favoring its formation.

According to the literature (King et al., 2001) islands of CuCl are formed in a surface film of
Cu20. (Cu20 is the main product at the presence of relatively low oxidant (oxygen) concentration
as shown in Pourbaix diagram (Figure 3)).

2CUCIXA + 20H — Cuz0 + Ho0 + 2XCl ..o (16)

Anoxic corrosion of copper in presence of sulfide

Here in sulfide environment under anoxic conditions copper forms a layer of Cu.S (Zhang et al.,
2021), which may accelerate the anoxic corrosion of copper by the reduction of sulfur in
hydrosulfide as shown below (Kong et al., 2017).

2CU+SH + HO — CuS+O0OH +Hz oo, a7

Long-term corrosion can be evaluated by measuring the amount of hydrogen gas produced.
Corrosion rate based on weight loss method is alternative. In addition, it can be evaluated using
modeling based on experimental results under similar relevant conditions.
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1.3.1.3 Thermodynamic and kinetics of corrosion

The electrochemical properties of every metal differ, leading to distinct free energies involved in
anodic reactions. As a result, each type of metal experiences different corrosion behaviors.
Moreover, the corrosion of each metal forms distinct dissolved corrosion products, with its own
unique set of physicochemical properties. A useful method for depicting the domains of stability
of these corrosion products is the Pourbaix diagram, named after Marcel Pourbaix, who
developed it in the 1950s and 60s (Pourbaix, 1974). These diagrams are also known as redox
potential-pH or pH-En diagrams. Pourbaix diagrams display the regions of thermodynamic
stability for metals and oxidized metal species as a function of pH and electrochemical potential
(En) for over 70 different metals.

They are derived from thermodynamic calculations based on fundamental thermodynamic
properties, such as the free energy of formation, and electrochemical relationships like the Nernst
equation, which provides the equilibrium electrode potential for any given electrochemical
reaction. Pourbaix diagrams provide a guide for assessing the corrosion behavior by showing the
conditions under which a metal will be thermodynamically stable in water over a wide range of
pH values (corrosion does not occur) and the conditions under which corrosion will occur.

Fein+
Fe(s) Fe(OH),(s)

'
[
(%)
=

Figure 2 Pourbaix diagram for iron at ionic concentration of 1.0 mM (oxygen presence not excluded). Lower dashed line in the
above diagram is equilibrium line for H20/Hz, while upper dashed line is equilibrium line for H20/O2 (CC BY-SA 3.0 Unported;
Metallos via Wikipedia).

However, Pourbaix diagrams have certain limitations. They only provide information on species,
where data exist (not in case of many mixed corrosion phases). Another limitation is that only the
thermodynamically most stable phases are considered.
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However, metastable phases (e.g., less crystalline, amorphous phases) may play a role in the short
term. Despite these limitations, Pourbaix diagrams are a useful starting point for assessing the
potential corrosion behavior of a metal in an aqueous environment. In addition to the standard
Pourbaix diagram for iron (Figure 2), other authors (Drissi et al., 1995; King et al., 2010) have
developed similar thermodynamically based diagrams for specific environmental conditions,
particularly relevant to the corrosion of metals in the context of geological disposal.

Pourbaix diagrams can also be used to study the dominant phases in more complex systems
containing dissolved species such as carbonate, chloride, sulfate, and phosphate, which are
similar to natural waters. For instance, (Refait & Génin, 1993) produced a Pourbaix diagram for
iron in the presence of chloride, considering the green rust phases. Such phases are relatively
unstable iron oxy-chloride, oxy-sulfate, or oxy-carbonate compounds with varying
stoichiometries. Similarly, Pourbaix diagrams for copper at different chloride concentrations have
been published (King et al., 2010).
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Figure 3 Pourbaix diagram for copper at 25°C , [Cu]TOT = 1 umol/kg and /HS— JTOT = 0.2 m mol/kg (Puigdomenech &
Taxén, 2000).

The kinetics of the corrosion reactions or the overall corrosion rate is a key parameter in
radioactive waste container materials, where long durability and specific lifetimes of canister
material are crucial. The kinetics of corrosion depends on various factors such as the rates of the
anodic and cathodic electrochemical reactions, properties of the corrosion product layer, changes
in pH, the temperature of the system and radiation. The rates of the electrochemical reactions are
described by fundamental electrochemical equations such as the Nernst equation, which defines
the equilibrium electrochemical potential for any given redox reaction, and the Butler-Volmer
equation, which defines the kinetics of any given electrochemical reaction (Bard & Faulkner,
2012). The presence of a corrosion product layer will impede the progress of the electrochemical
reactions occurring on the surface of the metal and thus reduce the overall corrosion rate. For
some metals, such as stainless steel, the chromium-rich passive film forms very rapidly, within a
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few seconds, due to reaction between the metal and oxygen, or with the water phase, whereas for
carbon steel, the protective film develops over a much longer timescale, in which case the
corrosion rate may continue to fall for many years after first exposure. This is of particular
relevance in the case of radioactive waste container materials.

Most of the studies have focused on the corrosion behavior of materials such as copper and low
carbon steel, with an emphasis on understanding the principles of chemical thermodynamics
(stability of corrosion products) and kinetics (Wei, Dong, & Ke, 2021). Research has shown that
copper canisters is corrosion resistant under oxygen and sulfide free aqueous conditions. This is
derived from existing thermodynamic data and supported by the observation that native
copper can be found in certain locations in natural rock. Still, the actual corrosion behavior of Cu
under different conditions is a topic of investigation (Hedin et al., 2018; King et al., 2012).
Computational models have been developed to study the interactions of corrosion products and
materials like iron in specific geological environments, with a focus on thermodynamic and
kinetic modeling (Samper et al., 2008; Wersin et al., 1994).

1.3.2 Anaerobic copper corrosion in nuclear waste disposal

Copper based canister materials have been mainly preferred because of its excellent properties
like corrosion resistance make it suitable for storage of nuclear waste for thousands of years
(King et al., 2010). It has a tendency to withstand both the geological environment and chemical
environment (radiation induced damage) created by radioactive waste (presence of reactive
radionuclides and their decay products), which is crucial for long-term storage of nuclear waste
material. Its high thermal conductivity helps in dissipating the heat generated by the radioactive
decay of radioactive waste materials thus preventing heating and ensuring the integrity of the
canister. Copper based materials also have good mechanical strength which makes them strong
and ductile metal providing strong integrity to the canister and ensuring it can withstand handling
and potential geological stresses generated over a period (King et al., 2013).

Copper based canister materials also provide effective shielding against radiation emitted by
nuclear waste to some extent, enhancing the safety of the nuclear waste disposal. High-level
radioactive nuclear waste expected to be disposed of in a deep geological repository. Its depth is
about 500-1,000 m. This “multi-barrier system” is formed (Scandinavian disposal concept) as
shown in (Figure 4).
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Figure 4 Multi-barrier system of high-level nuclear waste illustrating in KBS-3 concept illustrator : Jan Rojmar (Duquette et al.,
20009).

The nuclear waste container is the first barrier to ensure the sealing of solidified high-level
nuclear waste, which is particularly important. Various factors affecting its service life and the
selection of container materials should be considered. Finland, Sweden and Canada are proposing
to use copper based canister materials for disposing of high level nuclear waste in a geological
repository which is backfilled with compacted bentonite clay (King et al., 2001).

1.3.2.1 Copper corrosion and evolution after deposition

The nature of the near-field environment will evolve with time and significantly influence the
corrosion behavior of the containers. This evolution is the result of the repository excavation
work on the geological host rock and the placement of heat-generating and radiation emitting
nuclear waste. The repository environment gradually returns to its pre-excavation state as the heat
dissipates, oxygen is consumed, and other redox processes take place (King & Kolar, 2018).
After being positioned, the container's outer surface temperature would be limited to a maximum
value of 100°C. When the canister cools down and the trapped atmospheric oxygen is used up,
the repository atmosphere will change from being initially warm and aerobic to cool and anoxic.
In terms of corrosion, the processes will change from rapid and possibly localized to slow and
uniform corrosion. The consumption of trapped O2 has been calculated to occur quite readily (10
to 100 of years) by reaction with the Cu container and microbes and minerals in the surrounding
clay and backfill materials (King et al., 2010).

King & Kolar divided the repository environment after final deposition into 6 periods from the
initial oxic condition to the anaerobic state in long term, denoted from A to F (Figure 5) (King &
Kolar, 2018). The prediction of time-dependent corrosion rate corresponding to the repository
environment evolution was shown in the Figure 5.
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Figure 5 Prediction of time-dependent corrosion rate corresponding to the repository environment evolution(King & Koldr,
2018).

The first period denoted as stage A is considered the most corrosive with highest corrosion rate of
10 pm/year recorded due to high temperatures and oxidizing conditions promoting moisture
retention on the container surface, creating an environment conductive to corrosion. CI" and O>
are the major contributors to copper corrosion at this stage (King & Kolar, 2018). In contrast,
during stage B, the temperature drops, and the environment (buffer) becomes drier, preventing
moisture from accumulating on the container surface. As a result, corrosion slows down or ceases
on the surface, but diffusion of species to other areas (apart of container surface) of the repository
still continues. The cathodic reduction of oxygen has stopped by this point since all of the initial
trapped oxygen has been consumed (King & Kolar, 2018). (Wersin et al., 1994) estimated that
anoxic conditions are established around a month after the backfill becomes saturated with water.
Literature (Lazo et al., 2011) also concluded that the time to reach anoxic conditions would be
short, especially if the calculations took into account the effects of microbial activities.

Once the container surface gets re-wet again (stage C), corrosion resumes with the dissolution of
Cu supported by the cathodic reduction of Cu?*, a period that lasts up to ~350 years. The initially
trapped oxygen has been consumed by processes other than canister corrosion during stage B and
it is the Cu?* formed earlier by the homogeneous oxidation of Cu(l) by O that acts as the oxidant.
Redox conditions are still considered to be aerobic, as they remain relatively oxidizing and the
corrosion potential is also relatively high during this period.

After the consumption of all Cu?*, there follows stage D during which virtually no corrosion
takes place. About 74000 years after closure, in the presence of sulfide, a chemical reaction
transforms the previously precipitated CuO into CuzS. Finally, copper oxide is oxidized to form
copper sulfide in the presence of HS™ environment (King & Kolar, 2018).
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The consumption of all initial oxidant results in the long cease of corrosion process (decrease
corrosion rate), until HS™ reaches the canister surface at stage E and corrosion rate remains steady
at 0.001 nm/year and continues during stage F (King & Kolai, 2018). The initial inventory of O
trapped in the pores of the buffer and backfill materials limits the maximum depth of aerobic
corrosion. After a million years, corrosion is expected to reach a maximum depth of 8 um.
Approximately 6.5 um of total depth is attributable to initial aerobic corrosion, which is due to
the cathodic reduction of O, and Cu?*, however only 1.5 um is on account of canister sulfidation
(King & Kolar, 2018). Whereas NWMO (Binns et al., 2023) considers a lifetime corrosion
expectation of 270 um and an extreme upper bound of corrosion of 1240 um over one million
years. So, different corrosion upper bounds will be considered based on type of canister material
and surrounding environment.

Different studies have been done so far on the copper-based candidate canister materials under
various environments which are suitable for nuclear waste disposal. Copper coated containers are
currently primarily considered for granitic host rocks. For example, some countries plan to coat
their canister with copper (e.g., Sweden) (Shoesmith, 2006; Van Iseghem, 2012). In situ
corrosion experiments yielded a Cu corrosion rate of 3 pm/a when exposed to bentonite, while
high values between 30 to 50 um/a have been reported for laboratory experiments when exposed
to compacted bentonite/sand mixture saturated with synthetic groundwater during initial
condition in repository in presence of residual oxygen (Kursten et al., 2004). Much lower
average corrosion rates were measured for the various types of copper (0.13—0.32 um year ?)
under anoxic conditions with low residual oxygen content (Reddy, Padovani, Rance, et al.,
2021). Variations in a range of 1 order of magnitude in corrosion rates of Cu are observed in in-
situ experiments because of different experimental conditions like ground water composition,
more residual oxygen content and transient conditions (presence of sulfide). Sulfide presence can
also be considered as transient condition since it affects the corrosion behavior of copper based
canister materials. Transient conditions refer to near field transitory environmental conditions
which play an important role during early post-closure period and may affect container durability.
These conditions do not remain constant over time but change due to varying temperature,
radiation level, pore-water, chemical composition, redox conditions, mechanical stress, and
process involving gas generation.

Corrosion rate of copper canister based on weight loss test were 5-8 um/year in ground water
and from less than one um/year to 2 um/year in bentonite clay pore water (Aromaa, 2021). The
concentration of dissolved oxygen and initial oxidized cupric species (oxidants) affects the
corrosion rate. Dependence of the corrosion rate of copper in compacted clay on the salinity of
ground water was studied by (King et al., 2010) who suggested that the corrosion rate decreases
with increasing salinity which was based on Cu-transport rate-determining step. It refers to the
rate at which copper ions are transported through the electrochemical interface between copper
surface and bentonite (surrounding medium), often controlled by diffusion and migration process.
This step governs the overall rate of copper dissolution in to the electrolyte (surrounding
environment). Copper coupons obtained from Aspd Hard Rock Laboratory removed and
examined, after ~1 yr. exposure, the surfaces of the coupons were found to be covered by a
duplex Cu20/Cu2CO3(0OH). (malachite) corrosion products, with significant diffusion of copper
into the surrounding bentonite.
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The estimated corrosion rate was 3 um/yr (Karnland O & Motamedi M, 2000). These results
are similar to those observed by King and co-workers (King, 1995; King & Kolar, 1997) in
long-term laboratory tests of copper corrosion in compacted clay. Much lower corrosion rates
were obtained for copper (0.13-0.32 um/yr) after 394 days in presence of saturated bentonite
from in-situ Grimsel Test Site experiment (MaCoTe) (Reddy, Padovani, Rance, et al., 2021).
Some copper oxides have been detected on the exposed surface and the bentonite surrounding
copper coupons (interface) has very less discoloration. Copper corrosion has been studied in
simulated ground water with and without bentonite clay and found that under aerated conditions
an initially formed Cu.S film is rapidly converted to a non-protective layer of cuprite (Kosec et
al., 2015).

There are various factors affecting long term corrosion behavior of copper based canister
materials under repository conditions like ground water compositions, temperature, pressure,
effect of Cu-iron galvanic couples, the surface discontinuity effect (defects arising due to
fabrication practices or service damage), presence of gas, presence of residual oxygen and
presence of micro-organisms on the corrosion of copper based canisters. The canister will be
surrounded by bentonite based buffer material, which is further covered with natural rock barrier.
Long-term corrosion is evaluated by measuring the amount of hydrogen gas produced and by
assuming it is generated by corrosion. In addition, it can be evaluated using modeling based on
experimental results under similar relevant conditions.

The study for Cu-Ni alloy is also relevant to this thesis, as it is one of the candidate materials
chosen in this research due to its superior corrosion resistance compared to pure copper. Syrett
investigated the corrosion rates and characterized the corrosion products on Cu-Ni alloys in
sulfide-polluted seawaters. In this study (Syrett, 1981), polarization resistance was monitored on
a 90:10 Cu:Ni alloy as a function of time for various exposure conditions, and showed that
deaerated, sulfide-polluted seawater did not cause accelerated corrosion of the Cu alloy. An
increase in corrosion rate was observed only when the sulfide containing environment was
replaced by aerated, sulfide free seawater. It was suggested that sulfide could precondition the
alloy surface, thereby inhibiting the growth of a protective oxide film (Syrett, 1981). Pre-
exposure (up to 2 days) to deaerated sulfide polluted seawater was found to accelerate the
corrosion of Cu alloys. Exposure to another 5 days in aerated, unpolluted seawater (Drake et al.,
2013), suggest the destabilization of Cu in the presence of sulfide. This shows the effect of
sulfide containing water on corrosion behavior of CuNi alloy which may be used as reference for
studying the corrosion behavior of cupronickel alloy in groundwater containing sulfide
environment.

The growth of a thin Cu20 film was observed when the alloy was pre-exposed to the sulfide-
polluted seawater. XRD analyses also confirmed the growth of a thin Cu2O film during the short-
term experiments in deaerated sulfide solutions and the presence of both stoichiometric (Cu.S)
and non-stoichiometric copper sulfide (Cu18S) at the outer layer of films after longer exposure
durations. Syrett also proposed that the corrosion reaction was limited by the diffusion of protons
to cathodic sites located at the Cu.O/CuxS interface, and the thickening of the film was due to the
migration of Cu* through the CuxS layer (Syrett, 1981). The corrosion rate was observed to
accelerate after the introduction of aerated solution. It was proposed that the reduction of oxygen
occurred at a much faster rate than proton reduction, thereby accelerating the corrosion.
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Corrosion of copper-based canister materials can be affected by different types of transient
conditions such as change in temperature, redox potential, pressure, chemical environment and
mechanical transients, which can change the integrity of the canister. It is necessary to design
canisters to withstand such transient conditions to ensure the safety and containment of
radioactive materials over the long term. There are limited studies on Cu corrosion under
transient conditions reported in literature for long-term disposal of high-level nuclear waste in the
repository.

(Smith et al., 2007) have reported electrochemical experiments on the effect of pre-oxidation on
the surface attack of Cu by sulfides in 0.1 mol/L NaCl under anoxic conditions. Cu was pre-
oxidized to mimic the formation of corrosion products during the warm oxic period. Depending
on the extent of pre-oxidation, the surface was covered either with a thin film made of Cu20 or
Cu20 covered by CuO/Cu(OH) for longer reaction times. Samples were subsequently immersed
in a sulfide-containing solution (30 umolL™) and the evolution of the corrosion potential (Ecorr)
was recorded. For all samples, Ecorr Stabilized at a value slightly more negative than observed in
the absence of sulfide, then decreased to a value between -0.456V and -0.556V (SHE) before a
sudden decrease to the equilibrium potential for the Cu/Cu2S redox reaction. The time needed
during the first decrease in Ecorr increased with the extent of pre-oxidation and probably reflects
the penetration of SH™ (the predominant species) to the Cu metal surface. The second drop was
comparable for all samples and indicates that the redox conditions are dominated by the Cu/Cu2S
redox couple. Overall, outcomes pointed out a beneficial effect of Cu pre-oxidation, indicating
that deposits could impede the reaction of Cu with aqueous sulfide.

More recently, (Senior et al., 2019) reported corrosion rates of copper in anoxic NaCl solutions
at various temperatures by measuring the rate of hydrogen release. Copper exposed to 0.25 mol
kgt NaCl at 30°C or 50°C produced negligible amounts of H, below the detection limit. At 75°C,
the H. release was in agreement with a corrosion rate of about 10 nm yr. When the temperature
was returned to 50°C, the H> production immediately returned below the detection limit.
Comparable findings were obtained for experiments performed in solutions containing up to 5
mol kg™t NaCl. These results may suggest that the corrosion rate of copper in NaCl solutions up to
5 mol kg is very low and decreases with temperature.

In this thesis, a focus was laid on transient conditions (e.g., chemical, redox) of the early
repository post-closure phase. Those conditions are incorporated in the experimental part of the
thesis by using different concentration of sulfide for investigations with Cu-Ni alloy coupons.
Here, experiments involve investigations about the effect of production of sulfide (increase of
sulfide content due to development of bacterial activity) on the corrosion behavior of cupronickel
alloy. Initially sulfide content increases stepwise and later becomes constant which could be
expected in the long-term-evolution of the repository excluding the reduction in amount of
sulfide concentration at container surface due to diffusive layer of bentonite. In this work, we
have considered sulfide concentration that is relevant to disposal sites (Cloet et al., 2017). The
aim here is the investigation about the stepwise increase of sulfide content in the groundwater on
the corrosion behavior (e.g., corrosion products) compared to constant sulfide content in the
ground water.
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1.3.2.2 Effect of bentonite on copper corrosion

There were few studies (Kong et al., 2023; Tully et al., 2020) carried out to know the effect of
bentonite on corrosion behavior of copper based canister materials under different experimental
conditions. Studies were carried out for two different types of copper that is wrought copper and
cold sprayed copper, which is considered as suitable candidate canister materials by few
countries. Experiments were performed in contact with bentonite (Tully et al., 2020) and it was
found that an increase in bentonite dry density resulted in a decrease in copper corrosion rates
(due to high oxygen concentration), with the cold sprayed Cu corrosion rate being decreased
more significantly than that of wrought Cu (wrought copper has higher amount of Cu.O and
lower amount of Cu,S). Profilometry measurements of the surface, performed after removal of
the corrosion products, showed a decrease in surface roughness on cold sprayed Cu as the dry
density was increased, but the surface roughness of wrought Cu was not significantly affected.

One of the study (Kong et al., 2023) was carried out to understand change in d spacing of the
montmorillonite due to interaction of cations from bentonite and canister materials, which can
affect the corrosion resistance of copper-based canister materials. In the study, it was found that
the increase in the d spacing of Ca and Na bentonite is caused by the replacement of Na ions with
Ca ions in the interlayer, as well as changes in the hydration state of the first layer without ion
exchange. It is mainly caused due to difference in size and hydration energy of Na* and Ca2" ions
(Liu et al., 2010). The temperature had no significant effect during anaerobic conditions for
number of years but if the concentration of dissolved Cu cations increases as the temperature
increases, Cu cations will tend to exchange ions with interlayer cations; therefore, the interlayer
spacing of bentonite will change, result in affecting the properties of the buffer material
(bentonite alteration).The presence of either green Cu corrosion products or cuprite on the
bentonite did not notably affect the pore water chemistry. At low corrosion, bentonite has
tendency to suppress copper corrosion through anion-exclusion effect (Ning, 2024). The anion-
exclusion effect in bentonite prevents aggressive anions like chloride, from reaching the copper
surface by repelling them. This reduces the formation of corrosion cells and minimizes the
breakdown of protective oxide layers. As a result, copper corrosion is suppressed, preserving the
metal’s integrity. Bentonite hydrolysis has tendency to produce silicate ions which accelerates
pitting corrosion by culminating in passive film breakdown in certain conditions (presence of
phosphorous in Cu alloy may influence the acceleration of IGC following passivity breakdown)
(Macdonald & Lei, 2016; Ning, 2024).
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1.3.3 Anaerobic iron corrosion in nuclear waste disposal

Iron based canister materials such as carbon steel, SGI and alloy steel have been considered as
candidate materials due to their excellent properties like strength, ease of fabrication and
economical. Iron-based alloys (carbon steel) are foreseen as the canister materials of choice in
number of countries like France, Switzerland, Czech Republic, Belgium, Slovakia and Hungary
(Mufioz et al., 2024). There is wide range of experiments on the corrosion of carbon steel in
various environments relevant to nuclear waste disposal (Martin et al., 2008; Schlegel et al.,
2016; Schlegel et al., 2021; Schlegel et al., 2018; Smart et al., 2001).
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Figure 6 Time dependence of the anaerobic corrosion rate of carbon steel and cast iron in a simulated ground water (Smart et
al., 2001).

The corrosion of carbon steel in anoxic environments, such as those found in bentonite-backfilled
geological repositories, is influenced by a range of factors, such as redox conditions, pH,
temperature, and the composition of the surrounding aqueous phase. The presence of compacted
bentonite plays a critical role in modulating the corrosion behavior by acting as a buffer and
physical barrier. Bentonite’s ability to control pH, ion concentrations, and redox conditions helps
maintain the anoxic conditions necessary for uniform corrosion, while its low permeability limits
the water access to the container and migration of corrosive species and ferrous ions.

Under anaerobic conditions, the corrosion rate decreases with time due to the buildup of a
protective corrosion product film (Smart et al., 2001) , eventually attaining a steady-state rate
that is a function of pH and of whether the test is done in bulk solution or in the presence of
compacted bentonite (Johnson & King, 2008). Steady-state corrosion rates of the order of a
(few) 0.1-1 um/year are expected in bentonite backfilled repositories. The corrosion rate of cast
iron is similar to that of carbon steel as shown in (Figure 6) (Smart et al., 2001). In cement or in
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alkaline solutions simulating cement pore water, the steady-state corrosion rate of C-steel is <0.1
pm/year (Smart et al., 2004). In bentonite-backfilled repositories, research suggests that carbon
steel is not passive in moderately alkaline pore water. This implies that localized corrosion due to
passive film breakdown should not occur. However, carbon steel will remain passive in
cementitious environments as long as the cement pore water stays alkaline. As the cement
degrades and the pore-water pH decreases, localized corrosion may become a concern, depending
on the chloride concentration. In non-alkaline environments, localized attack manifests as surface
roughening rather than discrete pitting.

Corrosion behavior of various materials under geological conditions of a disposal site in
crystalline rock has been investigated by some researchers (Hung et al., 2017; Kursten et al.,
2004; Marsh et al., 1986). Among them low alloyed carbon steels have low corrosion rates
(X2 umyear?), iron silicates and magnetite form as corrosion products. Weight loss
measurements show that carbon steel had a relatively low average corrosion rate (~2 pm year ).
Some people (Kiczka et al., 2024) put valuable efforts to model the behavior so that more
sophisticated extrapolations made for the long-term, rather than relying on simple, empirical
linear extrapolation. Effect of dissolved Si on the corrosion of iron in de-aerated and slightly
solutions have been studied for approximately 30 days and found that iron corrosion led to the
formation of layer consisting mixture of Fe oxides and Fe silicates on the metal surface (Galai et
al., 2023).

The anaerobic corrosion rate of carbon steel in clay systems is 1-2 um/yr. The effect of
temperature on corrosion rate for carbon steel was studied in literature (Kursten et al., 2004)
indicating average corrosion rate of carbon steel in Boom clay formation of 1.81 um/a at 16°C,
while the rate reached 8.59 um/a at 170°C. These studies also demonstrated the susceptibility of
the carbon steel to pitting with pit depths of 100-200 um after 5 years exposure period at 16°C.
Spheroidal graphite iron corrosion under mildly saline conditions were studied by (Hsu & Chen,
2010), confirming the presence of graphitic corrosion and the formation of FeCl..

Different types of corrosion products were formed depending on surrounding environmental
conditions. Secondary Phases (corrosion products) such as magnetite, hematite, siderite, iron
hydroxyl chloride and various silicate phases such as greenalite (Fe2-3SioOs(OH)s), cronstedtite
(Fe3(Si,Fe)Os(OH)4) or berthierine ((Fe,Al)3(Si,Al)20s(OH)4) formed due to presence of silicate
(bentonite) and carbonate in the groundwater. A good summary of numerous experimental
studies with various bentonite types was reported in literature (Kaufhold et al., 2015).
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1.3.3.1 Steel corrosion in bentonite environment

The corrosion of steel in the presence of bentonite, particularly in the context of geological
disposal environments, has been the subject of numerous studies (Stephan Kaufhold et al.,
2020; Leupin et al., 2021; Reddy, Padovani, Rance, et al., 2021; Reddy, Padovani, Smart, et
al., 2021) aimed at understanding the long-term durability of steel canisters in underground
repositories. A variety of research efforts have explored how bentonite interacts with steel, both
to influence the corrosion processes and to potentially mitigate or accelerate corrosion under
various environmental conditions.

The corrosion behavior of low-carbon steel in the presence of bentonite has also been
investigated by literature (Wei, Dong, Chen, et al., 2021). They studied the effects of bentonite
content on corrosion evolution in simulated geological disposal environments and discovered that
the presence of deteriorated bentonite sediments had a mitigating effect on the localized corrosion
tendencies of steel. This finding highlights the potential for bentonite to reduce corrosion rates
under certain conditions, which is critical for evaluating its effectiveness as a long-term corrosion
barrier. Additionally some researcher (Stoulil et al., 2021) examined the localized corrosion of
stainless steels in synthetic bentonite pore water and bentonite slurry, emphasizing the need to
understand the complex corrosion mechanisms in different bentonite environments. Their
research underscored the significance of pore water chemistry and the physical state of bentonite
in influencing steel degradation processes. Reactive transport modeling has also played a key role
in advancing understanding of steel-bentonite interactions, as demonstrated by researcher
(Chaparro et al., 2021). Their study used reactive transport models to simulate the long-term
interaction between carbon steel and bentonite, offering insights into the diffusion processes and
chemical reactions that drive corrosion over extended periods. This approach has proven valuable
for predicting the behavior of steel canisters in geological disposal environments, providing a
more comprehensive understanding of how corrosion evolves under both static and dynamic
conditions.

Literature, (Leupin et al., 2021) further investigated the evolving interface between carbon steel
and bentonite during anaerobic corrosion processes. Their research focused on the chemical
changes and microstructural evolution at the steel-bentonite boundary, which is critical for
understanding how corrosion processes are affected by the interface between steel and bentonite
over time. This study adds to the body of knowledge regarding the dynamic nature of the
corrosion process and the evolving role of bentonite as a buffer material. The mechanism of
scaling of the calcite (Zhu et al., 2019) near corroding surfaces is not clear and this could be the
subject of thermodynamic based modelling calculations; an initial consideration of calcite
stability in bentonite containing corroding steel is described by (Hunter, 2007). A recent study
on samples of bentonite removed from other in situ corrosion experiments (Kiczka et al., 2024)
(Febex) using a range of analytical techniques. It showed that although iron corrosion products
were released into the bentonite, the change in bentonite properties was primarily due to
precipitation of iron minerals/hydroxides, including magnetite and goethite, rather than any
mineralogical changes to the clay.

In more recent research, (Wersin et al., 2023) conducted in situ microscopic and spectroscopic
analyses on steel-bentonite interface samples, providing detailed insights into the corrosion
processes occurring under real-world conditions. Their findings contribute to a deeper
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understanding of how steel and bentonite interact in the complex environment of geological
repositories. Similarly, (Hesketh et al., 2023) compared carbon steel corrosion rates in bentonite
buffers under both in situ and ex situ exposure methods. Their results showed that the corrosion
rate was not significantly affected by varying the density of compacted bentonite blocks, whereas
granular bentonite led to a higher corrosion rate. This finding is important for optimizing the
design of bentonite buffers in disposal environments, as it suggests that the physical form of
bentonite can influence the extent of corrosion.

Together, these studies provide a comprehensive view of the corrosion behavior of steel in the
presence of bentonite, highlighting the importance of environmental factors such as microbial
activity, pore water chemistry, and the physical properties of bentonite. The research underscores
the need for a detailed understanding of how bentonite behaves in contact with steel over time
and how it can influence the long-term integrity of steel canisters in geological disposal
environments. This knowledge is essential for improving the design and safety of nuclear waste
disposal systems, ensuring that they remain secure for the thousands of years required to contain
radioactive waste.

1.3.3.2 Bentonite alteration due to iron corrosion

All the experiments on the corrosion of carbon steel in bentonite have demonstrated that there is
an interaction between the corroding carbon steel and the surrounding bentonite, with iron ions
moving into the surrounding bentonite. The corrosion of carbon steel canisters in anoxic
conditions in bentonite is a complex process that involves the formation of corrosion products,
such as iron sulfides and silicates, which have both detrimental and beneficial impacts on the
long-term performance of high-level radioactive waste repositories. While the corrosion of the
canister may degrade its structural integrity, the iron corrosion products may act to enhance the
barrier function of the bentonite by creating additional physical and chemical barriers to
radionuclide migration. Furthermore, the migration of ferrous ions into the bentonite can lead to
mineralogical changes that affect the ion-exchange capacity and swelling behavior of the clay,
influencing the pore structure and thus the impact on ion diffusion. Understanding these
interactions is crucial for the accurate prediction of the long-term safety of geological disposal
systems for radioactive waste. Further research into the specific geochemical interactions
between corrosion products and bentonite is needed to refine safety models.

Some studies focused on chemical interaction between carbon steel and bentonite at different
experimental conditions. (Wersin et al., 2021a) explain interaction of iron with bentonite affect
it’s swelling and sealing properties due to redox reaction and alteration. Samples were analyzed
by different analytical methods and it was found that corrosion induced an iron front of 5-20 mm
into the bentonite, except for the high-Fe bentonite where no Fe increase was detected. The Fe
fronts consisted mainly of ferric (oxyhydr) oxides in addition to the structural Fe in the smectite
fraction, which had been partially reduced by the interaction process. Additional Fe (I1) extended
further into the clay, but its nature is still an open question for investigation. Here mostly the
bentonite alteration is because of the reduction of structural iron. Such behavior can be explained

27



by redox evolution, which shifts from oxidizing to reducing conditions during exposure. Fe(ll)
sorption edges and isotherms have been measured on natural montmorillonites having low and
high Fe content under anoxic and reducing conditions. Under anoxic conditions Fe(ll) sorption
on high structural Fe-content montmorillonites was significantly higher than on low structural
Fe-content montmorillonites , whereas the sorption under reducing conditions was essentially the
same (Soltermann et al., 2014).

Early work from (Alzamel et al., 2022) showed chemical and micro structural changes of the
materials can change important operational properties of the surrounding bentonite, such as
hydraulic conductivity and swelling capacity. Since these properties are integral to the
performance of the bentonite, it would be desirable to understand these factors in more detail.
This could be achieved by applying analytical techniques to experiments that have been running
for many years, together with setting up new cells to generate material in the presence of high
concentrations of iron ions, then applying standard techniques to measure the relevant physico-
mechanical processes. This should be coupled with continued mineralogical analysis to examine
the extent of any changes in the composition and microstructure of the surrounding bentonite.
This approach applies equally to laboratory experiments and material removed from in situ
experiments. It has been shown that iron ions released by corrosion penetrate into the surrounding
bentonite, but the chemical state of the iron is still not fully characterized. One technique that has
great potential for investigating this phenomenon is the use of synchrotron-based techniques
(Finck et al., 2023), such a XANES and XRF to map the distribution of metals near the surfaces
of the corroding surfaces. This would apply to both iron and copper. Ideally, this analysis should
proceed by analyzing samples that are removed after certain increasing time intervals to enable
the evolution of the interface to be characterized. The alteration induced by bentonite metal
interactions did not alter the di octahedral structure of the montmorillonite nor introduced
mineralogical changes. Bentonite was stained a red-brown color extending ~1 mm from the
carbon steel surface, which is coincide with an increased iron concentration observed in Grimsel
in-situ experiment bentonite samples after 394 days exposure (Reddy, Padovani, Rance, et al.,
2021).

1.3.3.3 In situ iron corrosion experiments

In order to validate laboratory experiments about corrosion behavior of canister materials in
geological based environment it is necessary to carry out experiments (In-situ) under conditions
that simulate those expected in reality with similar as possible. There are two different in-situ
underground on-going laboratory experiments operated in Switzerland by Nagra. One of them is
carried out at Mont Terri and other is at Grimsel underground research laboratories. A significant
contribution regarding in-situ experiment was made by literature (Diomidis & Reddy, 2021),
based on the IC-A experiment at the Mont Terri Underground Research Laboratory to study the
long-term anaerobic corrosion rate of carbon steel in compacted bentonite. This study provided
crucial data for predicting the lifetime of steel canisters and explored the impact of bentonite on
microbial activity, including microbial influenced corrosion (MIC), a key factor that can
accelerate steel degradation in geological environments.

28



Here in Mont Terri underground research laboratory experiment after 20 months of exposure,
corrosion coupons and bentonite were analyzed. The corrosion rate measured by weight loss, was
in the range 1.5-3.5 um/yr and affected by the density and initial form of the bentonite, with the
lowest corrosion rates observed in the highest density, fully compacted bentonite. The grade of
carbon steel and the presence of welds had a minor effect on corrosion rate. The smallest effect
on the corrosion rate of the weld material occurred in the highest density bentonite, and the
greatest effect occurred in the pellet-based bentonite, with the base metal showing the lowest
corrosion rates and the deep weld metal showing the highest corrosion rate. Here, corrosion
product mainly consists of magnetite. The bentonite adjacent to the metal was finer grained, more
dispersed and enriched in iron. Aerobic, anaerobic and sulphate reducing bacteria were identified
both in the pore-water surrounding the modules (Smart et al., 2017).

The anaerobic corrosion behavior of candidate disposal canister materials in compacted bentonite
exposed to natural granitic porewater containing native microbial populations was studied at
Grimsel test site in the materials corrosion test long term experiments (Reddy, Padovani, Rance,
et al., 2021). The approach taken for design and operation of the experiments was similar to that
of Mont Terri experiments, the main difference is that Grimsel experiment was in granitic
geology rather than opalinus clay environment (Mont Terri). In this experiment after 394 days
exposure, some coupons were characterized, each with different bentonite density. The corrosion
rate of carbon steel was around ~2 um/yr and was not much affected by the bentonite density
(1250 kg/m® or 1500 kg/m®). The carbon steel/bentonite interface was a mixture of corrosion
products consisting of magnetite, hematite and traces of Fe-S compounds. The corrosion rate
obtained in this in-situ experiment is similar to that of Mont Terri experiments.

Overall, these two in situ experiments have provided valuable information about behavior of
candidate canister materials in a bentonite buffer material under conditions very close to this
expected in a real geological disposal repository.
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2. Experimental

2.1 Materials and Chemicals

2.1.1 Chemicals

All sample preparation and handling was performed in an Ar-filled glovebox with O, and H.0O
content below 10 ppm at 22 + 3°C. Ultrapure water (MilliQ system, 18.2 MQ/cm at 25°C) was
used to prepare synthetic Grimsel ground water (Table 1), which was further purged with Ar for
5 hours to remove traces of CO, and O prior storage in the Ar-filled glovebox. All other
chemical used in the work are mentioned in Appendices section.

Table 1 Recipe of synthetic ground water (**Alexander et al., 2009”).

Ground water content Values

CaCl.2H;0 11.760 mg

NaF 1.43 mg

Na2SO4 8.52 mg

NaHCOs3 2.45 mg

Si standard sol with 0.5M NaOH 20.2 mL volume

HCI 9.9 mL volume

MQ water Rest to make 1 liter volume

All experiments were performed with MX-80 bentonite and synthetic Grimsel groundwater
(composition in Table 2) to allow comparison with results from the in situ MaCoTe experiment at
the Grimsel Test Site. Corrosion experiments were performed in 100 g/L bentonite suspension to
allow in situ pH and En measurements at the end of the experiments. Metallic coupons were used
in all experiments and the ratio exposed metallic surface area to volume of suspension was kept
constant.

Table 2 Composition of the synthetic Grimsel groundwater (in mg/L) used in all experiments (*calculated from the amount of
added salt). pH =9.80 £ 0.10 and Eh = 115 + 50 mV (vs S.H.E.).

lon Na Ca Si F Cl SOy CO3

mg/L 242.0 2.9 17.3 0.6 309.5 5.7 1.8*
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Table 3 Results from the XRD analyses of the Wyoming MX-80 material (+x is uncertainty) (*Karnland, 2010”).

MX-80 Bentonite % of total mass (average)
Montmorillonite 81.4(+2.5 0r -1.9)
llite 0.8(+0.1 or -0.1)
Calcite 0.2(1.1 or-0.2)
Cristobalite 0.9(+1.6 or -0.9)
Gypsum 0.9(+0.5 or -0.2)
Muscovite 3.4(+1.70r-1)
Plagioclase 3.5(+1.2 or -1.2)
Pyrite 0.6(+0.3 or -0.3)
Quartz 3.0(+0.8 or -0.5)
Tridymite 3.8(+1.3 or-2.1)

Table 4 Results from the XRD analyses of the GMZ bentonite material (xx is uncertainty) (Shao et al., 2024).

GMZ Bentonite % of total mass
Montmorillonite 75(x2)
Quartz 12(x1)
Cristobalite 7(x1)
Feldspar 4(x1)
Calcite 1(x1)
Kaolinite 1(x1)

2.1.2 Bentonite slurry Equilibration

Experimental design is carried out for four different candidate materials at two temperatures i.e.
room temperature (25°C) and elevated temperature (50°C) using 100 g/L equilibrated MX-80
bentonite slurry for 3, 6 and 9 months at room temperature and 3 and 6 months at 50°C under
static conditions, and 3 and 6 months at 25°C and 50°C for dynamic conditions.

Table 5 MX-80 Bentonite slurry equilibrium indicating pH, Eh and ions concentration (+x is uncertainty) during 4 weeks.

Time Enw.r.t
Sample | (weeks H SHE lons concentration (mg/L)
) P (mv) Na Si Ca Cl S04 F
Slurry- 1 7.9 214 434.2 13.0 6.4 434.5 400.3 1.1
A (£0.5) (£50) (3.6) (0.6) (1.2) (21.7) | (20.0) (0.2)
Slurry- 2 8.0 207 479.8 12.9 8.4 416.1 552.5 1.2
B (£0.5) (£50) (2.0) (0.7) (0.6) (20.8) | (27.6) (0.2)
Slurry- 3 8.1 242 507.9 12.8 9.0 440.1 547.8 1.2
C (£0.5) (£50) (1.6) (0.7) (1.2) (22.0) | (27.4) (0.2)
Slurry- 4 8.2 244 520.0 12.8 9.1 460.5 595.6 1.4
D (£0.5) (£50) (1.2) (1.6) (0.9) (23.0) | (29.7) (0.2)
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Equilibration of bentonite slurry was almost achieved around 30 days (after 4 weeks). Every
week sampling was done (phase was separated using ultracentrifugation at 50000 rpm), in situ pH
and En measured and the concentration of cations and anions determined by ICP-OES and IC up
to 30 days. All experiments were performed under anoxic conditions in glove box (Ar
atmosphere).

2.1.3 Metallic coupons
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Figure 7 Polished metallic coupons of all four investigated materials.

Four types of metallic coupons were used in these corrosion experiments, which were obtained
from different commercial suppliers. The steel specimens (coupons) were cut from a block of
steel to obtain dimensions of 4 mm x 20 mm x 8 mm for static experiments and of dimension 4
mm X 8 mm x 8 mm for dynamic experiments. In order to reach defined and low initial
roughness, all sides of each coupon were grinded on 500, 800 and 1200 SiC papers (Struers,
Knuth-Rotor 3) and polished with diamond containing paste up to % pm (Buehler, Ecomet 1
Polisher). Two sets of each metallic coupon were prepared for the experiments.

Considering wearing action during handling of canisters for disposal, one set of SS and CS
metallic coupons were subjected to scratch on their surface using cylindrical block of concrete
(composite material) having high surface roughness. There are 5 to 10 scratches applied on the
polished SS and CS coupons surface that lead to increase surface roughness in that region as
evidenced by AFM. After polishing, ultrasound with ethanol was used to remove impurities; the
samples were dried, weighted and put into an Ar glove box to avoid oxidation. The initial state of
the coupons was examined by various analytical techniques like AFM, SEM-EDX and XRD to
obtain an overview of the initial surface. The chemical composition of the steels according to the
certificates provided by the manufacturers is shown in (Table 6).
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Table 6 Elemental composition in wt. %, as indicated on the inspection certificate DIN EN 10204/3.1, of SGI, Cu-Ni alloy, SS and
CS used in the corrosion experiments.

Material C Si Mn P Mg Cr Mo Cu Ni Fe
Cu-Ni <0.01 - 095 <0.01 - - - Bal. 3043 0.68
SGI 3.46 339 029 0.04 0.05 0.04 - 0.04 - Bal.
SS 0.53 1.60 074 <0.01 - 0.18 - - 0.22 Bal.
Cs 0.17 029 159 <0.01 - 0.06 002 0.05 0.75 Bal.

2.2 Autoclave static experiments

Corrosion experiments were performed using two different setups. In the first more traditional
approach (autoclave experiments), coupons were in contact with the bentonite suspension in a
closed vessel and left to react. These experiments are referred to as under static conditions. The
static corrosion experiments were performed in autoclaves, which are tightly closed vessels. The
autoclaves are small reactors consisting of a stainless steel body, a Teflon and tantalum internal
liner (tantalum is a highly corrosion resistant metal), fluorocarbon rubber Viton O-ring, underlid
steel plate and a stainless steel lid (Finck et al., 2023). The tight closing is ensured via Six
screws. For experiments at elevated temperature, in order to avoid the overpressure during the
corrosion process, some of the autoclaves were modified and the lid was fitted with a manometer
and an overpressure relief valve. The coupons were placed on a PTFE (Teflon) stand and put
inside the autoclaves.

By 0N L

Figure 8 The autoclaves setup with fittings (left) for 25°C and (right) side for 50 °C for static experiments.
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Two polished coupons were placed onto each PTFE stand and fully submerged in the 50 mL
MX-80 bentonite slurry, not touching the bottom and not touching each other to avoid galvanic
corrosion. The total volume of the autoclave was 90 mL and suspension filled up to 50 mL, so
there is additional free space left above the suspension in which gas phase may be formed. The
pH and E;, were measured in-situ and the autoclaves were closed inside the Ar glovebox. Prior to
use in corrosion experiments, the PTFE stand for the coupons was washed with 0.1 M NaCl at
70°C for one week in oven to wash out fluorine from PTFE. Before the experiments, all
autoclaves were thoroughly cleaned with iso-propanol. Prior the filling of the autoclaves, the
polished coupons were weighted. Static corrosion experiments were performed at room
temperature (25°C) and elevated temperature (50°C). At room temperature, vessels were standing

Figure 9 Static experiments on the left at25°C and right side at50 °C for 3 and 6months.

in the Ar-box. For the experiments performed at elevated temperature, a different setup was used.

Two aluminium blocks with four holes each to fit the autoclaves was manufactured and set onto
heating plates with dimensions of 215 x 215 mm?. Total 8 autoclaves could therefore be heated
simultaneously on two heating plates. The whole setup was carefully isolated by an additional
block of Teflon leaving the bottom free for cooling of the heating plate. A hole was made in the
aluminium and Teflon to accommodate the heating element for the temperature control. The
uncertainty for the temperature in the autoclave was determined as 50 + 2°C.

The set of 9 autoclaves without manometer at room temperature and 8 autoclaves mounted with
manometer at elevated temperature on heating plate were used, in which the static experiments
were run batch wise in various configurations of metal coupons, temperatures and exposure as
summarized in Appendices. Experiments at different temperatures allow the observation of the
temperature effect on the corrosion rate, while the different exposure times aid observation of the
corrosion front progress (dissolution enhanced) and possible corrosion phases transformation as
well as determination of the corrosion rate. At room temperatures, contact times were 3, 6 and 9
months, and at elevated temperature contact time was 3 and 6 months. In CuNi corrosion
experiments using this setup, the sulfide content could not be changed over time so that a defined
starting concentration of 3 uM was used. In SGI corrosion experiments, hematite was added as
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0.5 wt. %. At the end of the static experiments at elevated temperature, the heated autoclaves
were first cooled down to room temperature inside the argon or nitrogen filled glove box. Once
all autoclaves are opened, E;, and pH measurements were carried out in in-situ conditions prior to
the removal of the coupons at room temperature for all the samples. In order to study effect of
type of bentonite on corrosion behavior of carbon steel, a different series of static batch
experiments were performed using GMZ bentonite at room temperature for 3, 6, 9 and 12 months
and at elevated temperature for 3 and 6 months. All experimental setup was similar like MX-80
bentonite static experiments instead here GMZ bentonite was used.

2.3 Diffusion cells dynamic experiments

In the second approach, experiments were performed using a reactor having one inlet and one
outlet and will be referred to as under dynamic conditions. Dynamic experiments setup testing
was carried out outside the glove box at room temperature to check how it works under given
conditions and to calibrate pump and monitor the flow rate. After checking, dynamic experiments
were performed inside glove box under anoxic conditions at room temperature and elevated
temperature (Figure 11) for three and six months. Due to some technical reasons there is little
change in the design of experiment in terms of amount of bentonite (initially planned were 35
cm?® at a dry density of 1.25 g/cm®) but selected 100 g/L bentonite slurry was used in static
experiments, for better comparison between two experiments (static and dynamic) under similar
conditions. Dynamic experiments was carried out to investigate the corrosion behavior of
candidate materials under flowing conditions. All metallic coupons, ground water and MX-80
bentonite slurry are the same as used in static experiments.
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Figure 10 Peristaltic pump on (left side) and reactor set up on (right side) for dynamic experiments.
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Figure 11 Dynamic experiments on the left side at elevated temperature (50°C) and right side at room temperature (25°C).

For 3 and 6 months Here one coupon per reactor (made of stainless steel body) having PTFE
inner liner was used and metallic coupons having 8 mm x 8 mm x 4 mm dimension. As shown in
the above (Figure 10) equipment like tubing, connectors, peristaltic pump, reactor vessels, filters
and O-rings were used in dynamic experiments. Volume of vessel is 3.36+0.04 mL vessels were
filled with 3.10 £ 0.05 mL MX-80 bentonite slurry having 100 g/L concentration. Metallic filters
of 316L stainless steel (Tridelta-Siperm GmbH, Germany) having a mean pore size of ~7 pm
were placed at both ends of reactor to avoid clogging and coming out of bentonite slurry during
experiment. At inlet and at outlet, reactors were connected to tubing made of PEEK (polyether
ether ketone). The peristaltic pump (Minipuls 3, Gilson) pumps water from reservoir to vessel
and is collected at outlet.

Here flow rate measured was in the range from 2+0.5 to 3+0.5 pL/min at 0.05+0.02 rpm pump
speed. The water was collected at specific time intervals at the outlet and weighed to determine
the precise flow rate. Dynamic experiment was carried out for 3 and 6 months contact time with
all similar material coupons and similar experimental conditions. During the experiments ground
water was collected (sampling) after every two weeks for three months experiments and after 4
weeks for six months dynamic experiments. Ground water analysis carried out for inlet ground
water and collected outlet groundwater from the reactor (diffusion cell). Two series of dynamic
experiments were performed with different reaction time (3 and 6 months). In dynamic
experiments for cupronickel coupons an addition of sulphide in groundwater was carried out
(stepwise increase) compared to static experiments. For reaction time of 3 months, sampling was
carried out after 4, 5, 6, 8, 10 and 12 weeks. In CuNi corrosion experiments using this setup, the
porewater initially contained no sulfide until week 6, then 1 umol/L until week 8, subsequently 2
pmol/L until week 10 and finally 3 pmol/L until week 12. In SGI corrosion experiments,
hematite was added as 0.5 wt.%. Second series was performed for six months reaction time
where sampling was carried out after 6, 10, 14, 18, 22 and 26 weeks. Here in CuNi corrosion
experiments, the pore water initially contained no sulfide until week 10, then 1 pumol/L until
week 18, subsequently 2 pmol/L until week 22 and finally 3 pmol/L until week 26. In case of
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SGI corrosion experiments, hematite was added as 0.5 wt. % in the beginning of the experiment.
Applied transient condition evidenced the effect of sulphide on copper corrosion and addition of
a-hematite on SGI corrosion was also verified by performing parallel experiment without sulfide
addition for CuNi and without hematite addition for SGI coupons. pH and En measurements were
carried out in in-situ conditions for out coming groundwater for fixed time interval (3 and 6
months). During measurement ground water was not in contact with metal coupons and all
measurements were carried out at room temperature inside Ar box.

At the end of static experiments, coupons were subsequently taken out, the excess bentonite
suspension and out coming ground water from in-situ dynamic experiments was collected in 10
mL vials and underwent ultracentrifugation at 50,000 rpm for one-hour using ultracentrifuge.
After that, the supernatant was collected and examined for concentration of dissolved metal
cations and anions by using the ICP-OES/MS and IC techniques. From all batch experiments the
corroded coupons were quickly blown dry inside glove box and then all coupons were taken for
XRD, XPS followed by SEM/EDX measurements. For six months dynamic experiments on few
(six) bentonite samples XAS analysis was also carried out, which gave information about
alteration of bentonite due to corrosion and presence of secondary phases in the altered bentonite.
Bentonite digestion with HF and then concentration determination using ICP-MS was also
carried out to know concentration of elements in altered bentonite due to corrosion experiments.

2.4 Analytical methods for liquid phase analysis

2.4.1 pH Measurements

Thermo Scientific Orion dual star pH/ISE meter is used to measure in-situ pH of the bentonite
slurry in static batch experiments and in-situ pH of the out coming ground water in dynamic
batch experiments. The pH/ISE meter is connected with Metrohm solitrode pH electrode with
reference electrolyte 3M KCI. All the steps regarding pH measurements like its calibration and
in-situ measurements were performed in Ar gloveboxes at room temperature. The pH electrode
was conditioned in 0.5 M HCI solution for 10 minutes, stored in 3 M KCI solution and rinsed
with deionized water prior every use. The pH electrode was calibrated using reference buffer
solutions at pH 4.01, 7 and 10.01 (Orion Application Solution) prior pH measurement. No buffer
additions or pH adjustments were performed in the corrosion studies for static and dynamic
experiments at elevated temperature. Orion application buffer solutions were used for calibration
throughout all in-situ pH measurement; the three buffer solutions selected for calibration
purposes are shown in Appendices.

The pH was measured about 30 to 60 minutes for each sample in static and dynamic experiments
to allow stabilization. As the pH electrodes were not mounted on the autoclaves, it was not
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possible to measure the in-situ pH at 50 °C, but only after cooling down at room temperature.
The pH uncertainty at room temperature was determined as +0.05 unit after repeated
measurements and calibrations at various times. The value for the maximum uncertainty for the
recalculated pH was estimated as +0.5 unit. Corrections were not applied apart of uncertainty in
any pH measurements.

2.4.2 E, Measurements

Thermo Scientific Orion dual star ISE/pH meter is used to measure the redox potential (En) of
bentonite slurry and groundwater in both static and dynamic batch experiments. The redox
potential is an indicator of the solution’s oxidizing or reducing conditions. Measurements are
made using two different electrodes: a silver/silver chloride (Ag/AgCl) electrode combined with
a platinum or gold electrode, both of which have a 3 M potassium chloride (KCI) reference
electrolyte. To convert the measured En values to standard hydrogen electrode (SHE) potential, a
standard offset of approximately +210 mV is added to the readings, based on established
literature guidelines. This allows the results to be consistent and comparable with SHE based
measurements. Before each measurement, the electrodes are calibrated and tested using a
standard buffer solution with a known potential of +220 mV against En electrode. Any deviations
from this standard (typically below 10 mV) are corrected in the final En values. Measurements are
taken without stirring for up to an hour, allowing the potential to stabilize with a drift rate below
0.5 mV/min to ensure accuracy.

While all En values are reported relative to the SHE, temperature adjustments to En are not
straight forward because the exact influence of dissolved ions and species on the redox potential
isn’t fully characterized in this system. Additionally, the study takes into account possible liquid
junction potential differences, which should not exceed 50 mV, as suggested (Barry, 1994;
Yalcintas et al., 2015). Here care should be taken about potential sources of measurement
variability, such as calibration offsets, temperature effects, and liquid junction potentials, to
ensure reliable En measurements in the experimental setup.

2.4.3 I1CP-OES Measurements

In all batch experiments, composition of the pore water basically cations was determined by
Inductively coupled plasma optical emission spectroscopy (Optima8300DV, Perkin Elmer) which
is a powerful tool to quantify dissolved elements at low concentrations in particular. ICP-OES
measurement were carried out after ultracentrifugation for 1 hour at 50,000 rpm of bentonite
slurry in static experiment and pore water in dynamic batch experiment using a Beckman Coulter
XL-90 K ultracentrifuge. Sample preparation is done inside the Ar box under anoxic conditions at
room temperature where 0.5 ml of groundwater is mixed with 4.5 ml of 2% HNO3 with dilution
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factor of 10, so the total volume of ground water is 5ml. ICP-OES shows the advantage to be able
to handle moderately high ion (salt) concentrations in solution.

It is a robust method, and is mostly used for ground or wastewater analysis (Olesik, 1991;
Scientific, 2020). This technique enables the detection of multiple elements simultaneously with
high sensitivity and precision, making it suitable for analyzing trace metals and other ions present
in environmental samples like bentonite slurry and groundwater. More detailed information about
working principle and other details about ICP-OES can be found in the literature (Gey, 2008;
Ritgen, 2023). Obtained results have some uncertainty in the measurements, which depends on
the sensitivity of the instrument for each element.

2.4.4 1CP-MS Measurements

In all batch static and dynamic experiments, ICP-MS (NexION 5000 multi quadrupole) technique
was used to measure the composition of pore water for the elements like Cu, Ni and Fe (few
samples) which are below detection limit for ICP-OES measurements. Sample preparation
adopted here was same as like for ICP-OES measurements after ultracentrifugation of pore water.
The amount of Cu, Ni and other elements sorbed on the bentonite during exposure for 6 months
dynamic experiment was also determined using ICP-MS method. Here sample preparation was
done by digesting a low amount (few milligrams) of dry bentonite into hydrofluoric acid (HF)
and then acidified using nitric acid prior to measurements. There are always some uncertainties
associated with measurements, which is under acceptable limits.

The Inductively Coupled Plasma (ICP) is an ionization source that fully decomposes a sample
into its constituent elements and transforms those elements into ions. It is typically composed of
argon gas, and energy is "coupled” to it using an induction coil to form the plasma. Inductively
coupled plasma mass spectrometry (ICP-MS) is an elemental analysis technology capable of
detecting most of the periodic table of elements at milligram to nanogram levels per liter. ICP-
MS provides highly sensitive, accurate, and reliable quantification of trace elements in corrosion
samples, essential for understanding elemental interactions within the bentonite slurry and
groundwater systems in batch experiments. This data is crucial for evaluating potential
contaminant (ground water) mobility and understanding geochemical behavior in these
experiments.

2.4.5 1C Measurements

lon chromatography (IC) is a process that allows the separation of ions and polar molecules based
on their charge. It can be used for almost any kind of charged molecule. Here it is used to
measure the amounts of dissolved anions in the pore water in static and dynamic experiments. IC
measurements was carried out using (ICS-3000, Thermo Scientific) instrument which comprises
an auto sampler, gradient pump and chromatography detector module with an electrochemical
detector. IC measurements were carried out after ultracentrifugation of bentonite slurry in static
experiment and pore-water in dynamic batch experiment using (Beckman Coulter XL-90 K) ultra
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centrifuged for 1 hour at 50,000 rpm. Sample preparation is done inside the Ar box under anoxic
conditions at room temperature.

Two types of samples were prepared for each supernatant, where first sample is without dilution
having a volume of 1mL of supernatant (ground water) for fluoride determination, and the second
sample was (diluted) 10uL ground water mixed with 990 pL of MilliQ water, so the total volume
of sample is 1mL for chloride and sulfate contents determination in the pore water. IC
measurements provide a detailed profile of dissolved ions in the experimental solutions, essential
for monitoring the ionic composition and understanding chemical changes during interactions
between bentonite slurry and metal ions. These insights help assess the geochemical stability and
behavior of the ions involved in the study.

2.5 Analytical methods for solid phase analysis

2.5.1 AFM

Atomic Force Microscopy (AFM) is a powerful technique to measure the topography of a sample
surface at the nanoscale. The advantageous aspect of AFM is the use of a physical probe to
determine the surface features of samples in contrast to light based microscopes, which are
restricted to micro scale resolution levels, due to wavelength constraints. It operates by scanning
a sharp nano tip attached to a small cantilever over a sample surface. As the tip approaches the
surface by contact or tapping mode, various forces (like van der Waals forces, electrostatic
forces, and chemical bonds) cause the cantilever to deflect. This deflection is measured to create
a detailed topographic map of the surface. Atomic force microscopy (Cypher VRS1250, Oxford
instruments) determines an average surface roughness; it was applied on the initial coupon
surfaces. The RMS (root mean square) roughness was evaluated for all four polished unscratched
and two surface scratched (carbon steel and spring steel) coupons. Here only one initial batch of
coupons was analyzed exemplarily.

2.5.2 SEM, SEM-EDX and EBSD

Scanning electron microscopy (SEM) is an electron based analytical technique, where electrons
are emitted as a beam from a so-called electron gun and then narrowed to a dimeter of about 0.4-
5 nm, defining the maximum resolution of the images. All corrosion coupons were prepared in Ar
box under anoxic conditions and then they were transferred to SEM. For a short time during
transferring from anoxic sample holder to SEM instrument, samples were exposed to the
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atmosphere. Information on morphology and chemical composition of corroded coupons and
secondary phases was provided by scanning electron microscopy (SEM, Quanta 650 FEG, FEI)
and energy dispersive X-ray spectroscopy (EDXS, Thermo Scientific NORAN System 7
equipped with UltraDry™ silicon drift X-ray detector, Pathfinder X-ray microanalysis software
v2.8).

The resolution is 1.2 nm at 30 kV, and 0.9 nm at 20 kV for mentioned microscopes, respectively.
Electron micrographs were recorded either in backscattered electrons (BSE) or in secondary
electrons (SE) mode. For selected corroded CuNi specimens, complementary electron backscatter
diffraction (EBSD) analyses were carried out using a Crossbeam 350 KMAT (Zeiss) microscope
equipped with an Oxford Instrument AZtec EDX/EBSD system.

Formed secondary phases having sizes ranging from 100 nm to 250 nm, no further specimen
preparation method (e.g., surface coating) was used. EBSD patterns (Kikuchi patterns) were
acquired by Symmetry, S2 detector at a resolution of 622 x 512 pixels to ensure a good
compromise between angular resolution and acquisition time. The EBSD scans were optimized in
areas of 500 nm x 750 nm. Optimizing indexing parameters, including the Hough transform
parameters and number of reflections, a mean angular deviation (MAD) of 0.29° has been
achieved, enabling to index 10 out of 11 bands. The angle between surface sample and electron
beam was set to 20°, and the working distance to 13 mm. An acceleration voltage of 15 kV was
selected. Monte Carlo simulations (Casino 2.4.8 software (Demers et al., 2011)) using 15 keV
primary electrons showed that backscattered electrons are generated from a depth up to 150 nm at
perpendicular incidence of electrons, which results in around 51 nm for the tilt angle of 20°,
ensuring negligible contribution from the CuNi substrate. EBSD patterns were recorded and
analyzed using the AZtec 6.1 (HF1) software (Oxford Instruments).

2.5.3 XPS

XPS measurements were performed to get information on chemical composition and element
speciation of all corrosion coupons by using a PHI 5000 Versa Probe Il (ULVAC-PHI Inc.)
spectrometer equipped with a scanning microprobe X-ray source (monochromatic Al Ko (1486.7
eV) X-rays) in combination with an electron flood gun and a floating ion gun generating low
energy electrons (1.0 eV) and low energy argon ions (6 eV) for charge compensation at isolating
samples (dual beam technique), respectively. All samples from corrosion experiments were
mounted inside an Ar glovebox on a sample holder using isolating tape (floating ground of the
sample). The sample holder was placed inside a gas-tight transfer vessel and moved into the XPS
without air contact.

Survey scans were recorded with an X-ray source power of 25 W and pass energy of 187.85 eV.
Narrow scans of the elemental lines were recorded at 23.5 eV pass energy which yields an energy
resolution of 0.69 eV FWHM at the Ag 3ds2 elemental line of pure silver. Calibration of the
binding energy scale of the spectrometer was performed using well-established binding energies
of elemental lines of pure metals (monochromatic Al Ka:Cu 2p3. at 932.62 eV, Au 4f7, at 83.96
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eV). The C 1s elemental line of adventitious hydrocarbon at 284.8 eV was used for charge
referencing, which corresponds to a binding energy of Si 2p of bentonite at 102.9 eV. Atomic
concentrations are calculated from the areas of elemental lines (after Shirley background
subtraction) of survey spectra using sensitivity factors of the elemental lines, asymmetry
parameters, and transmission function of the analyzer. Relative error of atomic concentrations is
within £ (10-20) %. Narrow scans of elemental lines were recorded for determination of chemical
shifts and spectral features. Data analysis was performed using ULVAC-PHI MultiPak Version
9.9.3.

2.5.4 XRD

X-ray diffraction (XRD) is a primary technique for determining the composition and crystalline
structure of mineral samples. In XRD, a sample is illuminated by an X-ray beam. The scattering
of the X-ray beam by the sample is influenced by the spacing between the atoms in the crystal
lattice, which is similar to the wavelength of the X-rays.

X-ray diffactograms were recorded on a D8 ADVANCE (Bruker AXS, Germany) diffractometer
equipped with a Cu Ka source and a Lynx Eye XE-T detector. Here X-ray diffraction was used to
characterize the crystalline secondary phases on the corroded steels. The redox sensitive
compounds and all corrosion samples were measured encapsulated in a special anoxic holder,
which was closed in an argon atmosphere. The measurement was performed in angles of 26
ranging from 2 to 80° with an incremental step of 0.015° and a measurement time of 0.700s per
step. This duration avoided the diffusion of oxygen and ensured anoxic conditions throughout the
measurement. Crystalline phases were identified by comparison with the PDF-2 database using
the DIFFRAC.EVA v5.0 software (Bruker AXS, Germany).

2.5.5 XAS (XANES) measurements

2.5.5.1 KIT Light Source, INE-beamline

X-ray absorption spectroscopy (XAS) comprise of irradiation and absorption of intense,
monochromatic X-Rays by the sample as a function of X-ray energy in the range of 0.1-100 KeV.
X-ray absorption near-edge structure (XANES) spectroscopy is a powerful well-established
technique which uses synchrotron radiation and provides information about electronic, structural
and magnetic properties of the materials. In XANES, an X-ray photon is absorbed, causing an
electron to be excited from a core level to an empty state. The photon energy must be similar or
exceed the binding energy of the core electron to induce this transition, opening a new absorption
channel as the photon energy is scanned. The resulting absorption edge, which corresponds to the
core-level energy, is unique to each element, making XANES an element-selective technique.
Thus XANES is an important tool for studying the mineral surfaces and adsorbents on the
mineral surfaces. Altered bentonite samples in contact with iron based (steels) coupons from six
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months dynamic experiments were characterized by application of synchrotron-based techniques
at the INE beamline (INE-BL) (Rothe et al., 2012) of the KIT (Karlsruhe, Germany) light
source. The measurements were completed in cooperation with the respective beamline scientists.
Corrosion of steel results in the production of ferrous ions that can either remain dissolved in the
porewater, sorbed at the surface of bentonite or precipitate as secondary corrosion products.
Preliminary results showed that under the prevailing weakly alkaline conditions the dissolved
amounts of Fe ions in the porewater are very low and comparable to that in the experiments
performed in the absence of coupon (i.e., bentonite suspension alone), suggesting that the
majority of Fe ions accumulate at or near to the coupon/bentonite interface. Information about
nature of neoformed corrosion product presence in altered bentonite was obtained by probing the
Fe K-edge by X-ray absorption spectroscopy (Finck et al., 2023). Linear combination fits (LCF)
to the experimental spectra using reference compounds can provide information about the nature
and proportions of Fe species. Such information is required to elucidate processes occurring at
the coupon/bentonite interface.

2.5.5.2 Sample preparation

Here few samples (six) were measured where one sample consist of bentonite without contact of
metal coupon (MX-80 bentonite) and other five samples consist of bentonite scrapped off the
coupon surface after 6 months exposure time from the dynamic experiments namely polished SGI
corroded at 25°C, polished SGI corroded in the presence of hematite at 25°C, polished and
subsequently scratched CS corroded at 25°C and at 50°C, and polished and subsequently
scratched SS corroded at 50°C. Most of the reference compounds needed for LCF are already
available from earlier investigations (Finck et al., 2023).

Samples were prepared by placing the altered bentonite as shown in Figure 12 in airtight holders
equipped with Kapton® windows, which are subsequently inserted in cells allowing to flush with
N2 gas to ensure anoxic conditions during the measurements (available at the Institute). The
sample preparation and encapsulation took place inside an argon glovebox. This setup (six
samples in one cell) was transported to the INE beamline (Rothe et al., 2012) where the
measurements were done under continuous nitrogen flow.
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Figue 12 Altered bentonite sample encapsulated in an anoxic cell built for XAS measurements.

2.5.5.3 XANES measurements

Fe K-edge (Ere 15 = 7112 eV) XANES spectra (2-4 scans to achieve adequate signal-to-noise
ratio) were recorded on the solid phase at the INE-BL with the DCM equipped with a pair of
Si(111) crystals, and with an X-ray beam of standard size. The energy was calibrated against a
metallic Fe foil and spectra were recorded in fluorescence yield detection mode using the
available solid-state detector.

2.5.5.4 Data evaluation

Data evaluation gives information about the nature of Fe-bearing phases present at the
coupon/bentonite interface, and thus allowed determining the nature of the reactions associated
with metallic corrosion upon exposure to bentonite. The collected data were analyzed following
standard procedures using Athena (Demeter version 0.9.26) software (Ravel & Newville, 2005).
Structural information was obtained by applying the LCF for the data fitting. For data fitting
using Athena software, the raw MX-80 bentonite scan (reference material) and other possible
iron based secondary phases which were selected as referenced compound based on sample pre-
characterization in the laboratory used for steel corrosion under similar conditions. Thus, Fe K-
edge XAS analysis give information about alteration of bentonite which was in contact with
metallic coupons during exposure and also helps in identification of secondary phases present in
the altered bentonite.
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2.5.6 Corrosion rate measurements

At last, in order to estimate corrosion rate of the corroded coupons, weight loss measurement is
carried out using ASTM G1-03 standard practice (International, 2003). The iron material based
coupons were dipped several times in a solution of 50 wt. % de-ionized water and 50 wt. % HCI
containing 3.5 g/L hexamethylenetetramine, which hinders dissolution of non-corroded steel
surface and only allows dissolution of the hydro (oxides) under acidic conditions (Bayol et al.,
2007). Cu-Ni alloy based coupons were dipped several times in the solution of 10 wt. % H2SO4
(specific gravity 1.84) and 90 wt. % de-ionized water. The mass of the coupons after cleaning is
compared to the initial mass and the difference represents the loss of material to corrosion. A
minimum of six cleaning cycles were performed for each coupon. The mass loss can then be used
to calculate a corrosion rate (CR) in m/a using below formula.

Where Am is the weight loss in kg, S is the surface area of the steel coupon in m?, ps is the steel
density and t is the exposure time in years. Weight loss measurement was carried out for all
coupons obtained from the static/dynamic experiments in fume-hood at room temperature. In this
study corrosion rate measurement was done using a procedure of graphical analysis based on
multiple cleaning cycles in order to extrapolate the actual weight loss due to corrosion from the
total measured weight loss. The graphical analysis method is outlined in 1SO 8407: 1991. The
values for corrosion rates derived by applying the graphical method described in ASTM G1-03
and ISO 8407: 1991 and using the above mentioned equation (18) were then compared with the
mean value of corrosion rates calculated for individual etching cycles. The difference of both
values was taken as a measure to estimate experimental uncertainties.

In this study the surface area of a coupon is well defined and consistent for each test. The
uncertainties, assuming errors obey a normal distribution, caused by the measurement of time,
mass, and surface area of the coupon. For samples corroded during 3 months in static
experiments, bentonite particles could not all be removed quantitatively from the coupons before
determining the weight loss, implying that in some cases corrosion rates overestimate the actual
value. For samples obtained from 6 and 9 months static, as well as 3 and 6 months of dynamic
experiments, care was taken to clean off all bentonite particles using isopropanol before
determining the weight loss.
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3. Results and Discussion

3.1 Corrosion of Cu-Ni alloy in MX-80 bentonite

3.1.1 Initial characterization

The examination of the initial sample surface was an important first step to allow observation of
the morphological changes as corrosion progresses. Figure 13 shows the SEM (SE mode) images
of polished non-corroded initial cupronickel coupon. SEM-EDX results show the chemical
composition of the selected point which focussed on the average surface area of coupon and their
results were shown in the (Table 7 & Table 8). Only one point was focused on the coupon
surface and the obtained composition of coupon had good match with the composition compared
to the certificate when looking at the composition of the bulk cupronickel alloy. Finally, the
surface roughness of the starting material was assessed by AFM. A value for the root mean
square (RMS) roughness of 15+ 2 nm was obtained for a scanned area of 20 x 20 pm?.

| polished 0@

Figure 13 SEM image on left side and surface roughness using AFM on right side of the initial Cu-Ni coupon.

Table 7 Composition of initial Cu-Ni coupon obtained by SEM-EDX before experiment with (+/- 3 Sigma) uncertainty.

Material /Atom % C (@] Al Mn Fe Ni Cu

Cu-Ni_point 1 7.5+06 2.1+0.6 0.5+0.2 0.9+0.4 0.9+0.4 28.7+1.0 59.5+1.6

Table 8 Chemical composition of the initial copper-nickel alloy with (+/- 3 Sigma) uncertainty.

Element / wt. % C (@) Al Mn Fe Ni Cu
Certificate 0.0 - - 0.9 0.7 30.4 67.9
EDX of overall surface 1.6+0.1 0.6+0.2 0.2+0.1 0.8+0.3 0.9+0.3 29.6+x1.1 66.3+1.8
point 1
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Figure 14 X-ray diffractogram of the initial Cu-Ni coupon before experiment (with air scattering effect).
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Figure 15 X-ray diffractogram of the initial Cu-Ni coupon before experiment (without air scattering effect).

The X-ray diffractogram of initial cupronickel coupon was shown in the (Figure 14 & 15). The
broadband in the (figure 14) around 20° two theta is due to absence of anti-scatter blade inside
the cap of anoxic holder. In (Figure 15) measurement was done in oxic conditions without
anoxic holder and air scattering effect was minimized by using an external motorized anti-scatter
blade. XRD analysis corroborates the presence of cupronickel alloy (PDF 47-1406) as primary
phase.
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3.1.2 Dissolved metal ions evolution

The quantification of the dissolved ions in the solution after ultracentrifugation at the end of the
static and dynamic experiments was done using ICP-OES, lon chromatography and ICP-MS
following the procedure for sample preparation described in methods section 2.4.3, 2.4.4 and
2.4.5. In case of cupronickel alloy, copper, nickel evolution is mainly due to cupronickel
corrosion whereas iron, silicon and aluminium evolution is due to clay dissolution. In addition,
silicon and aluminium are also the components of the pore water and simulated groundwater.
Dissolved amounts of copper, nickel, iron, silicon and aluminium during 3, 6 and 9 months static
experiments in presence of cupronickel coupons were shown in Table 9 and without coupons as
reference were shown in Table 10. For dynamic experiments dissolved amount of copper, nickel,
iron, silicon and aluminium during 3 and 6 months were shown below in Table 11 and Table 12.
For reference dissolved ions without metallic coupon for dynamic experiments was shown in
Table 13. Concentrations of other dissolved cations and anions are tabulated in appendices
section since such ions do not have significant effects and their variations lie within experimental
uncertainties.

Table 9 Dissolved amounts of Cu, Ni, Fe, Si and Al ions in the pore water solutions in contact with Cu-Ni coupons after 3, 6 and
9 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Cu Ni Fe Si Al
3months 25°C w/o sulfide 7 (6.5) 5(6.7) 38(5.4) 14900(1.0)  500(1.6)
3months 25°C with 3uM sulfide  21(7.3) 5(7.9) 71(5.6) 14800(0.8)  300(15)
3months 50°C w/o sulfide 9(7.1) 5(6.3) 32(5.5) 22100(1.3)  500(2.8)
3months 50°C with 3pM sulfide 8(7.1) 50(7.1) 289(4.8)  10400(1.5)  3940(1.6)
6months 25°C w/o sulfide 21(6.3) 9(8.3) 37(4.1) 15600(1.0)  700(4.5)
6months 25°C with 3uM sulfide  25(6.4) 11(6.2) 41(4.8) 15200(0.8) ~ 1500(2.4)
6months 50°C w/o sulfide 36(5.8) 43(5.6) 52(5.3) 24500(0.6) <100
6months 50°C with 3uM sulfide  37(5.8) 103(5.9) 526(4.3)  21900(1.5)  1900(11)
9months 25°C w/o sulfide 19(5.5) 10(5.2) 407(3.8)  18500(0.2)  600(4.9)
9months 25°C with 3uM sulfide ~ 23(6.0) 10(5.2) 156(3.8) ~ 17900(1.5)  800(2.6)

Table 10 Dissolved amounts of Cu, Ni, Fe, Si and Al ions in the pore water solutions without coupon after 3, 6 and 9 months
static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Cu Ni Fe Si Al
3months 25°C w/o coupon <10 - <10 14100(1.2) 2600(7.2)
3months 50°C w/o coupon <10 - 3900(1.9) 28000(0.6) 18500(0.6)
6months 25°C w/o coupon <10 - 600(1.9) 15600(1.2) 600(4.9)
6months 50°C w/o coupon <10 - <10 24800(0.2) <100
9months 25°C w/o coupon 38(7.0) 7(5.9) 64(7.3) 18500(0.1) 500(8.0)
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Table 11 Dissolved amounts of Cu, Ni, Fe, Si and Al ions in the ground water (solution) in contact with Cu-Ni coupons during 3
months-dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o sulfide (System)/ Cu Ni Fe Si Al
Amounts in pg/L

A (4 weeks) 15(6.7) 20(6.8) 516(4.5) 17600(0.8) 1200(5.7)
B (5 weeks) 5(7.5) 5(6.2) 332(5.3) 18600(1.8) 900(4.2)
C (6 weeks) 3(6.8) 3(7.7) 54(5.9) 18800(1.1) 1000(3.1)
D (8 weeks) 4(7.0) 2(12.1) 63(14.5) 17200(1.0) 300(6.2)
E (10 weeks) 10(6.7) 2(7.9) 167(5.2) 21500(0.4) 300(4.9)
F (12 weeks) 7(7.2) 1(10.9) 13(4.7) 21100(0.6) 200(4.1)
50°C w/o sulfide (System)/ Cu Ni Fe Si Al
Amounts in pg/L

A (4 weeks) 24(7.1) 43(7.9) 513(5.9) 18400(0.3) 1200(3.1)
B (5 weeks) 4(6.9) 6(8.6) 238(4.6) 21100(0.4) 1200(3.2)
C (6 weeks) 3(6.3) 3(6.3) 52(4.9) 20900(0.6) 1300(0.6)
D (8 weeks) 4(6.5) 2(9.2) 88(1.9) 20900(1.1) 800(2.1)
E (10 weeks) 3(6.9) 3(8.8) 86(4.7) 21000(1.5) 800(1.6)
F (12 weeks) 19(7.5) 2(9.2) 58(6.5) 21300(0.9) 800(3.4)
25°C with 1-2-3uM sulfide Cu Ni Fe Si Al
(System)/Amounts in pg/L

A (4 weeks) 5(7.9) 27(6.9) 358(5.2) 19800(0.9) 1100(3.8)
B (5 weeks) 7(7.0) 3(8.9) 37(5.2) 18700(1.0) 1000(3.5)
C (6 weeks) 8(7.8) 5(7.5) 76(5.6) 18200(0.9) 800(4.1)
D (8 weeks) 5(6.3) 2(5.2) 16(3.6) 17900(1.2) 300(3.4)
E (10 weeks) 8(6.3) 2(6.8) 41(4.3) 20100(1.1) 300(4.8)
F (12 weeks) 4(7.4) 2(8.7) 95(5.4) 21500(0.4) 400(2.8)
50°C with 1-2-3uM sulfide Cu Ni Fe Si Al
(System)/ Amounts in pg/L

A (4 weeks) 15(7.2) 55(6.9) 3101(10.1)  20900(0.5) 1100(6.1)
B (5 weeks) 4(6.6) 7(6.3) 83(9.6) 21700(1.4) 6200(1.7)
C (6 weeks) 4(7.3) 14(7.2) 580(4.7) 21400(0.8) 1400(3.4)
D (8 weeks) 8(7.3) 5(5.9) 70(6.9) 20600(0.4) 500(2.1)
E (10 weeks) 6(7.6) 11(6.2) 90(4.5) 23300(1.2) 400(25)
F (12 weeks) 4(6.6) 6(6.6) 34(9.4) 25400(0.3) 400(0.2)
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Table 12 Dissolved amounts of Cu, Ni, Fe, Si and Al ions in the ground water (solution) in contact with Cu-Ni coupons during 6
months-dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o sulfide (System)/ Cu Ni Fe Si Al
Amounts in ug/L
A (6 weeks) 13(3.3) 6(4.6) 397(4.8) 19100(1.2) 100(2.8)
B (10 weeks) 7(3.4) 3(3.7) 66(5.9) 19800(1.0) 200(2.7)
C (14 weeks) 7(3.8) 2(4.8) 74(5.4) 25000(1.4) 200(1.1)
D (18 weeks) 13(3.1) 2(6.3) 62(6.7) 18300(1.0) 100(10)
E (22 weeks) 10(3.6) 2(2.7) 46(4.6) 20000(1.4) 1100(2.0)
F (26 weeks) 7(3.1) 2(4.4) 44(6.0) 19500(1.0) 100(6.8)
50°C w/o sulfide (System)/ Cu Ni Fe Si Al
Amounts in pg/L
A (6 weeks) 6(4.1) 3(2.7) 81(5.1) 20700(0.7) 400(1.1)
B (10 weeks) 8(3.6) 3(4.9) 187(5.3) 23500(0.3) 1200(2.4)
C (14 weeks) 7(4.0) 3(5.3) 57(5.9) 23200(0.7) 600(0.6)
D (18 weeks) 7(3.4) 7(7.1) 51(5.6) 21300(0.9) 500(1.6)
E (22 weeks) 7(4.6) 2(5.7) 50(5.4) 21300(0.5) 500(4.3)
F (26 weeks) 7(4.9) 2(5.2) 47(5.9) 21300(1.4) 500(4.1)
25°C with 1-2-3uM sulfide Cu Ni Fe Si Al
(System)/ Amounts in pg/L
A (6 weeks) 7(3.6) 5(5.6) 154(5.7) 20200(0.5) 100(4.3)
B (10 weeks) 10(2.8) 3(4.1) 83(5.7) 20000(1.3) 100(4.1)
C (14 weeks) 8(2.9) 2(6.1) 56(5.6) 21700(0.9) 200(3.0)
D (18 weeks) 7(3.2) 3(6.9) 58(6.3) 19600(2.2) 100(1.1)
E (22 weeks) 7(3.7) 2(6.2) 50(5.6) 19900(1.1) 100(13)
F (26 weeks) 7(3.5) 2(6.5) 51(5.7) 20400(1.7) 100(13)
50°C with 1-2-3uM sulfide Cu Ni Fe Si Al
(System)/ Amounts in pg/L
A (6 weeks) 6(3.9) 6(5.0) 126(6.0) 22400(0.7) 400(0.8)
B (10 weeks) 7(3.3) 3(4.9) 77(6.1) 22300(0.4) 400(0.4)
C (14 weeks) 7(3.6) 2(3.2) 60(5.6) 25100(0.1) 500(2.4)
D (18 weeks) 7(3.5) 2(6.9) 46(5.6) 22500(0.4) 500(2.8)
E (22 weeks) 8(3.7) 2(6.2) 52(5.5) 22800(0.5) 500(2.1)
F (26 weeks) 7(3.9) 2(4.9) 58(5.4) 22200(0.5) 400(2.4)
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Table 13 Dissolved amounts of Cu, Ni, Fe, Si and Al ions in the ground water (solution) without coupon during 3 & 6 months
dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

3months 25°C w/o coupon (System)/ Cu Fe Si Al
Amounts in pg/L
A (4 weeks) 900(4.3) <10 18100(0.3)  1000(2.6)
B (5 weeks) <10 <10 18100(0.2)  900(4.4)
C (6 weeks) <10 <10 17500(0.8)  800(4.8)
D (8 weeks) 300(2.7) <10 17800(0.5)  300(5.6)
E (10 weeks) <10 <10 19000(0.3)  200(3.4)
F (12 weeks) <10 <10 20500(0.4)  200(3.2)
3months 50°C w/o coupon (System)/ Cu Fe Si Al
Amounts in pg/L
A (4 weeks) 100(2.7) 800(1.2)  23000(0.7) 1100(7.4)
B (5 weeks) <10 2400(0.5) 25100(1.1)  900(6.6)
C (6 weeks) <10 <10 23900(0.8)  1000(10)
D (8 weeks) <10 <10 22600(0.5)  200(6.2)
E (10 weeks) <10 <10 23400(0.8)  200(4.4)
F (12 weeks) <10 <10 24800(1.4)  200(4.2)
6months 25°C w/o coupon (System)/ Cu Fe Si Al
Amounts in pg/L
A (6 weeks) 8(4.2) 53(5.8) 19200(0.5)  200(7.2)
B (10 weeks) 11(4.4) 63(12.7)  20400(0.4)  100(3.5)
C (14 weeks) 11(4.0) 107(6.1)  21800(1.5)  200(0.8)
D (18 weeks) 8(3.4) 133(5.7)  20300(0.7)  300(1.9)
E (22 weeks) 7(4.2) 54(5.8) 19800(0.3)  100(13)
F (26 weeks) 10(3.9) 69(5.7) 19000(1.5)  100(15)
6months 50°C w/o coupon (System)/ Cu Fe Si Al
Amounts in pg/L
A (6 weeks) <10 200(29)  21100(0.7)  400(3.3)
B (10 weeks) <10 <20 22900(0.6)  500(0.9)
C (14 weeks) <10 <20 26200(0.5)  500(1.7)
D (18 weeks) 200(19) <10 25100(2.0)  700(19)
E (22 weeks) <10 <10 23000(2.0)  400(2.0)
F (26 weeks) <10 <10 19800(0.3)  200(2.3)

Here for static experiments, Cu, Ni, and Fe concentrations generally are not affected much by
time, temperature or sulfide presence. Copper (Cu) concentrations remain consistently low across

51



all time points, with slight change observed at 50°C for 6 months with sulfide (37 pg/L) (Table
9). Nickel (Ni) concentrations tend to be more stable but show an increase in one system (103
Mg/L) at 50°C particularly at 6 months with presence of sulfide. Iron (Fe) concentrations
demonstrate significant fluctuations, highest dissolution was observed in the presence of sulfide
at 50°C (526 pg/L) after 6 months (Table9). A silicon (Si) concentration seems to be increased at
elevated temperature compared to room temperature (Tablel0).

Overall, Cu, Ni, and Fe concentrations suggest minimal dissolution. The measured concentration
of silicon, aluminium and iron is quite similar to the concentration of equilibrium bentonite slurry
where Si concentration is ~13000 pg/L, Al concentration is ~500 pg/L and Fe concentration is
~400 pg/L. Without coupons there is only dissolution of iron, silicon and aluminium compared to
copper and nickel (Tablel0). The dissolution of iron, silicon and aluminium was mainly due to
bentonite. For dynamic experiments, the concentration of Si variesis quite in agreement with
concentration of simulated groundwater where Si concentration is ~17000 pg/L (Table2). Results
of concentrations of dissolved ions in dynamic experiments (Table 11 & Tablel2) were
comparable with that of static experiments. Overall, temperature, time and the presence of sulfide
does not have significant effect on the concentrations of Cu, Ni, Fe and Al. The uncertainties
suggest that variations in ions concentration lie within the scatter of the data. Here, Cu, Ni
dissolution is mainly due to cupronickel corrosion whereas Fe, Si, Al concentrations indicate clay
dissolution not metal corrosion. The observed differences in most cases may rather be attributed
to experimental uncertainties.

Cu and Ni concentration observed in the static experiments and dynamic experiments lie in lower
range (below 1. E-6 mol/L). Under the experimental pH conditions, solubility concentration for
Ni(OH)is around 1. E-4 mol/L at pH 8 (Gonzalez-Siso et al., 2018). This can be taken as a first
indication that Ni(Il) released due to cupronickel corrosion is bound to clay minerals and cannot
be found as dissolved species in solution. A similar trend was observed for copper corrosion
products.

Table 14 Determination of Cu, Ni, Fe, Si and Al concentrations for a bentonite that was in contact with CuNi coupons has been
digested in acid and the resulting liquid phase has been quantified by using ICP-MS for 6 months dynamic experiment and using
reference.

(Dynamic) System/ Amounts in ug/g Cu Ni Fe Si Al

6months 25°C Cu-Ni w/o sulfide  51(1.7)  275(1.9) 16550(1.3) 248800(1.4)  34220(1.9)

émonths 25°C Cu-Ni with 1-2-3 um 194(3.5) 313(3.2) 15420(1.0) 229300(1.7) 34040(1.8)
sulfide

6months 50°C Cu-Ni w/o sulfide  177(1.3) 197(1.1) 17080(0.7) 248600(0.4)  46280(0.8)

6months 50°C Cu-Ni with 1-2-3pm  221(1.0) 496(1.0) 16840(0.7) 241400(1.1)  38550(0.9)
sulfide

Raw MX-80 bentonite 4(1.2) 4(1.7)  16450(0.8) 249300(1.0)  38900(3.9)
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Determination of Cu, Ni, Fe, Si and Al concentration for a bentonite that was in contact with
CuNi coupons and raw MX-80 bentonite without coupon has been digested in acid and the
resulting liquid phase has been quantified by using ICP-MS for 6 months dynamic experiment.
The variation in concentration of Cu and Ni which was interest for CuNi alloy was shown in
(Table 14). The concentration of mainly Cu, Ni increases in presence of CuNi coupon indicating
that Cu and Ni ions release due to cupronickel corrosion are mainly sorbed on the clay surface
rather than remaining dissolved into the solution. Copper and nickel concentrations are notably
low in raw MX-80 bentonite (4 pug/g) which is quite low compared to found in literature (Zhao
et al., 2010) suggesting minimal mobilization in these environments.

For Cu-Ni systems, Cu concentrations increase with temperature and with the addition of
sulfides. For instance, the Cu concentration increases from 51 pg/g at 25°C to 177 pg/g at 50°C
without sulfides, and further rises to 221 pg/g with sulfide addition at 50°C, indicating the role of
temperature and sulfide presence in enhancing Cu solubility or mobilization. Nickel shows
consistently high concentrations in Cu-Ni systems, particularly without sulfides at 25°C (275
Ha/g). The concentration remains relatively high even with sulfides and at elevated temperatures.
For example, at 50°C without sulfides, Ni reaches 197 pg/g, and with sulfides, it increases to 496
Mg/g. The association of Ni with bentonite demonstrates its limited mobility in the solution
although system tries to achieve equilibrium. Concentration of Fe, Si and Al are lying within
experimental uncertainty. The analyses of bentonite show that Cu and Ni being released via
corrosion processes are retained due to interaction with bentonite either by surface adsorption or
formation of secondary alteration phases. There is more Ni retained at the bentonite surface than
Cu although CuNi alloy contains much more Cu than Ni. So, the analysis of corrosion layer
suggests that, it has different behaviors.

3.1.3 pH/ E evolution

The pH and E,;, values of a system, along with dissolved metals amounts, play a significant role
and allow identification of thermodynamically stable corrosion phases in Pourbaix diagram
(Figure 3) under those conditions.

Table 15 pH / Eh evolution of Cu-Ni alloy in contact with MX-80 bentonite slurry after 3, 6 and 9 months static experiments.

System pH Enw.r.t SHE(MV)
3months 25°C w/o sulfide 8.17+£0.05 225+50
3months 25°C with 3uM sulfide 8.09+0.05 271450
3months 50°C w/o sulfide 8.04+0.05 283+50
3months 50°C with 3uM sulfide 7.58+0.05 167+50
6months 25°C w/o sulfide 8.09+0.10 287450
6months 25°C with 3uM sulfide 7.94+0.10 245+50
6months 50°C w/o sulfide 8.34+0.10 297450
6months 50°C with 3uM sulfide 8.09+0.10 26350
9months 25°C w/o sulfide 8.01+0.10 330450
9months 25°C with 3uM sulfide 7.98+0.10 329+50
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Table 16 pH / Eh evolution without coupon in MX-80 bentonite slurry after 3, 6 and 9 months static experiments.

System pH Enw.r.t SHE (mV)
3months 25°C w/o coupon 8.55+0.05 -7£50
3months 50°C w/o coupon 8.03+0.05 -55+50
6months 25°C w/o coupon 8.19+0.10 115+50
6months 50°C w/o coupon 8.09+0.10 129+50
9months 25°C w/o coupon 8.06+0.10 167+50

The pH and Ejx values for Cu-Ni alloy for static experiments were shown in (Table 15) and
without coupons were shown in (Table 16) for different systems. The in-situ measured pH and
Eh values for most of the Cu-Ni systems either remain stable or change slightly. During the entire
reaction time under static conditions, the measured in situ pH and En did not evolve much from
the values of the starting pre-equilibrated bentonite (pH = 8.15; En = 245 mV) suspension. pH
values were ranging from 7.98 to 8.01 and Eh values ranging from 167 mV to 330 mV. Results
suggest that neither the presence of sulfide nor temperature had any significant effect on pH and
En evolutions. It is interesting to note that En values are clearly positive, in contrast to
experiments with the iron based materials, suggesting that conditions did not become reducing
even in the presence of added sulfide. Without coupons pH values decreases and Eh values
increase in most of the cases.

Upon removal of the coupons from the suspension, the interface was brownish (appendices
section ) in some experiments performed at 50°C, and rather pale brown for experiments at 25°C,
suggesting that reactions occurred at the coupon/suspension interface despite the absence of
limited change for pH and En evolutions. Since, the color of bentonite suspension does not
change, hence the redox state change of structural iron of bentonite (Ishidera et al., 2008) may
be excluded, also supported by the measured positive in situ En values (Table 15). Instead,
observations suggest the formation of secondary copper and/or nickel compounds accumulating
at the coupon surface.
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Figure 16 The pH evolution of the Cu-Ni coupons in ground water (solution) during 3 (left side) and 6 months
(right side) dynamic experiments (+0.1 is uncertainty).
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Figure 17 The pH evolution without coupon in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (+0.1 is uncertainty).
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Figure 18 The Eh evolution of the Cu-Ni coupons in ground water (solution) during 3 (left side) and 6 months (right side)
dynamic experiments (£50mV is uncertainty).
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Figure 19 The Eh evolution without coupon in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (£50mV is uncertainty).

The pH and En values for Cu-Ni alloy for dynamic experiments were shown in (Figure 16 &
Figure 18) and without coupons was shown in (Figure 17 & Figure 19) for different systems.
The pH measured at reactor outlet increased with time to values around 9 and moving towards
pH of inlet ground water (pH 9.8) in most of the experiments (Figure 16), the lowest increase
being observed for the experiment at 50°C without sulfide for 6 months reaction time. Compared
to experiments under static conditions, measured pH values are significantly higher. Measured En
values are all very comparable and clearly negative, ranging from -120 mV to -230 mV, and do
not exhibit any significant variation with time, temperature of sulfide presence. These outcomes
suggest that given pH and Eh values lie in the stability range of metallic copper with respect to
the Pourbaix diagram of copper (Puigdomenech & Taxén, 2000). Also, values obtained here
suggest the development of reducing conditions, which contrasts with results from experiments
under static conditions. As in most of the experiments with other iron materials, reactors have a
PTFE inner liner and metallic filters made of stainless steel at inlet and outlet, and these
components are not expected to have any effect on pH and En values.

Interestingly, the observed pH and En values and their evolution with time compare well with
those obtained in experiments under dynamic conditions without coupons. Obtained pH and Eh
values are in same range with and without presence of metallic coupons in most of the system.
Though pH variations can be interpreted as dilution of the suspension by the inlet water, this may
hardly explain observed En evolutions because the redox potential of the inlet water is positive
(115 mV), suggesting that either the protocol used to measure En (i.e., in water at outlet) or the
used setup may have an effect on these values. Results from the analysis of the corroded
specimens will provide complementary information as the nature of formed corrosion products
will allow drawing some conclusions.
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3.1.4 Corrosion rate
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Figure 20 Corrosion rates of all Cu-Ni coupons obtained after 3, 6 and 9 months static experiments.
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Figure 21 Corrosion rates of all Cu-Ni coupons obtained after 3 and 6 months dynamic experiments.

57



The corrosion rates of copper nickel alloy for static and dynamic experiments were calculated
using the weight loss method and are shown in (Figure 20) for 3, 6 and 9 months of static
experiments and in (Figure 21) for 3 and 6 months dynamic experiments. The procedure for
post-corrosion sample cleaning was described in section2.5.6.

After 3 months of static experiment without sulfide at 25°C in contact with the bentonite
suspension, the corrosion rate obtained was 1.15+0.30 um/a (Figure 20) is comparable with
reported average corrosion rate of (~0.17 um/a) for cold-sprayed copper and average corrosion
rate of wrought copper (~0.24 um/a) embedded within compacted MX-80 and exposed to natural
granitic porewater for 394 days in the MaCoTe experiment (Reddy, Padovani, Rance, et al.,
2021). However, note that corrosion rate of copper nickel alloy for 3 months static experiments
was overestimated due to adhering of bentonite. Apart of this, the difference in reaction time (90
days vs 394 days) and the difference in temperature (25°C vs rock temperature) can also account
for the different rates. In addition, the use of a suspension instead of compacted bentonite also
plays a role because of the larger amount of water available. Increasing the temperature to 50°C
significantly increased the corrosion rate in the present study, in agreement with reported findings
(Hesketh et al., 2023). Corrosion rates increase with temperature because of decreased activation
energy for e.g., chemical and electrochemical reactions; however measured corrosion rate have
high uncertainties in most data. Corrosion rates changes systematically with increasing reaction
time, for instance at 25°C from 1.15+0.30 pum/a after 3 months to 0.17+0.07 um/a after 9 months.
This result also agrees with reported corrosion rate evolutions in general and hints at the
formation of a protective passivation layer at the coupon surface. The same trends were observed
in experiments performed in the presence of sulfide, and the rates were in similar range compared
to experiments in the absence of added sulfide in static experiment systems. Initially the
corrosion rate is high due to presence of residual oxygen, once all residual oxygen is consumed
the corrosion rate decreases for most of the samples. Addition of sulphide has not much affect for
the static experiments

It was observed from the dynamic experiment results of corrosion rate measurements that values
for Cu-Ni alloy are in range from 0.17+0.31-0.44+0.12 pm/a at room temperature and increased
to 0.35%+0.20-0.52+0.21 um/a at elevated temperature due to increase in reaction Kkinetics.
Corrosion rates at room temperature without added sulphide do not change over time observed
even after six months of dynamic experiments. Most of the Cu and Ni adsorbed in bentonite and
some of them may be present at metal/bentonite interface in the form of secondary phase. Higher
corrosion rate was observed at elevated temperature compared to room temperature for dynamic
experiment. Results of corrosion rates for dynamic experiments are comparable with long term
static experiments (9 months) and also has good match with the literature results for the in situ
MaCoTe experiments (Reddy, Padovani, Rance, et al., 2021).
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3.1.5 Secondary phase characterization
3.1.5.1  Static condition systems (3, 6 & 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

(F) 9months 25°C + sulfide

Figure 22 Scanning electron micrographs (in SE mode) of all Cu-Ni coupons corroded for 3, 6 and 9 months under static
conditions at different temperature (exact conditions are indicated above the micrographs). Marked alpha-numeric areas were
selected for EDXS analysis, quantitative results are provided in Table 17.
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Table 17 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure22. Relative errors are
estimated to be within + 10%.

Area C O S Al Si Mn Fe Ni Cu
A-1 3.6 13.5 / / 0.5 0.7 / 16.5 65.2
A-2 3.0 1.6 / / 0.3 1.1 0.6 26.7 66.8
A-3 3.7 12.8 / / 0.6 0.7 0.4 17.4 64.2
A-4 2.2 23.3 / / / / / 0.0 74.5
A-5 2.3 3.0 / / / / / 21.8 72.9
A-6 12.3 16.5 / / 0.9 0.5 0.7 15.5 53.0
A-7 13.3 22.5 / / / 0.8 0.6 18.1 441
A-8 7.5 / / / / 1.1 0.6 315 59.2
A-9 3.9 4.6 / / 0.2 1.0 0.7 28.2 61.4
A-10 3.9 7.2 / 0.2 0.3 1.0 0.5 26.1 60.6
A-11 2.7 14 / / / 1.3 0.9 37.1 56.6
A-12 3.3 1.6 / 0.3 0.3 0.8 15 37.9 54.3
A-13 3.3 10.5 / / 0.4 0.9 0.6 29.3 55.0
A-14 2.3 21.5 / / / / / / 76.3
A-15 3.3 / / / / / / 19.5 77.1
A-16 5.1 17.3 5.0 / 0.5 / 15.9 56.3
A-17 5.6 53.9 1.2 6.6 13.9 / 0.7 2.6 14.3
A-18 45 60.4 0.2 8.1 21.7 / 1.0 0.6 /

A-19 7.6 9.1 10.1 / / / / 16.9 56.2
A-20 5.8 / 6.2 / / 15 0.9 28.1 58.4
A-21 5.2 5.7 9.6 / / / / 16.6 62.4
A-22 5.2 3.7 45 / / / 0.9 23.9 61.8
A-23 43 1.0 2.7 / / 1.2 / 28.6 62.1

Scanning electron microscopy was subsequently applied to analyze the corroded CuNi coupons.
SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 22) and their
atomic concentration results were tabulated in (Table 17). EDXS analyses results of selected
areas shown in (Figure 22) show the presence of Cu-rich oxide particles in most of the samples,
sometimes with low amounts of associated sulfur (A-16 to A-23, Table 17) for elevated
temperature for three and six months in presence of added sulfide. Here, EDXS spectra recorded
on well separated particles allow concluding the absence of Fe and Ni associations with the
particles of corrosion products, which may be adsorbed on adjacent bentonite or dissolved in pore
water. Sulfur is only detected in some samples, ruling out the compelling formation of Cu sulfide
as corrosion products. Although minor amount of iron is present in CuNi system the formation of
iron silicate is not observed in any system in presence of bentonite.

SEM-EDXS results shown above, and obtained using the FEI Quanta 650 FEG microscope, were
complemented by electron backscatter diffraction (EBSD) using the sample corroded for 6
months at 25°C without added sulfide with the Zeiss Crossbeam 350 KMAT microscope. The
acceleration voltage was set to 2.5 kV (compared to 15 kV using the FEI microscope) to record
EDXS spectra, which will prevent picking up signal from the substrate. This allowed revealing a
Cu:O atomic ratio of 2:1, thus suggesting the presence of Cu>O (cuprite) particles. For EBSD
analysis, the acceleration voltage was subsequently increased to 15 kV, and EBSD scans were
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optimized in areas of 500 nm x 750 nm. By optimizing the indexing parameters, including the
Hough transform parameters (feature used in image analysis) and number of reflections, a mean
angular deviation of 0.29° was achieved, enabling to index 10 out of 11 bands (Figure 23). The
bands indexing was consistent with a cubic crystal structure. Using this information, secondary
phases could be identified as Cu.O (Kirfel & Eichhorn, 1990), which is consistent with the
EDXS quantitative analysis at 2.5 kV. Based on electron micrographs and EDXS results (Figures
22C), also based on obtained pH and Eh results (Pourbaix diagram, Figure 3) (Puigdomenech &
Taxén, 2000) formation of cuprite takes place at the exposed surface of CuNi coupons in most of
the static experiments.

Figure 23 Scanning electron micrograph recorded at 2.5 kV acceleration voltage (left), and Kikuchi pattern and indexing with
Cu20 (red) (right).

Overall similar corrosion products were obtained for all coupons of static experiments under
different experimental conditions. Corrosion products mainly consist of cuprite for most of the
samples, however minor amount of CuxSy was also observed in some sample (with added
sulfide) at elevated temperature for 3 months of static experiment (Figure 22h).

The XRD analysis of corroded CuNi coupons obtained after three, six and nine months of static
experiments was carried out and its diffractograms were shown in (Figure 24). The primary peak
in the XRD spectrum for three, six and nine months of static experiments correspond to the
metallic cupronickel phase which is starting material. Apart of this, other reflections like lllite
which can be observed on the exposed surface in (Figure 24) specially for three and six months
come from the adhered bentonite and remaining peaks correspond to corrosion products or
secondary phase cuprite that was detected in most of the samples of three, six and nine months of
static experiments as shown in (Figure 24). Observed secondary phase (Cu.0) was also
confirmed by SEM-EDXS analysis which was already discussed in previous section of SEM
analysis.
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Figure 24 X-ray diffractograms recorded on the corroded CuNi coupons after 3 months (top), 6 months (middle) and 9 months
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There is not much difference observed in 9 months coupons compared to three and six months in
terms of secondary phase (corrosion products) from XRD analysis. The broad reflection around
10 and 20 two theta is due to air scattering effect (Figure 24) which was common for all coupons
tested under anoxic conditions using anoxic holder. Findings suggest that secondary phases like
Cu2O (PDF74-1230) formed in too low amounts and are weakly crystalline while in some
coupons covered by bentonite. Although sulfide was added in some experiments it does not form
any secondary products because the amount added may be too low to be effective. Overall XRD
analysis provides insights into the phases present in CuNi coupons after corrosion, which is
critical for understanding the extent of corrosion and deriving a corrosion mechanism.
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Figure 25 X-ray photoelectron spectra recorded on Cu-Ni coupons corroded under static conditions (exact conditions are
indicated on the individual graphs).

Complementary X-ray Photoelectron Spectroscopy measurements provided additional speciation
information. XPS spectra recorded for selected Cu-Ni coupons under static conditions were
shown above in (Figure 25). The spectral lines here gave information about oxidation state and
speciation of copper, nickel and oxygen. Measurements were challenging especially for Cu
because 2p narrow lines of metallic Cu and Cu.O are very close. Recording Cu LMM and
complementary O 1s narrow lines proved to be very helpful in the identification of the Cu
speciation. After 3 months at 25°C, the presence of Cu.O was detected at the coupon surface
together with Ni (Karnland O & Motamedi M), while Cu (Karnland O & Motamedi M) and
Ni(OH)2 were detected in the parallel experiment at 50°C. The Cu speciation did not evolve
between 3 and 6 months with the presence of Cu.0 at 25°C and Cu (Karnland O & Motamedi

63



M) at 50°C, but no Ni could be detected in samples after 6 months certainly because of its too
low concentration at the surface. These findings show that at 25°C Cu is oxidized to Cu (1), only
at 50°C Ni oxidation to Ni(ll) becomes visible. The presence of added sulfide had no significant
impact on the Cu and Ni speciation (except sample for 6 months at 50°C with added sulfide) at
both temperatures and both exposure times, with comparable speciation found in all experiments
(Figure 25). Sulfides could be detected at the surface of some coupons (with added sulfide), with
larger amounts detected in experiments at 50°C (Table 18, point 18-19) and also confirmed by S
speciation as shown in appendices (Figure A11).

CuNi-256 CuNi-356 CuNi-456 CuNi-159 CuNi-3589

Figure 26 X-ray photoelectron images of Cu-Ni coupons corroded under static conditions (exact conditions are indicated
on the individual sample, details of conditions are available in appendix). Marked points were selected for atomic
concentration analysis, quantitative results are provided in Table 18.

Table 18 Relative atomic concentrations by XPS analyses at selected points of Cu-Ni coupons for static experiments shown in
above Figure 26. Relative errors are estimated to be within £ 10% (Here each measurement has two type of atomic
concentration: one with presence of carbon and one without carbon presence).

Point C N ) Na Mg Al Si S Cl Ca Fe Ni Cu
1S3-1 27.5 1.7 40.0 / 1.7 / 6.4 1.6 1.7 0.5 / 1.1 179
/ 24 551 / 2.4 / 8.8 2.2 2.3 0.7 / 1.6 247
1S3-2 64.3 / 17.3 / / / / / / / / 6.2 12.3
/ /483 / / / / / / / / 17.4 343
253-3 273 11 36.7 0.6 11 / 3.4 6.8 0.9 / / 23 199
/ 15 505 0.8 1.5 / 4.7 9.4 1.2 / / 31 273
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253-4 9.4 / 614 1.5 1.1 5.8 19.7 / 0.1 / 1.0 / /
/ / 67.8 1.6 1.3 6.4 21.7 / 0.2 / 1.1 / /
3S3-5 258 1.8 296 1.0 1.0 / 2.4 2.4 1.5 0.6 / 1.2 329
/ 24 399 14 1.4 / 3.3 3.2 2.0 0.8 / 1.6 443
353-6 29.7 2.0 29.0 / 1.7 / 3.4 2.9 1.4 / / 09 29.0
/ 2.8 41.2 / 2.4 / 4.8 4.1 2.0 / / 1.3 413
3S3-7 51.0 / 314 / 0.4 / 2.6 / 0.5 / / 7.2 7.1
/ / 64.0 / 0.8 / 5.2 / 0.9 / / 146 145
4S3-8 106 03 618 1.3 0.9 5.6 18.2 / 0.2 0.2 0.9 / /
/ 04 691 1.4 1.0 6.3 204 / 0.3 0.2 1.0 / /
4S3-9 196 15 425 / 1.4 / 4.7 6.2 2.0 0.6 / 7.2 144
/ 1.8 529 / 1.7 / 5.8 7.8 2.5 0.7 / 9.0 17.9
1S6-10 210 14 451 0.8 1.3 / 9.0 1.1 2.0 0.5 / / 18.0
/ 1.7 571 1.0 1.6 / 113 14 2.6 0.6 / / 22.7
1S6-11 6.6 / 613 1.3 1.1 6.6 212 / 0.3 0.2 0.9 / /
/ / 65.7 1.4 1.2 7.1 227 / 0.3 0.3 1.0 / /
256-12  15.7 / 580 1.2 0.9 / 145 2.8 / / / / 6.9
/ / 688 1.4 1.1 / 17.2 3.3 / / / / 8.2
256-13  18.6 / 50.2 0.9 0.6 / 11.2 54 / / / / 13.1
/ / 616 1.1 0.8 / 13.8 6.6 / / / / 16.0
356-14 27.0 3.2 26.2 / / / / 4.9 3.7 0.6 / / 34.5
/ 44 359 / / / / 6.7 5.1 0.8 / / 47.2
3S6-15 4.3 / 633 1.4 1.4 7.0 20.8 / 0.2 0.3 1.2 / 0.2
/ / 66.1 1.5 1.4 7.3 217 / 0.2 0.3 1.2 / 0.2
356-16  58.8 / 22.6 / / / / / / / 8.0 10.6
/ / 54.8 / / / / / / / 19.5 25.7
3S6-17 226 14 346 / / / 2.7 2.0 2.5 / / 1.0 333
/ 1.8 447 / / / 3.5 2.6 3.2 / / 1.3 43.0
456-18 248 14 139 / / / / 16.8 / / / / 43.1
/ 1.8 185 / / / / 22.4 / / / / 57.3
456-19 26.8 1.8 251 / 0.6 / / 140 0.8 / / / 30.9
/ 24 344 / 0.8 / / 191 1.1 / / / 42.2
159-20 245 / 41.9 / / / 7.4 / 2.8 / / 45 18.8
/ / 55.6 / / / 9.8 / 3.8 / / 59 250
1S9-21  30.7 / 38.5 / / / 5.9 0.4 2.9 / / 3.6 18.0
/ / 55.6 / / / 8.5 0.6 4.2 / / 51 26.0
359-22 474 3.6 9.2 / / / / 8.9 / 0.8 / 3.7 263
/ 6.9 175 / / / / 17.0 / 1.6 / 7.0 50.0
359-23 260 23 386 0.2 / / 5.8 3.3 2.1 / / 1.6 20.2
/ 31 521 0.2 / / 7.9 4.5 2.8 / / 21 273
359-24 5.6 / 616 1.1 1.6 76 221 / / / 0.5 / /
/ / 652 11 1.7 80 234 / / / 0.5 / /
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The Cu-Ni coupons selected for XPS analysis were shown in (Figure 26) for static experiments
under different experimental conditions. Relative atomic concentration using XPS for selected
points on exposed surface of CuNi coupons were tabulated in (Table 18). A color change like
golden green, blue-green, brownish and blackish was observed on the exposed coupon surface
indicating the formation of different corrosion products (secondary phases). From atomic
concentrations (Table 18) it is clear most of exposed surface consists of copper, oxygen and
sulfur as chief elements which form corrosion products.

Here for coupon at 25°C with sulfide (CuNi-3S3) (Figure 26), atomic ratio (Table 18, point 5, 6)
show possibility of CuO (brownish, Figure 26) formation, whereas in most of the cases the
copper to oxygen ratio is 2:1 and indicates formation of cuprite (Cu20). In some cases there is a
possibility of presence of Cu20 + Cu.S (Table 18, points 18, 19). Thus, exposed corroded surface
consist of inhomogeneous distribution of secondary phase on the surface of CuNi coupons for the
static experiments. A dense layer of corrosion products like cuprite form for longer time period (9
months) in static experiments that results in a decrease of the corrosion rate with increasing time
as discussed in corrosion rate measurement (Figure 20).

The position of the Cu 2ps.2 line (932.4-932.7 eV) would also agree with the presence of Cu.S
(Biesinger, 2017), suggesting that the presence of this compound in low amounts cannot be
excluded. However, bentonite contains low amounts of pyrite that may account for the detected
low amounts of sulfides, at least for experiments performed in absence of added sulfide. The
presence of NiS is excluded based on the position of Ni 2pz/ line (Legrand et al., 1998). Finally,
only little Cu or Ni could be found associated with the clay surface, meaning that CuNi corrosion
resulted in the formation of low soluble secondary phases at the coupon/suspension interface
where the alloy is exposed.
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3.1.5.2  Dynamic condition systems (3 & 6 months)

(@) 3months 25°C (b) 6months 25°C (c) 3months25°C + sulfide

(f) 6months 50°C

(h) 6months50°C + sulfide
o BT & o T el
"" & 3 &

Figure 27 Scanning electron micrographs (in SE mode) of all Cu-Ni coupons corroded for 3 and 6 months under dynamic
conditions at different temperature (exact conditions are indicated above the micrographs). Marked areas were selected for
EDXS analysis, quantitative results are provided in Table 19.
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Table 19 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure27. Relative errors are
estimated to be within + 10%.

Area C O S Al Si Mn Fe Ni Cu
A-24 7.3 18.3 0.2 2.5 5.4 0.5 0.4 12.5 52.4
A-25 6.5 18.6 0.2 2.6 5.1 0.4 0.5 13.2 52.2
A-26 47 55 / 1.0 1.8 0.9 0.4 19.5 66.1
A-27 5.6 3.9 0.2 0.8 1.3 11 / 30.5 56.7
A-28 5.5 28.7 14 0.5 2.8 0.6 1.8 26.2 29.2
A-29 3.8 18.0 / 0.5 / / / 12.9 64.8
A-30 6.9 9.1 0.1 1.6 3.2 0.2 0.2 4.8 9.0
A-31 6.6 0.9 0.4 / / 11 0.6 28.1 62.4
A-32 4.1 40.9 / / 47 0.5 1.0 10.0 35.7
A-33 5.7 35.8 / / 5.6 0.6 1.2 21.2 27.0
A-34 17.1 24.5 15 / 1.2 / 0.5 4.7 48.7
A-35 5.6 36.9 / / 6.1 0.6 1.1 21.1 25.8
A-36 3.7 16.6 0.6 / 0.8 / / 16.0 61.7
A-37 3.8 18.4 6.1 0.5 1.0 / / 3.8 65.7
A-38 2.6 21.9 4.9 0.8 1.4 / / 1.7 66.3
A-39 6.7 6.2 75 0.5 0.9 / / 9.3 68.3
A-40 7.7 27.5 3.7 45 10.8 / 1.1 14.0 28.3
A-41 3.2 44.0 3.7 5.5 12.6 0.3 0.8 6.2 21.1
A-42 3.7 1.2 / 0.5 0.5 1.1 / 30.7 62.3
A-43 4.4 1.6 / 0.4 / 0.9 / 18.8 74.0
A-44 9.7 10.7 14.3 0.6 1.3 / / / 63.5
A-45 9.7 9.6 15.3 / / / / / 65.3
A-46 7.8 10.7 12.4 / 0.9 / / / 68.2
A-47 7.4 20.0 3.6 / 1.7 / / 5.2 62.2
A-48 / 21.5 5.1 / 1.7 / / 6.1 65.6
A-49 4.6 / 29.6 / / / / 1.8 62.4

SEM-EDXS analysis for 3 and 6 months of dynamic experiments of various selected areas were
shown in (Figure 27) and their atomic concentration results were tabulated in (Table 19). EDXS
analysis at 5 kV acceleration voltage of this fine-grained material allowed the detection of
copper, nickel and oxygen, with only minor proportions of Fe, Al, Si and S, suggesting
significant contribution from the underlying substrate. At 50°C, secondary phases exhibit a
different morphology having several um sizes across, suggesting that temperature played a role in
the morphology of the formed secondary phases. SEM- EDXS results of areas (A-34, A-38)
shown in (Figure 27) and results of areas (A-30, A-32, A-35, A-40) shown in (Table19) indicates
formation of copper oxide (CuxOy) as a secondary phase on the exposed surface. Compared to
static experiments, SEM-EDXS results of coupons with added sulfide for areas (A-44, A-45, and
A-46) shows enrichment of sulphur and presence of mixture of copper sulfides and copper oxides
on the exposed surface of corroded CuNi coupons. For example, the sample corroded for 6
months at 50°C with added sulfide (Figure 27h) shows distribution of different corrosion
products like (Cu.S) was present in the area A-49 where copper oxide film breaks and is no more
protective whereas areas like (A-47, A-48) form copper oxides still act as protective although
sulfur is present in low amount (Table 19). The sample corroded for 6 months at 50°C shown in
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(Figure 27h) shows different concentrations of elements at different areas. For example, areas
(A-42, A-43) shows presence Cu and Ni alloy mainly and seems to be non-corroded region, area
A-40 was CuNi/bentonite interface enriched with bentonite elements like Si, Al ,Fe, and
relatively low amounts of Cu, Ni presence along with oxygen and sulfur. Whereas area A-44 was
the region on the coupon surface which was covered with bentonite enriched with oxygen and
bentonite elements along with Cu, Ni in low amount. Thus, there is inhomogeneous distribution
of elements on the exposed surface of same coupon with different areas. Based on the formed
corrosion products, findings suggest comparable degradation mechanisms occurred under static
and under dynamic conditions.
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Figure 28 Electron micrographs recorded at an acceleration voltage of either 2.5 kV (top) or 15 kV (bottom) of the Cu-Ni coupon
corroded for 3 months under dynamic conditions with added sulfide present at 50°C together with elemental distribution maps.
Marked areas were selected for local EDXS analysis, quantitative results are provided in Table 20.

Table 20 Relative atomic concentrations by EDXS analyses at an acceleration voltage of either 2.5 kV (A-50, A-51) or 15 kV (A-
52, A-53) selected areas shown in Figure 28. Relative errors are estimated to be within + 10%.

Area O Mg Al Si S Ca Mn Fe Ni Cu

A-50 19.1 / / / / / / / / 80.9
A-51 5.0 / / / / / / / 37.0 58.0
A-52 13 / 0.1 0.1 0.5 / 1.0 1.1 37.6 58.3
A-53 2.9 / 0.1 0.1 34 0.2 0.9 0.9 31.2 60.3
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The sample corroded for 3 months at 50°C in the presence of added sulfide was also selected for
further EDXS mapping using the Zeiss Crossbeam 350 KMAT microscope (Figure 28). Since
the surface coverage was low, two acceleration voltages were selected to provide information
originating from different depths, i.e., near surface at low acceleration voltage and including
substrate at higher acceleration voltage. At 15 kV Cu and Ni appear homogeneously distributed
because at this acceleration voltage the elemental distribution is dominated by the substrate.
Setting the acceleration voltage to 2.5 kV enabled to separate the surface signal from the CuNi
substrate signal because of the decrease of the information depth from 400 nm at 15 kV to 25 nm
at 2.5 kV. EDXS mapping at 2.5 kV suggests the formation of a Cu-rich interface, e.g.,
coexistence of Cu oxides along with Cu (Karnland O & Motamedi M), on top of a Ni-rich
interface, with the pristine coupon underneath. EDXS data further indicate that the Cu-rich layer
contains O and minor S, suggesting the presence of Cu oxide (Table 20). The Ni-rich layer seems
to be made of (hydr)oxide and contains only marginal amounts of S.
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Figure 29 X-ray diffractograms recorded on the corroded Cu-Ni coupons after 3 months (top) and 6 months (down) reaction time
under dynamic conditions (exact conditions are indicated on individual XRD plot).

The XRD analysis of corroded CuNi coupons obtained after three and six months of dynamic
experiments was carried out and diffractograms were shown in (figure 29). The primary peaks in
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the XRD spectrum for three and six months of dynamic experiments correspond to the metallic
cupronickel phase (PDF 47-1406) which is starting material. Apart of this, other peaks
correspond to corrosion products (Cu20) cuprite (PDF 74-1230) which was detected in most of
the samples after three and six months of static experiments as shown in (Figure 29) and thus
confirmed SEM-EDX data. Dynamic XRD analysis results are comparable with that of static
experiments for CuNi coupons.
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Figure 30 X-ray photoelectron spectra recorded on Cu-Ni corroded under dynamic conditions (exact conditions are indicated on
the individual graphs).

XPS spectra recorded for selected Cu-Ni coupons for dynamic experiments were shown above in
(Figure 30). After 3 months at 25°C in the presence of added sulfide, XPS evidenced the
presence of Cu (Karnland O & Motamedi M) at the corroded coupon surface (Figure 30) but
no Ni could be detected, corroborating the presence of a Cu-rich layer covering the surface. The
Cu speciation is comparable in the experiment performed at 50°C, but the presence of low
amounts of Ni, present as hydroxide, could be detected.

The presence of sulfide species (data shown in appendices, Figure Al11) could be detected at the
surface of both compounds, but in limited amounts, ruling out the presence of copper sulfides in
significant amounts. This result compares well with that obtained in experiments under static
conditions. Finally, almost no Cu or Ni could be detected at the clay surface, suggesting that
CuNi corrosion resulted in the formation of secondary phase with only limited amounts of
dissolved Cu or Ni available for interacting with the adjacent bentonite.

The Cu-Ni coupons selected for XPS analysis were shown in (Figure 31) for dynamic
experiments under different experimental conditions. Relative atomic concentrations using XPS
for selected points on exposed surface of CuNi coupons were tabulated in (Table 21). A color
change like brown green, brownish and blackish was observed on the exposed coupon surface
indicating formation of different corrosion products (secondary phases).

71



CuNi-3D6 CuNi-4D6

Figure 31 X-ray photoelectron images of Cu-Ni coupons corroded under dynamic conditions (exact conditions are
indicated on the individual sample, details of conditions are available in appendix). Marked points were selected for
atomic concentration analysis, quantitative results are provided in Table 21.

Table 21 Relative atomic concentrations by XPS analyses at selected points of Cu-Ni coupons for dynamic experiments shown in
above Figure3l. Relative errors are estimated to be within + 10 % ( Here each measurement has two type of atomic
concentration: one with presence of carbon and one without carbon presence).

Point C N ©) Na Mg Al Si S Cl Fe Ni Cu
3D3-1 24.0 0.6 500 0.4 0.3 / 120 3.2 0.7 / / 8.9
/ 0.8 65.8 0.6 0.3 / 158 4.1 0.9 / / 11.7
3D3-2 29.0 / 414 0.2 0.7 / 8.0 3.7 0.8 / 2.6 135
/ / 58.4 0.3 1.0 / 11.2 53 1.1 / 3.7 19.0
4D3-3 9.2 / 600 1.0 1.4 88 174 0.5 / / 0.8 1.1
/ / 66.0 1.1 1.5 9.7 19.1 0.6 / / 0.8 1.2
4D3-4 29.8 / 50.2 0.7 0.6 / 128 2.0 0.2 / / 3.7
/ / 715 1.0 0.9 / 182 29 0.3 / / 53
3D6-5 20.3 / 44.6 / 0.4 / 6.2 3.8 2.4 / 3.4 18.9
/ / 55.9 / 0.5 / 7.8 4.8 3.0 / 4.3 26.7
3D6-6 8.8 / 76.8 1.2 1.2 10.3 / / / 13 / 0.4
/ / 842 13 1.3 113 / / / 1.5 / 0.4
3D6-7 27.4 / 365 0.5 0.5 / 10.2 / / / / 2.3
/ / 50.2 0.7 0.7 / 14.1 / / / / 3.2
4D6-8 16.4 / 51.5 / 0.6 / 9.5 3.1 1.7 / 6.4 10.7
/ / 61.6 / 0.7 / 114 3.7 2.0 / 7.7 12.8
4D6-9 7.3 / 606 1.2 1.2 73 19.6 / 0.8 0.1
/ / 654 1.2 1.3 79 21.2 / / / 0.9 0.1
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Here (figure 31) measurements carried out at different points on the exposed surface of CuNi
coupons show different element distribution over the surface. Main elements are copper, oxygen
and minor sulphur which form different corrosion products on the exposed surface. The atomic
ratio (Table 21, points 1, 2, 5, 8) show formation of CuxOy, where as in most of the cases copper
and oxygen ratio should be is 2:1. The stoichiometry of copper oxide could not be derived from
XPS analysis as the attachment of bentonite to the surface dominates the oxygen content of the
interface. It is surprising that the Cu:O atomic ratios are way higher than observed in EDX. This
IS due to adsorbed bentonite layers partly “hide” Cu-oxide layers, so that the oxygen content of
the clay cover dominates the XPS signal more than it is visible in the EDX data, where a higher
information depth is achieved.

In some cases, there is possibility of the formation of different corrosion products (Cu20O + Cu»S)
(Table 21, point 1, 5, 8). Thus, exposed corroded surface consist of inhomogeneous distribution
of secondary phase on the surface of CuNi coupons for the dynamic experiments. Atomic
concentrations of bentonite region as shown in (Figure 31, point 3, 9) reveal enrichment of
mainly silicon, oxygen, sodium, aluminium, magnesium, iron and minor amount of copper (0.1 to
1 at. %), nickel (0.8 at. %). Overall, results for experiments under dynamic conditions are very
comparable to that obtained under static conditions, with the predominant formation of Cu oxide
particles as observed from the position of Cu 2p narrow spectra shown in Figure30.
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3.1.6 Overall discussion of copper based materials (Cu-Ni alloy)

The study investigates the corrosion behavior of Cu-Ni alloy in contact with MX-80 bentonite
under both static and dynamic experimental conditions, with and without the presence of sulfide.
Results indicate that Cu and Ni dissolution is primarily due to corrosion of the cupronickel alloy,
while Fe, Si, and Al concentrations largely due to bentonite dissolution. Despite variations in
temperature, time, and sulfide presence, the concentrations of dissolved metals (particularly Cu
and Ni) remained low, often below 1E-6 mol/L, suggesting strong sorption onto clay minerals or
formation of secondary phases rather than significant mobilization into solution. ICP-MS
analyses support that Cu and Ni are retained on bentonite, limiting their solubility. Corrosion
rates were initially high due to residual oxygen but decreased over time, indicating the formation
of passivating layers.

Corrosion rates increased with temperature, consistent with enhanced reaction kinetics, and
showed comparable values to those reported in long-term in situ studies such as the MaCoTe
experiment (Reddy, Padovani, Rance, et al., 2021). In static systems, pH and Eh remained
relatively stable, while dynamic experiments exhibited increased pH (approaching that of inlet
groundwater) and more reducing Eh values, possibly due to system-specific factors or
measurement artifacts. Overall, the findings demonstrate limited mobility of corrosion products
in bentonite systems, with Cu and Ni primarily retained through interaction with the clay matrix,
and confirm that temperature is a key driver for corrosion kinetics rather than sulfide presence
under the studied conditions.

Using a combination of SEM-EDX, EBSD, XRD, and XPS analyses, it was found that cuprite
(Cu20) was the main corrosion product formed in nearly all conditions. This oxide layer formed a
dense, protective coating on the alloy surface, which slowed down corrosion over time. Although
small amounts of copper sulfide (CuS)/CuS were detected in some samples particularly at higher
temperature with added sulfide these were not dominant, and overall sulfur content remained low.
Nickel remained mostly in its metallic state (Ni°) or formed nickel hydroxide (Ni(OH).) in a few
cases, and no significant formation of nickel sulfide (NiS) was observed.

The analysis also revealed that the distribution of corrosion products was not uniform across the
surfaces; some regions were richer in oxides, while others remained relatively uncorroded. This
may be also possible due to the sample preparation or handling. Importantly, bentonite clay,
which surrounded the samples, did not significantly interact with the dissolved metals only very
small amounts of copper and nickel were found on the clay. The results from both static and
dynamic experiments were very similar, suggesting that flow conditions did not substantially
affect the corrosion process. Overall, the findings confirm that cuprite formation is the primary
and stable corrosion mechanism for CuNi alloys in these conditions, and that temperature and
sulfide have a minor influence on product type but can affect morphology. This has important
implications for using CuNi alloys in nuclear waste containment, where long-term corrosion
resistance is critical.
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3.2 Corrosion of spheroidal graphite iron in MX-80 bentonite

3.2.1 Initial Characterization

The initial characterization of spheroidal graphite iron coupon was carried out to know and
compare the morphological changes as corrosion progresses. (Figure 32) left side shows the
SEM (SE mode) images of polished non-corroded initial spheroidal graphite iron coupon. SEM-
EDX results show the chemical composition of the selected areas in the (Table 22 & 23). The
bright region of area 1 was Fe, area 2 focussed on the average surface area of coupon that
consists of iron and graphite inclusions whereas point 3 focussed on graphite inclusion that
consists of mainly carbon and minor amount of iron. SGI is cast iron mainly consisting of iron,
carbon, silicon and manganese as chief elements. The obtained composition of SGI coupon by
EDX analysis had good match with the composition of the bulk SGI provided on the certificate of
analysis from the manufacturer. Finally, the surface roughness of the starting SGI material was
assessed by AFM. A value for the root mean square (RMS) roughness of 10+ 2 nm was obtained
for a scanned area of 20 x 20 pm?.

Figure 32 SEM image on left side and surface roughness image using AFM on right side of the initial SGI coupon.

Table 22 Composition of initial SGI coupon obtained by SEM-EDX before experiment with (+/- 3 Sigma) uncertainty.

Material /Atom % C Si Mn Al Mg Fe
SGI_point 1 43405 4.9+0.3 0.4+0.2 0.4+0.1 - 90.0+1.2
SGI_point2 17.3+0.6 4.1+0.2 - 0.2+0.1 - 78.4+1.1
SGI_point3 98.2+1.4 0.1+0.0 - - - 1.6+ 0.0.1

Table 23 Chemical composition of the initial SGI coupon with (+/- 3 Sigma) uncertainty.

Element / wt. % C Si M Al Mg Fe
Certificate 35 3.4 03 i 01 92.73
EDX of overall
surface(point 1) 1.0£0.1 2.6£01 0.5+0.2 0.2+0.1 - 95.7+1.3
EDX of average
surface (point 2) 44+02 25101 - 0.1£0.1 - 93.0+1.3
EDXfocused onto gy 5415 03:01 - i _ 70406

graphite (point 3)
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Figure 33 X-ray diffractogram of the initial SGI coupon before experiment (with air scattering effect).
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Figure 34 X-ray diffractogram of the initial SGI coupon before experiment (without air scattering effect).
The X-ray diffractogram of initial spheroidal graphite iron coupon was shown in the (Figure 33
& Figure 34). The X-ray diffractogram of spheroidal graphite iron (Figure 33 & Figure34)

shows a good match with cubic iron (PDF 87-0721), while the small peaks correspond to the
cementite (PDF 85-0871) and graphite (PDF 75-1621).
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3.2.2 Dissolved metal ions evolution

As already described in the previous section, the concentration of dissolved ions was determined
(see appendices section) and only some elements (Fe, Si, Al) are reported here for static
(Table24) and dynamic experiments (Table25 and Table26) of SGI coupons.

At 25°C without hematite, iron concentrations were initially high (8500 pg/L for 3 months) but
decrease significantly later, reaching 500 pg/L after 9 months. The same is true for the
experiments at 50°C in which the initial Fe- concentration drops from 1100 pg/L to 200 ug/L
after 6 months. In both cases the final Fe concentration lies at a low level in the 4-6 E-6 mol/L
range. When hematite is present (0.5wt. %), it appears that the opposite temporal evolution
occurs. Fe concentrations start from around 4- E-6 mol/L and reach 2-4° E-5 mol/L after 6-9
months. This may point to a slow reductive dissolution of Fe,Oz where as a result of the
establishment of reducing conditions due to steel corrosion, Fe(lll) from the hematite is partially
reduced to Fe(ll) species of higher solubility.

Table 24 Dissolved amounts of Fe, Si and Al ions in the pore water solutions in contact with SGI coupons after 3, 6 and 9 months
static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Fe Si Al
3months 25°C w/o hematite 8500(0.1) 14300(2.3) 1500(4.3)
3months 25°C with (0.5 wt.%) hematite 200(0.5) 9600(2.2) 700(3.8)
3months 50°C w/o hematite 1100(3.7) 31100(1.1) 5000(1.6)
3months 50°C with (0.5 wt.%) hematite 200(9.4) 19600(1.1) 800(3.3)
6months 25°C w/o hematite 1300(1.0) 8100(0.7) 700(2.4)
6months 25°C with (0.5 wt.%) hematite 900(1.1) 7600(0.9) 600(6.6)
6months 50°C w/o hematite 200(13) 15200(2.9) 400(27)
6months 50°C with (0.5 wt.%) hematite 2300(0.9) 17000(1.3) 1000(40)
9months 25°C w/o hematite 500(4.9) 12300(0.7) 500(3.7)
9months 25°C with (0.5 wt.%) hematite 1200(3.1) 18200(0.8) 500(5.7)

For static experiments, the concentration of Si is ranging from 7600 to 31100 pg/L, and Al varies
in the range 400 to 5000 ug/L. The dissolved Si and Al concentrations were affected slightly by
temperature and presence of hematite. There is possibility of adsorption of dissolved silicate
species to the hematite surface and thus lowering the silicate concentration a bit as observed
during 3 and 6 months at room temperature (25°C) in presence of hematite. Highest Si, Al
dissolution was observed at (50°C) elevated temperature for 3 months without hematite. The
measured concentration (at least for 9 months) of silicon, and aluminium is quite similar to the
concentration of equilibrium bentonite slurry where Si concentration is ~13000 pg/L and Al
concentration is ~500 pg/L.
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Table 25 Dissolved amounts of Fe, Si and Al ions in the ground water (solution) in contact with SGI coupons during 3 months
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o hematite (System)/ Fe Si Al
Amounts in pg/L
A (4 weeks) <100 17300(0.7) 900(3.0)
B (5 weeks) <100 16900(0.8) 800(3.3)
C (6 weeks) <100 17400(1.6) 1100(4.9)
D (8 weeks) <100 16800(0.5) 300(1.0)
E (10 weeks) 300(1.4) 18600(0.4) 200(6.0)
F (12weeks) <100 21400(0.9) 5500(2.0)
25°C with (0.5 wt.%) hematite (System)/ Fe Si Al
Amounts in pg/L
A (4 weeks) <100 16400(0.6) 1500(2.4)
B (5 weeks) <100 17300(0.9) 1200(2.8)
C (6 weeks) 300(1.2) 18300(1.0) 900(2.1)
D (8 weeks) <100 17900(1.2) 300(1.3)
E (10 weeks) <100 20800(0.8) 800(1.3)
F (12 weeks) <100 21300(0.1) 400(3.1)
50°C with(0.5 wt.%) hematite (System)/ Fe Si Al
Amounts in pg/L
A (4 weeks) 600(2.3) 19000(0.6) 1200(2.6)
B (5 weeks) 1900(0.4) 20500(0.4) 1100(4.8)
C (6 weeks) <100 21800(1.5) 1400(5.9)
D (8 weeks) 2200(1.0) 20900(1.5) 1100(2.0)
E (10 weeks) <100 23700(0.4) 600(2.3)
F (12 weeks) 500(2.2) 21800(0.1) 300(1.5)

Table 26 Dissolved amounts of Fe, Si and Al ions in the ground water (solution) in contact with SGI coupons during 6 months
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o hematite (System)/ Fe Si Al
Amounts in pg/L
A (6 weeks) 700(5.4) 19200(0.2) 200(2.8)
B (10 weeks) <200 19300(1.7) 100(2.3)
C (14 weeks) <200 20700(0.9) 100(0.9)
D (18 weeks) <100 19400(0.6) 100(11)
E (22 weeks) <100 19400(0.9) 100(12)
F (26 weeks) <100 19300(0.7) 100(1.7)
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25°C with (0.5 wt.%) hematite (System)/ Fe Si Al
Amounts in pg/L

A (6 weeks) <200 18900(1.2) 100(4.9)
B (10 weeks) <200 20400(0.9) 200(2.1)
C (14 weeks) <200 23700(1.7) 100(2.5)
D (18 weeks) <100 18000(0.5) 100(11)
E (22 weeks) <100 19900(0.6) 100(16)
F (26 weeks) <100 19900(1.7) 100(5.3)
50°C with (0.5 wt.%) hematite (System)/ Fe Si Al
Amounts in pg/L
A (6 weeks) 200(3.7) 19500(0.2) 300(1.8)
B (10 weeks) <200 19600(1.4) 400(3.6)
C (14 weeks) <200 20900(1.7) 600(4.0)
D (18 weeks) <100 19300(1.6) 500(1.3)
E (22 weeks) <100 19900(0.9) 500(1.8)
F (26 weeks) <100 18800(0.4) 400(1.0)

For dynamic experiments, the concentration of Si varies from 16400 to 23700 pg/L which is
quite in agreement with concentration of simulated groundwater where Si concentration is
~17000 pg/L (Table2). Al concentration is comparable at room and elevated temperature (50°C)
and iron concentration is lower in most of the cases but is slightly increased at elevated
temperature (50°C) in presence of hematite. Overall, temperature, time and hematite presence do
not have significant effect on the concentrations of Fe, Si, and Al. The uncertainties suggest that
variations in ions concentration lie within the scatter of the data. Here, Fe dissolution is mainly
due to cast iron (SGI) corrosion whereas Si and Al concentrations indicate clay dissolution not
iron corrosion.

Overall, results suggest that temperature plays a key role in controlling iron availability in
solution, with the presence of hematite influencing iron dynamics, particularly at higher
temperatures, where initial dissolution is more pronounced, but long-term concentrations stabilize
at low levels. Si and Al exhibiting varying trends in the presence of hematite, temperature and
due to interactions between SGI coupons and the bentonite slurry. Overall, the amounts of
dissolved iron in dynamic experiments were low compared to static experiments, whereas the
amount of dissolved silicon and aluminium in dynamic experiments were relatively comparable
with static experiments.
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Table 27 Determination of Cu, Ni, Fe, Si and Al concentrations for a bentonite that was in contact with SGI coupons has been
digested in acid and the resulting liquid phase has been quantified by using ICP-MS for 6 months dynamic experiment (Numbers
in parentheses correspond to the relative standard deviation in percentage).

(Dynamic) System/ Amounts in pg/g Cu Ni Fe Si Al

6months 25°C SGI w/o hematite 5(0.9) 7(1.4) 21740(0.9) 259500(0.9)  45590(0.8)

6émonths 25°C SGI with 0.5 wt.%

hematite 5(1.2) 5(0.2) 23475(1.0) 262250(1.3)  56725(2.3)

Determination of Cu, Ni, Fe, Si and Al concentration for a bentonite that was in contact with SGI
coupon with and without hematite has been digested in acid and the resulting liquid phase has
been quantified by using ICP-MS for 6 months dynamic experiment. The results shown in (Table
27) shows variation in concentration (Fe, Si and Al) which was of interest for SGI. The
concentration of mainly Fe increases in presence of hematite indicates that Fe(ll) release due to
iron corrosion and Fe(lll) from hematite is mainly sorbed on the clay surface rather than
dissolving into the solution. Si and Al are mainly components of bentonite apart Si also present
in SGI (3.4 wt. %). The difference in Si concentration for the SGI experimental product and the
bentonite is in the range of 4% only, this corresponds to the analytical uncertainty of ICP-MS
analysis.

3.2.3 pH/ E; evolution

The accurate pH and E;, values of a system are along dissolved metals amounts crucial
parameters allowing identification of thermodynamically stable corrosion phase(s) in Pourbaix
diagram (Figure 2) under those conditions.

Table 28 pH / Eh evolution of SGI in contact with MX-80 bentonite slurry after 3, 6 and 9 months exposure time.

System pH Enw.r.t SHE (mV)
3months 25°C w/o hematite 8.17+0.05 -441+50
3months 25°C with (0.5 wt.%) hematite 8.13+0.05 87+50
3months 50°C w/o hematite 8.13+0.05 -254+50
3months 50°C with (0.5 wt.%) hematite 7.91+0.05 -149+50
6months 25°C w/o hematite 7.87x0.10 -47450
6émonths 25°C with (0.5 wt.%) hematite 7.74+0.10 -310+50
6months 50°C w/o hematite 7.73+0.10 -430450
6months 50°C with (0.5 wt.%) hematite 7.80+0.10 -420+50
9months 25°C w/o hematite 7.87+0.10 -250+50
9months 25°C with (0.5 wt.%) hematite 7.95+0.10 14+50
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The pH and Enx values of SGI coupons for three, six and nine months of static experiments were
shown in (Table 28). The in-situ pH did not evolve much in SGI corrosion experiments carried
out for 3 months (Table 28), slightly decreased after 6 months and has similar range after 9
months. Overall, the presence of hematite only had a marginal effect. Metallic corrosion affected
the redox potential that became clearly negative after 3 months except at 25°C with hematite
present and 9 months with hematite presence, and lower values were recorded after 6 months
except in the experiment at 25°C in the absence of a-Fe.Os. Hematite is a pure Fe(lll)
compounds and thus acts as an oxidizing agent. Indeed, after 3 and 9 months, the redox potential
is systematically higher when hematite is present. Unfortunately, this trend is less clear after 6
months because at 50°C the difference is within uncertainties and at 25°C E is lower for SGI
corroded in presence of hematite. Overall, reducing conditions developed as a consequence of
steel corrosion, suggesting the formation of Fe(ll) bearing compounds. The absence of significant
pH change may be related to bentonite acting as pH buffer.

Following in-situ pH and En measurements, coupons were removed from the vessels for analyses.
In some experiments, the SGI/suspension interface exhibited a slight blue/green color (Figure
42) indicating that some reaction had occurred. Color is among properties of smectites that is
greatly affected by redox reactions, especially for Fe-rich smectites (Stucki, 2011). Indeed, color
changes appear because of changes in intra- and intervalence electron transfer transitions
involving Fe(Il), Fe(Ill), and O — Fe(Ill) charge transfer transitions. Structural iron in the
starting MX-80 bentonite prevails as ferric ions, and metallic corrosion results in the formation of
ferrous ions, which can interact with bentonite in suspension and result in electron transfer. The
observed change of color may either suggest reduction of structural iron within the smectite
component of the bentonite, or the formation of corrosion products (e.g., green rust compounds).
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SGI —o— with Hematite at 25°C SGI —#— wio Hematite at 25°C

9.8 4 —&— with Hematite at 50°C 9.2~ —&— with Hematite at 25°C
—A— with Hematite at 50°C

9.0 4
9.6+

8.8

9.4+
8.6+

pH
pH

9.2+ 8.4+

8.2

8.8

8.0

T T T T T T T T T T 1
4 6 8 10 12 5 10 15 20 25 30
time (weeks) time (weeks)

Figure 35 The pH evolution of the SGI coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (0.1 is uncertainty).

81



3 months dynamic experiment : 6 months dynamic experiment :

sal —m— wio Hematite at 25°C SGI ————————
-165 4 - with Hematite at 26°C 120 - —8— wio Hematite at 25°C
—A— with Hematite at 50°C —e— with Hematite at 25°C
- —&— with Hematite at 50°C
-170 [~ wih Rematlle al S0 L)
— 140
75
5 180 | S -160
£ £
W 485 w
T 185 T -180-
n 2]
: -190 4 :
2 3 -200
= 195+ e
w w
200 4 220 4
-205
-240
-21 u T T T T T T T T T T 1
4 6 8 10 12 5 10 15 20 25 30
time (weeks) time (weeks)

Figure 36 The Eh evolution of the SGI coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (£50mV is uncertainty).

The pH and En values of SGI coupons for three and six months dynamic experiments were shown
in (Figure 35) and (Figure 36). pH again increases towards the value of the inflowing simulated
groundwater. As already outlined in chapter 3.1.3, En values lie throughout in the reducing range
(-167 mV to -207 mV) in dynamic experiments, partly different to observations in static
experiments. Also the presence of hematite does not have a significant impact.

3.2.4 Corrosion rate
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Figure 37 Corrosion rates of all SGI coupons obtained after 3, 6 and 9 months static experiments.
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Dynamic Experiment : SGI
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Figure 38 Corrosion rates of all SGI coupons obtained after 3 and 6 months dynamic experiments.

The corrosion rates of SGI coupons for static and dynamic experiments were calculated using the
weight loss method and are shown in (Figure 37) for 3, 6 and 9 months of static experiments and
in (Figure 38) for 3 and 6 months dynamic experiments. The corrosion rate of SGI mainly varies
with temperature and is not much affected by presence of hematite or exposure time. In static and
dynamic experiments, the corrosion rate increases with temperature, being higher at 50°C than at
25°C. The corrosion rate of SGI in bentonite suspension for both experiments (static and
dynamic) at 25°C, varies in the range between 1.90+0.81 to 5.07£1.90 upm/a which is in
agreement with the reported average corrosion rate of carbon steel (~2 um/a) embedded within
compacted MX-80 bentonite and exposed to natural granitic pore water for 394 days in the in situ
MaCoTe experiment (Reddy, Padovani, Rance, et al., 2021). The small difference in corrosion
rate is due to different material, temperature (25°C vs rock temperature), time and form of
bentonite (suspension vs compacted).

In dynamic experiments, the corrosion rate at 50°C varies in the range 6.97£3.15 to 7.82+1.45
pm/a, which is quite comparable with corrosion rate of static experiments (considering
experimental uncertainty). Longer exposure time (3 to 6 months) in both experiments show little
reduction in corrosion rate that hints at the formation of a protective passivation layer at the
coupon surface. Taking uncertainties into account, the results indicate that temperature plays a
more significant role in corrosion than hematite content, with higher temperatures leading to
increased corrosion over time, especially when hematite is present. The corrosion rates of SGI
coupons for dynamic experiments were comparable with static experiments and are in same range
(e.q., after 6 months in presence of hematite).
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3.2.5 Secondary phase characterization

3.2.5.1 Static condition systems (3, 6 & 9 months)

(2) 3months 25°C (b) 6months25°C (c) 9months25°C

g5

(F) 9months 25°C + a-Fe203

W/TM b

Figure 39 Scanning electron micrographs (in SE mode) of all SGI coupons corroded for 3, 6 and 9 months under static
conditions at different temperatures (exact conditions are indicated above the micrographs). Marked areas were selected
for EDXS analysis, quantitative results are provided in Table 29.
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Table 29 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure39. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Fe
B-1 7.8 / / / 0.2 4.4 / / 87.6
B-2 12.1 / / / / 0.3 / / 87.7
B-3 98.3 / / / / 0.3 / / 1.1
B-4 / 57.0 1.4 / 6.3 17.5 / 0.1 16.2
B-5 2.1 42.4 0.5 / 3.9 11.6 0.3 / 37.8
B-6 7.0 18.7 / / 0.7 2.0 46.9 / 24.7
B-7 2.4 52.9 0.5 / 6.3 15.9 0.1 0.3 14.4
B-8 1.9 61.4 0.4 / 6.6 15.9 0.1 0.3 12.0
B-9 72.9 24.5 / / 0.5 11 / / 1.1
B-10 1.7 / / 0.3 0.2 4.7 / / 93.0
B-11 10.7 / / / 0.7 14 / / 87.2
B-12 4.1 16.9 0.3 / 2.0 7.5 0.4 / 68.1
B-13 6.8 2.6 / / 0.3 1.1 / / 89.1
B-14 10.0 / / 1.0 0.4 3.3 0.6 / 84.7
B-15 78.8 17.5 / / 0.6 1.6 / / 15
B-16 3.9 63.5 / / / 0.7 / / 31.6
B-17 5.0 62.2 / / / 1.6 / / 30.5
B-18 / 45.1 2.2 / 6.8 15.8 0.1 / 27.9
B-19 / 62.1 1.8 / 7.9 23.2 / 0.1 2.9
B-20 6.9 / / / 0.9 14 / / 90.8
B-21 14.9 / / 0.6 0.4 3.3 / / 80.9
B-22 6.3 58.8 / / 0.2 0.9 / 0.2 33.2
B-23 3.0 61.5 1.6 / 7.9 21.1 / / 3.0
B-24 6.9 59.2 0.6 / 1.4 16.8 / 0.4 13.9
B-25 3.2 52.1 1.0 / 4.1 19.1 / 0.2 19.0

SEM-EDXS analysis for various selected areas were shown in (Figure 39) and their atomic
concentration results were tabulated in (Table 29) for SGI coupons corroded for 3, 6 and 9
months of static experiments. SGI has a pearlitic structure composed of alternating layers of
ferrite (a-Fe) and cementite (FesC), and contains graphite inclusions. After 6 months of reaction,
the surface is more damaged compared to 3 months, even at 25°C with added hematite
(Figure39e). The surface is particularly damaged within a small circular area surrounding
graphite inclusions, suggesting preferential dissolution of iron without affecting the graphite. This
observation may suggest the development of different electrochemical potentials at the surface of
the conducting coupon between the inclusion and its immediately surrounding metal, whereby
graphite would act as cathodic site. This spatial separation of anodic and cathodic sites results in
the development of a galvanic cell (Schlegel et al., 2018), favorable to increasing the metallic
corrosion, which thus can account for experimental observations. After 9 months of reaction, at
room temperature the exposed surface show clear morphology of secondary phases formed due to
corrosion of SGI coupons. At 25°C without hematite iron silicate (Figure 39c) formation was
observed based on SEM-EDXS and with hematite (Figure 39f) addition form mixture of iron
oxide, green rust (hexagonal structure) and silicate as corrosion products.
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EDXS analyses results of coupons at 25°C after 3 and 9 months without hematite and for
coupons at 50°C with hematite after 6 months, selected areas (B-4, B-5, B-7,B-8,B-24 and B-25)
shown in Figure 39 indicate formation of iron silicate as corrosion products since Fe: Si ratio is
close to 1:1. The atomic concentration values obtained here rule out the presence of only
bentonite or hematite and instead may suggest the presence of Fe-rich secondary phases such as
phyllosilicates of the kaolinite-serpentine group formed by condensation of one octahedral sheet
with one tetrahedral sheet (TO type) confirmed by Fe:Si ratio through SEM-EDXS analysis. This
finding would be consistent with usually reported results for iron or steel corroded in contact with
clay minerals (Dzene et al., 2022; Lanson et al., 2012; Lantenois et al., 2005; Schlegel et al.,
2018). According to reported findings from (Pignatelli et al., 2013), together with the detection
of Al presence in the present study, the formation of cronstedtite ([Fe(Il)z-xFe(l1)x][Fe(I11)xSiz-
x]Os5(OH)a4) in the present work seems rather unlikely. Instead, results may suggest the formation
of odinite ([Fe(ll),Fe(111),Mg,Al]25[Si,Al]205(0OH)4) or ([Fe(ll),Fe(l11),Mg,Al]s[Si,Al].0s(OH)4)
berthierine. Unfortunately, neither of these compounds could be detected by XRD analysis, very
likely due to their low amounts present as discussed in the next section.

It was observed from the (Figure 39a, 39c) that iron silicate was mainly formed in the region
close to metal/bentonite interface whereas away from interface base coupon is detected like in
areas (B-1, B-2) based on SEM-EDXS and other side regions covered with bentonite (B-19, B-
23). The significant presence of oxygen particularly in regions like (B-16, B-17, B-22) shown in
(Figure 39), suggests the formation of iron oxide-based corrosion products, such as magnetite
(Fe304), hematite (Fe203) or green rust. The SGI coupon corroded for 9 months at 25°C with
hematite in bentonite environment may consist of green rust as confirmed by XRD (Figure 40)
and iron oxide (mostly magnetite) from SEM-EDXS results (Table 29, B-16, B-17), because
added hematite was reduced and most likely forms (magnetite) after 9 months (long term). In the
area with high sulfur for instance region (Figure39, B-6) indicates presence of FeS, which may
come from bentonite. Relatively comparable results were obtained for three, six and nine months
of static experiments for SGI coupons. This finding supports that conditions were clearly
reducing at the coupon/suspension interface. Thus, SEM-EDXS results provide insights into the
corrosion behavior of spheroidal graphite iron (SGI) in bentonite environments, revealing the
formation of distinct corrosion products suggested by varying elemental compositions across the
analyzed areas.

The XRD analysis of corroded SGI coupons obtained after three, six and nine months of static
experiments was carried out and its diffractograms were shown in below (Figure 40).
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Figure 40 X-ray diffractograms recorded on the corroded SGI coupons after 3 months (top), 6 months (middle) and
9 months (bottom) reaction time under static conditions (exact conditions are indicated on individual XRD plot).
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The primary peak in the XRD spectrum for three, six and nine months of static experiments likely
correspond to theiron (PDF 87-0721), cementite (PDF 85-0871) and graphite phase (PDF 75-
1621) which is starting material. Apart from this, other reflections attributable to
Montmorillonite, Illite/Albite which are present on the exposed surface especially for three and
six months come from the bentonite and remaining peaks correspond to corrosion products or
secondary phase green rust (PDF 13-0090) which was detected in most of the samples for three
and nine months of static experiments as shown in (Figure 40). For six months no secondary
phase presence could be detected, suggesting that either their amount was too low, that they are
of too low crystallinity, or that they must have been removed when cleaning off the excess
suspension.

There is not much difference observed in 9 months coupons compared to three months in terms
of secondary phase (corrosion products) from XRD analysis. Findings suggest that secondary
phases formed in too low amounts and have heterogeneous distribution over the exposed surface
due to difference in experimental conditions (time, temperature and hematite presence). Although
hematite is added in some experiments its presence could not be detected in XRD analysis maybe
due to low amount or it is converted to magnetite. Overall XRD analysis provides insights into
the phases present in SGI coupons after corrosion, which is critical for understanding corrosion
process and the stability of the material over time.

XPS analyses provided complementary chemical information as well as speciation information.
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Figure 41 X-ray photoelectron spectra recorded on the SGI coupons corroded for 3 months at 25°C in absence of o-
Fe203 (A), SGI corroded for 3 months at 50°C in presence of a-Fe203 (B) and SGI corroded for 6 months at 25°C in
presence of a-Fe203 (C).

For all analysed samples, findings were very comparable. The Fe 2p spectrum recorded at the
metal surface (Figure 41) evidenced the presence of metallic Fe, suggesting that no Fe-bearing
secondary phase is attached to the surface. Low amounts of sulfide, indicated by the S 2ps»
elemental line at 161.8 eV binding energy, were also detected at the coupon surface, most
probably as iron sulfide (i.e., due to pyrite naturally present in the bentonite). Reference binding
energies (Moulder et al., 1992) of the Fe 2pz. elemental line of Fe (Karnland O & Motamedi
M) (707.0 eV), FeO (709.4 eV) and FeS; (706.7 eV) are similar, whereas that of FeS (710.3 —
712.2 eV) or FesO4 (708.2 €V and 710.4 eV), a-Fe203 (710.9 eV), and a-FeOOH (711.8 eV)
clearly differ. At the clay surface, Fe 2p spectra show shake-up satellites about 5 eV higher
binding energies than the Fe 2p main lines, which is characteristic of Fe(Il). Shake-up satellites of
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Fe(I11), expected around 10 eV higher binding energy than the Fe 2p main lines are weak or not
present. Interestingly, binding energy of Fe 2paz2 lines are at about 710 eV, which is characteristic
for iron oxides containing Fe(lll), but also for Fe(ll) in silicates. Even if Fe and Si have similar
Pauling’s electronegativity, the oxygen ion at Fe-O-Si may have stronger interaction with
tetravalent Si than with Fe(Il) or Fe(l11) resulting in more positive charge on the Fe ion compared
to iron oxides. Thus higher binding energy of Fe 2p photoelectrons emitted from Fe(I1)-O-Si(1V)
binding is expected (Seyama & Soma, 1987).

SGI-7S6 SGI-856 SGI-759

Figure 42 Pictures taken in XPS chamber of SGI coupons corroded under static conditions (exact conditions are indicated on the
individual sample, details of conditions are available in appendix). Marked points were selected for atomic concentration
analysis, quantitative results are provided in Table 30.

Table 30 Relative atomic concentrations by XPS analyses at selected points of SGI coupons for static experiments shown in
above Figure42. Relative errors are estimated to be within + 10% (Here each measurement has two type of atomic concentration:
one with presence of carbon and one without carbon presence).

Point C O Na Mg Al Si S Cl Ca Mn Cu Fe
5A3-1 366 29.1 04 0.5 / 2.9 1.0 0.5 1.7 / 0.6 251
/ 46.0 0.6 0.8 / 4.6 1.6 0.8 2.6 / 1.0 39.7
5A3-2 13.0 55.7 0.6 0.7 28 122 / 0.5 / / / 12.3
/ 64.0 0.7 0.8 33 14.0 / 0.5 / / / 14.2
6A3-3 233 437 0.9 0.8 3.2 8.3 1.4 / / 0.7 / 17.2
/ 570 1.2 1.1 42 10.8 1.9 / / 1.0 / 22.4
6A3-4 6.3 629 1.3 1.1 58 19.9 / / 0.4 / / 2.3
/ 67.2 1.4 1.2 6.2 21.2 / / 0.4 / / 2.5
7A3-5 50 638 1.6 1.3 6.5 205 / / / / / 1.4
/ 67.6 1.7 1.4 6.7 213 / / / / / 1.4
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7A3-6 414 261 / 06 [/ 16 19 04 [/ / / 259
/ 446 / 10 / 27 33 07 |/ / / 443
8A3-7 207 416 08 04 29 72 22 [/ / / / 236
/ 525 10 05 37 91 27 / / / / 297
8A3-8 69 609 12 12 60 202 [/ / / / / 3.6
/ 654 12 13 65 217 / / / / / 3.9
7A69 253 351 10 07 41 67 10 / 03 07 | 236
/] 470 14 09 56 89 14 / 04 09 / 317
7A6-10 335 269 / 02 / 19 16 / / 1.0 / 313
/ 405 / 03 / 29 24 / / 1.5 / 470
7A6-11 45 629 18 12 68 196 / / 03 / / 3.0
/ 658 19 12 72 205 / / 03 / / 3.1
8A6-12 141 565 06 08 32 140 / 01 [/ / / 107
/] 659 07 09 37 163 / 01 / / / 125
8A6-13 116 577 15 08 39 178 / / / / / 6.9
/ 652 17 09 44 201 / / / / / 7.7
7A9-14 369 398 09 / / 24 15 07 / / / 156
/ 631 15 / / 38 23 12 / / / 248
7A9-15 186 556 09 [/ / 11 / o8 /[ / / 13.0
/ 683 11 / / 136 / 09 / / /  16.0
7A9-16 116 604 07 09 43 130 / 06 / / / 85
/] 683 07 10 48 147 |/ 07 [ / / 96

The SGI coupons selected for XPS analysis were shown in (Figure 42) for static experiments
under different experimental conditions. Relative atomic concentrations using XPS for selected
points on exposed surface of SGI coupons were tabulated in (Table 30). A color change like blue-
green, blackish-green was observed on the exposed coupon surface (Figure 42) indicating
formation of secondary phases. From atomic concentrations (Table 30) it is clear most of exposed
surface consists of iron, oxygen and silicon as chief elements which form corrosion products.
Here atomic ratio (Table 30, point 2, 15) shows the probability of iron silicate formation, since
iron and silicon have atomic ratio was 1:1. The atomic concentrations of oxygen are notably high
in many samples, reflecting a possible iron oxide layer (FexOy) formation especially in points like
(Figure 42, point 1, 3, 6, 7, 9 and 10) and some location of exposed surface was also covered
with bentonite. In some cases there are possibilities of formation of iron oxide + iron silicate.
Thus, exposed corroded surface consist of inhomogeneous distribution of secondary phase on the
surface of SGI coupons for the static experiments. A dense layer of corrosion products like iron
silicate and green rust was formed during longer time period (9 months) of static experiments,
which decreases the corrosion rate as discussed in corrosion rate measurement (Figure 37). The
results show the diversity of surface chemistry across the samples, with variations in elemental
composition pointing to differences in phase formation and oxidation states. XPS analysis
suggests that the surfaces were a mixture of oxide layers, iron silicate and metallic surfaces
distributed unevenly over the exposed surface of SGI coupons for static experiments.
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3.2.5.2 Dynamic condition systems (3 & 6 months)

(a) 3months 25°C (b) 3months 25°C + a-Fe203  (c) 3months 50°C + a-Fe203

% % 5

(d) 6months 25°C

Figure 43 Scanning electron micrographs (in SE mode) of all SGI coupons corroded for 3 and 6 months under dynamic
conditions at different temperatures (exact conditions are indicated above the micrographs). Marked areas were selected
for EDXS analysis, quantitative results are provided in Table 31.
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Table 31 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure43. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Fe
B-26 11.5 / / 0.7 / 0.3 / / 87.4
B-27 9.9 11.2 / 0.8 0.2 2.4 0.7 0.7 73.9
B-28 32.8 48.5 1.2 / 3.8 9.3 / / 3.7
B-29 1.3 46.3 0.4 / 5.9 14.2 / / 29.4
B-30 1.9 55.8 1.0 / 8.4 25.7 / / 5.1
B-31 15 59.1 1.6 / 8.4 23.6 / / 2.2
B-32 2.1 57.7 15 / 8.0 20.9 / / 8.1
B-33 12.4 / / 0.5 / 0.5 / / 86.5
B-34 4.3 7.3 / / 0.4 5.9 0.3 / 81.7
B-35 11.8 / / 0.4 / 0.3 / / 87.3
B-36 4.6 66.1 1.3 / 6.7 15.6 0.1 0.1 4.1
B-37 10.0 17.0 / 0.5 0.1 0.7 22.5 / 24.4
B-38 4.0 5.1 / / 0.6 7.1 / / 83.3
B-39 / 56.0 1.5 / 9.8 26.4 / 0.2 3.9
B-40 3.8 42.4 1.1 / 10.9 27.2 / 0.2 11.6
B-41 2.0 60.2 1.3 / 8.6 22.5 / 0.2 3.2
B-42 3.0 55.8 / / 0.7 1.7 / / 38.8
B-43 3.6 57.0 1.4 / 8.5 21.8 / / 5.9
B-44 15 56.5 0.5 / 2.8 18.9 / / 19.2
B-45 2.9 54.1 0.9 / 0.6 18.0 / / 23.0
B-46 11 55.1 1.3 / 9.1 25.0 / / 6.9

SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 43) and their
atomic concentration results were tabulated in (Table 31) for SGI coupons corroded for three and
six months of dynamic experiments. SEM-EDXS results of areas (B-29, B-44, B-45) shown in
(Figure 43) led to form iron silicate on the exposed surface. For 6 months coupon at 25°C with
added hematite have area such as B-42, data shown in (Table31) indicate the presence of iron
oxide (Fe203), on the exposed surface of coupon, which means added hematite was not consumed
fully to form more stable corrosion products (magnetite) during exposure. SEM-EDXS results of
the areas (B-28, B-31, B-32, B-36, B-41, and B-46) which were enriched with sodium, silicon,
aluminum, oxygen and iron can be attributed to bentonite covering the exposed area of SGI
coupon. Iron/bentonite interface was most active region for formation of iron silicate as a
secondary phase. Overall, based on the EDXS results, it seems that the corrosion products
generally present here consist of iron oxides and potentially iron silicates. Based on electron
microscopic data, the steel degradation mechanisms under dynamic conditions seem not much
different from that under static conditions.
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Figure 44 X-ray diffractograms recorded on the corroded SGI coupons after 3 months (top) and 6 months (down) reaction time
under dynamic conditions (exact conditions are indicated on individual XRD plot).

The XRD analysis of corroded SGI coupons obtained after three and six months of dynamic
experiments was carried out, and its diffractograms were shown in (Figure 44). XRD analysis of
the corroded specimens could only reveal the presence of structures characteristic of the coupon
with its components cubic iron (PDF 87-0721), cementite (PDF 85-0871) and graphite (PDF 75-
1621) (Figure 44). No secondary phase presence could be detected, suggesting that either their
amount was too low, that they are of too low crystallinity, or that they must have been removed
when cleaning off the excess suspension. There is not much difference observed in six months
coupons compared to three months in terms of obtained phase (primary) from XRD analysis.
Although hematite was added in some experiment as a transient but due to low amount it was not
detected in XRD analysis. XRD analysis results for dynamic experiments were almost
comparable with that of static experiments (except green rust formation) for SGI coupons.
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Figure 45 X-ray photoelectron spectra recorded on SGI corroded under dynamic conditions for 3 months at 25°C in
presence of a-Fe203 (A) and SGI corroded for 3 months at 50°C in presence of a-Fe203 (B).

XPS spectra recorded for selected SGI coupons for dynamic experiments were shown above in
(Figure 45). The spectral lines here gave information about oxidation state of iron on metal and
clay surface. Iron is present in divalent and trivalent oxidation state at the surface exposed to the
suspension for 3 months at 25°C with added hematite present (Figure 45-A). In the parallel
experiment at 50°C, the Fe 2p spectrum recorded at the coupon surface agrees with the presence
of metallic Fe, suggesting that no Fe-bearing secondary phase was attached to the surface. The
sulfur 2p line (data shown in appendices) hints at the presence of low amounts of sulfides at the
surface of both coupons that may possibly be explained by the presence of admixed pyrite in the
bentonite.

At the clay surface, Fe is present as a mixture of Fe(Il) and Fe(l1l), and this result is comparable
to that from experiments under static conditions (Figure 41). This finding would suggest that
Fe(Il) formed upon steel corrosion reacted with the contacting bentonite, resulting either in the
(partial) reduction of structural Fe(lll) of bentonite or the formation of a mixed Fe(Il)/Fe(ll)
compound. Thus, little amount of neoformed Fe-bearing phase could be detected by SEM-EDXS
at the coupon/bentonite interface, suggesting a partial reduction of structural Fe of bentonite. This
would also be consistent with the measured negative En values (Figure 36).
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Figure 46 Pictures taken in XPS chamber of SGI coupons corroded under dynamic conditions (exact conditions are indicated on
the individual sample, details of conditions are available in appendix). Marked points were selected for atomic concentration
analysis, quantitative results are provided in Table 32.

Table 32 Relative atomic concentrations by XPS analyses at selected points of SGI coupons for dynamic experiments shown in
above Figure 46. Relative errors are estimated to be within £ 10 % (Here each measurement has two type of atomic
concentration: one with presence of carbon and one without carbon presence).

Point C 6] Na Mg Al Si S Cl Ca Mn Cu Fe
6D3-1 26.2 479 1.6 0.3 2.0 4.8 0.5 1.2 0.2 / / 15.2
/ 64.9 2.2 0.4 2.8 6.5 0.7 1.6 0.3 / / 20.6
6D3-2 9.3 61.2 0.4 0.9 5.7 183 / / / / / 3.9
/ 67.5 0.4 1.0 6.3 20.2 / / / / / 4.3
7D3-3 221 411 / 0.8 2.5 8.0 2.1 0.5 / / 02 214
/ 52.8 / 1.0 3.2 103 2.7 0.6 / / 0.2 274
7D3-4 6.8 62.3 0.4 0.9 6.0 185 / 0.1 / / / 5.1
/ 66.9 0.4 0.9 6.4 19.8 / 0.1 / / / 5.4
6D6-5 10.8 59.2 0.7 1.0 6.9 194 / 0.2 / / / 1.6
/ 66.4 0.8 1.2 7.8 21.8 / 0.2 / / / 1.8
6D6-6 33.2 396 0.5 0.3 1.9 8.2 / / / / / 16.2
/ 593 07 05 29 123 / / / / / 24.3
7D6-7 106 585 11 08 60 169 / / / / / 6.2
/ 654 13 09 6.7 189 / / / / / 6.9
7D6-8 20.3 449 0.3 0.4 3.3 7.6 3.7 0.3 / 0.4 / 18.7
/ 56.4 0.3 0.5 4.1 9.5 4.6 0.4 / 0.5 / 23.5
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The SGI coupons selected for XPS analysis were shown in (Figure 46) for dynamic experiments
under different experimental conditions. Relative atomic concentration using XPS for selected
points on exposed surface of SGI coupons were tabulated in (Table 32). A color change like blue-
green, yellowish-green and blackish was observed on the exposed coupon surface indicating
formation of different corrosion products (secondary phases). From atomic concentrations
(Table 32) it is clear most of exposed surface consists of iron, oxygen and silicon as chief
elements which form corrosion products.

Here atomic ratios of iron, silicon and oxygen as shown in (Table 32, point 4, 7) show probability
of iron silicate formation as corrosion products or bentonite presence. The atomic concentrations
of oxygen are notably high in many samples, reflecting a possibility of iron oxide + iron silicate
formation, especially at points like (Figure 46, Point 1, 3, 6 and 8). XPS analysis suggests that
the surfaces were a mixture of oxide layers, iron silicate and metallic surfaces distributed
unevenly over the exposed surface of SGI coupons for dynamic experiments. No significant
differences were observed between three and six months of dynamic experiments. XPS atomic
concentration results of above samples shown in (Figure46) corroborated with SEM-EDXS
results (Table 31). Overall XPS analysis results for dynamic experiments were comparable with
that of static experiments for SGI coupons.

96



3.3 Corrosion of spring steel in MX-80 bentonite

3.3.1 Initial Characterization

The initial characterization of spring steel coupon was carried out to know and compare the
morphological changes as corrosion progresses. (Figure 47) left side shows the SEM (SE mode)
image of polished non-corroded initial spring steel coupon. SEM-EDX results show the chemical
composition of the selected areas which focussed on specific points and the average surface area
of coupon and their results were shown in the (Table 33 & Table 34). The average area (point 1)
of base metal, and point 2 and point 3 are specific points on the surface. The obtained
composition of spring steel coupon had good match with the composition compared to the
company certificate of the bulk spring steel. Finally, the surface roughness of the starting material
was assessed by AFM. A value for the root mean square (RMS) roughness of 10+ 2 nm was
obtained for a scanned area of 20 x 20 pm?.

Polished &

Figure 47 SEM image on left side and surface roughness image using AFM on right side of the initial SS coupon.

Table 33 Composition of initial SS coupon obtained by SEM-EDX before experiment with (+/- 3 Sigma) uncertainty.

Material /Atom % C Si Mn Al Cr Mo Fe
SS_pointl 2.8£0.5 3.3+0.2 0.9+0.2 0.4+0.1 - - 92.6+1.2
SS_point2 3.5+0.4 3.1+0.2 0.9+0.2 0.3+0.1 - - 92.3+1.2
SS_point3 54405 3.1+0.2 0.8+0.2 0.2+0.1 - - 90.5+1.2

Table 34 Chemical composition of the initial SS coupon with (+/- 3 Sigma) uncertainty.

Element / wt. % C Si Mn Al Ni Cr Mo Fe
Certificate 0.5 1.6 0.8 0.0 02 02 01 96.7

EDX of overall

surface (point 1) 0.640.1 1.840.1 0.9+0.2 0.2+0.1 - - - 96.6+1.3

EDXof point2  (08+0.1 1.6+0.1 0.9+0.2 0.1+0.1 - - - 96.6+1.3

EDXof point3  12+0.1 1.7+0.1 0.84#0.2 0.1+0.1 - - - 96.2+1.3
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Figure 48 X-ray diffractogram of the initial SS coupon before experiment (with air scattering effect).

The X-ray diffractogram of initial spring steel coupon was shown in the (Figure 48). The X-ray
diffractogram of spring steel (Figure 48) shows a good match with cubic iron (PDF 87-0721),
while the small peaks correspond to the austenite (PDF 31-0619) as expected.

3.3.2 Dissolved metal ions evolution

As already described in the section 3.1.2, the concentration of dissolved ions was determined (see
appendices section) and only some elements (Fe, Si and Al) are reported here for static (Table35)
and dynamic experiments (Table36 and Table37) of spring steel coupons. In case of spring steel
coupons iron evolution is mainly due to steel corrosion whereas silicon and aluminium evolution
is due to clay dissolution. In addition, silicon and aluminium are also the components of the pore
water and simulated groundwater.

For static experiments, the concentrations of Fe is ranging from 200 to 1500 pg/L, Si varies from
8600 to 28900 pg/L, and Al fluctuates and reaches values up to 4600 pg/L in some case. The
measured concentrations of silicon (at least for 9 months w/o scratches), aluminium and iron are
quite similar to the concentration of equilibrium bentonite slurry where Si concentration is
~13000 pg/L, Al concentration is ~500 pg/L and Fe concentration is ~400 pg/L. Overall, for
static experiments, the results suggests that time, temperature and scratching does not influence
significantly the dissolution behavior of Fe, Si, and Al
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Table 35 Dissolved amounts of Fe, Si and Al ions in the pore water solutions in contact with SS coupons after 3, 6 and 9 months
static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Fe Si Al
3months 25°C w/o scratches 200(4.9) 10800(0.8) 800(1.5)
3months 25°C with scratches 200(6.6) 13600(0.8) 500(3.5)
3months 50°C w/o scratches 1500(2.1) 18600(0.4) 600(1.9)
3months 50°C with scratches 1100(2.4) 28900(1.0) 4600(2.2)
6months 25°C w/o scratches 1200(1.7) 11100(1.8) 900(0.3)
6months 25°C with scratches 800(1.2) 8700(0.4) 700(1.2)
6months 50°C w/o scratches 500(4.9) 18100(0.4) 1500(55)
6months 50°C with scratches 200(4.2) 8600(0.4) 2200(11)
9months 25°C w/o scratches 300(5.2) 12900(0.7) 500(8.6)
9months 25°C with scratches 1100(1.7) 10900(0.7) 600(2.9)

Table 36 Dissolved amounts of Fe Si and Al ions in the ground water (solution) in contact with SS coupons during 3 months
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) 1500(1.6) 17600(0.5) 800(7.1)
B (5 weeks) <100 18400(1.6) 900(9.9)
C (6 weeks) <100 20200(2.0) 1100(7.1)
D (8 weeks) 100(8.6) 18500(1.2) 300(2.8)
E (10 weeks) <100 22300(0.9) 500(1.6)
F (12weeks) <100 20500(0.8) 300(0.9)

25°C with scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) 1500(1.7)  17800(0.8) 900(3.5)
B (5 weeks) <100 19700(1.7) 1100(6.6)
C (6 weeks) <100 18500(1.0) 1100(2.5)
D (8 weeks) 100(8.6) 18300(0.4) 300(1.2)
E (10 weeks) <100 21000(0.7) 300(2.5)
F (12 weeks) <100 23300(1.4) 400(4.8)

50°C with scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) 400(3.1) 16500(1.4) 1000(5.6)
B (5 weeks) <100 18700(0.5) 1100(2.8)
C (6 weeks) <100 20100(0.5)  1400(3.4)
D (8 weeks) 150(1.0) 20900(1.0) 800(2.6)
E (10 weeks) 300(2.9) 21100(0.7) 600(4.9)
F (12 weeks) 400(2.5) 21600(0.4) 400(5.4)
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Table 37 Dissolved amounts of Fe Si and Al ions in the ground water (solution) in contact with SS coupons during 6 months
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) <200  19800(1.2)  200(4.8)
B (10 weeks) <200  19600(0.9)  100(1.9)
C (14 weeks) <200 21400(0.5)  200(2.1)
D (18 weeks) <100  18300(1.2)  100(15)
E (22 weeks) <100 19100(1.6) 100(9.5)
F (26 weeks) <100  195000.7)  100(5.8)

25°C with scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) <200 19500(0.8)  200(1.6)
B (10 weeks) 600(8.4)  18400(0.4)  200(4.2)
C (14 weeks) <200 21900(0.7)  200(1.0)
D (18 weeks) <100  19700(1.1)  100(8.9)
E (22 weeks) <100  19200(1.3)  100(8.9)
F (26 weeks) <100 20200(1.3)  2500(1.3)

50°C with scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) 500(15)  19900(2.2)  400(1.8)
B (10 weeks) 700(5.6)  22500(1.0)  600(1.8)
C (14 weeks) <200  21100(0.9)  200(1.0)
D (18 weeks) <100  21700(0.8)  500(1.9)
E (22 weeks) <100 20900(2.3)  400(1.8)
F (26 weeks) <100  20100(0.4)  200(5.3)

For dynamic experiments, the concentration of Si varies from 16500 to 23300 pg/L which is
quite in agreement with concentration of simulated groundwater where Si concentration is
~17000 pg/L (Table2). Al concentration is higher in some cases at elevated temperature (50°C)
compared to room temperature and iron concentration is initially high and then lower in most of
the cases. Overall, temperature, time and the presence of scratches does not have significant
effect on the concentrations of Fe, Si, and Al. The uncertainties suggest that variations in ions
concentration lie within the scatter of the data. Here, Fe dissolution is mainly due to steel
corrosion whereas Si and Al concentrations indicate clay dissolution not steel corrosion.

Table 38 Determination of Cu, Ni, Fe, Si and Al concentrations for a bentonite that was in contact with SS coupon has been
digested in acid and the resulting liquid phase has been quantified by using ICP-MS for 6 months dynamic experiment (Numbers
in parentheses correspond to the relative standard deviation in percentage).

(Dynamic) System/ Amounts in pg/g Cu Ni Fe Si Al

6months 50°C SS with scratch 8(0.9) 8(1.1)  26110(1.2) 271100(15) 51280(2.8)
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Determination of Cu, Ni, Fe, Si and Al concentration for a bentonite that was in contact with SS
coupon has been digested in acid and the resulting liquid phase has been quantified by using ICP-
MS for 6 months dynamic experiment. The result shown in (Table 38) shows variation in
concentration (Fe, Si and Al) for elements that were of interest for spring steel. The concentration
of Fe is higher for spring steel compared to carbon steel and without coupon (Table49), which
release is due to steel corrosion and is mainly sorbed on the clay surface rather than dissolving
into the solution. Concentration of Si and Al are comparable and lying within experimental
uncertainty.

3.3.3 pH/ E;, evolution

The pH and Ex values of spring steel coupons for three, six and nine months of static experiments
were shown in (table 39).

Table 39 pH / Eh evolution of SS in contact with MX-80 bentonite slurry after 3, 6 and 9 months exposure time.

System pH Enw.r.t SHE (mV)
3months 25°C w/o scratches 8.14+0.05 -130+50
3months 25°C with scratches 7.84+0.05 -380+50
3months 50°C w/o scratches 8.21+0.05 -247450
3months 50°C with scratches 8.47+0.05 -264+50
6months 25°C w/o scratches 7.87+0.10 -268+50
6months 25°C with scratches 7.60+0.05 -376x50
6months 50°C w/o scratches 7.74£0.10 -273£50
6months 50°C with scratches 8.19+0.10 -467+50
9months 25°C w/o scratches 7.91+0.10 -343+50
9months 25°C with scratches 7.88+0.10 -288450

The in-situ pH did not evolve much in spring steel corrosion experiments carried out for 3
months (Table 39), slightly decreased after 6 months and has similar range after 9 months. The
redox potential of all static experiments with spring steel coupons were clearly negative after 3, 6
and 9 months with and without scratches (Table 39). En values were not much affected by
temperature, but in some cases, significantly lower values were found like for slurry in contact
with scratched coupon after 6 months at 50°C (elevated temperature) (-467+50 mV). Overall,
reducing conditions developed as a consequence of steel corrosion, suggesting the formation of
Fe (1) bearing compounds. The absence of significant pH change may be related to bentonite
acting as pH buffer.
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Figure 49 The pH evolution of the SS coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (0.1 is uncertainty).
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Figure 50 The Eh evolution of the SS coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (x50mV is uncertainty).

The pH and En values of spring steel coupons for three and six months dynamic experiments
were shown in (Figure 49) and (Figure 50). As already outlined in chapter 3.1.3, pH again
increases towards the value of the inflowing simulated groundwater. En values lie throughout in
the reducing range (-131 mV to -233 mV) in dynamic experiments, partly different to
observations in static experiments. Also the scratching the SS coupon surface does not have a
significant impact.
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3.3.4 Corrosion rate

The corrosion rates of spring steel for static and dynamic experiments were calculated using the
weight loss method and are shown in (Figure 51) for 3, 6 and 9 months of static experiments and
in (Figure 52) for 3 and 6 months dynamic experiments.
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Figure 51 Corrosion rates of all SS coupons obtained after 3, 6 and 9 months static experiments.
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Figure 52 Corrosion rates of all SS coupons obtained after 3 and 6 months dynamic experiments.
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The corrosion rate of spring steel mainly varies with temperature and is not much affected by
presence of surface scratches or exposure time. In static and dynamic experiments, the corrosion
rate changes with temperature in most cases, being higher at 50°C than at 25°C. The corrosion
rate of spring steel in bentonite suspension for both experiments (static and dynamic) at 25°C,
varies in the range between 2.00+1.63 to 5.81+2.21 pm/a which is in agreement with the reported
average corrosion rate of carbon steel (~2 um/a) embedded within compacted MX-80 bentonite
and exposed to natural granitic pore water for 394 days in the in situ MaCoTe experiment
(Reddy, Padovani, Rance, et al., 2021). Overall, for static experiments, the corrosion behavior
of the material varies with mainly temperature and in some cases with exposure duration.

In dynamic experiments, the corrosion rate at 50°C varies in the range 4.80£0.74 to 12.02+4.35
pm/a, which is quite comparable with corrosion rate of static experiments (considering
experimental uncertainty). Longer exposure time (3 to 6 months) in both experiments show little
variation in corrosion rate that hints at the formation of a protective passivation layer at the
coupon surface. Taking uncertainties into account, temperature is the dominant factor influencing
corrosion rate, scratching the surface and time has limited effect on corrosion behavior of spring
steel coupons in static and dynamic experiments. Overall, the results suggest that higher
temperature significantly affect the corrosion rate. Corrosion rate of spring steel for static and
dynamic experiments were relatively comparable.
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3.3.5 Secondary phase characterization
3.3.5.1 Static condition systems (3, 6 & 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

(d)3months 25°C+scratchec (e) 6months 25°C+scratched (f) 9months 25°C+scratche

i

Figure 53 Scanning electron micrographs (in SE mode) of all SS coupons corroded for 3, 6 and 9 months under static
conditions at different temperatures (exact conditions are indicated above the micrographs). Marked areas were selected
for EDXS analysis, quantitative results are provided in Table 40.
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Table 40 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure 53. Relative errors are
estimated to be within £ 10%. (Here each measurement has two type of atomic concentration: one with presence of carbon and
one without carbon presence).

Area C O Na Mn Al Si S Cl Cr Ni Fe
C-1 2.0 61.3 1.8 / 5.6 18.6 0.1 0.2 / / 9.1
C-2 6.5 / / 0.9 0.3 3.5 0.5 / 0.3 0.5 87.5
C-3 5.4 7.4 / 1.2 / 1.9 / / 1.1 1.9 78.9
C-4 8.9 9.0 / 1.2 / 1.8 1.2 / 0.9 2.0 73.0
C-5 3.3 / / 0.9 / 3.7 / / / / 92.1
C-6 6.6 57.5 1.1 / 0.2 0.8 0.2 0.6 / / 32.5
C-7 1.6 58.8 2.1 / 8.2 21.0 0.3 0.2 / / 6.2
C-8 8.5 8.2 / / 0.2 4.7 / / / / 76.5
C-9 5.4 20.9 6.2 / / 4.0 / 0.2 / / 63.0
C-10 8.8 32.2 / / 0.1 3.5 0.4 0.7 / / 51.8
C-11 3.2 / / 1.3 0.5 4.0 / / / / 91.0
C-12 6.8 24.3 / 0.9 1.1 3.4 1.0 0.6 0.8 1.4 57.4
C-13 3.0 / / 0.7 0.2 3.5 / / 0.2 / 92.3
C-14 12.8 11.3 / 0.8 / 1.6 1.2 0.3 0.9 5.1 63.6
C-15 3.3 / / 0.8 0.2 3.8 / / 0.2 / 91.6
C-16 5.6 15.1 / 0.7 2.3 6.4 1.1 / 0.4 0.8 66.2
C-17 2.4 56.8 1.6 / 8.4 22.6 / 0.2 / / 6.1
C-18 5.7 / / 0.9 / 2.8 0.9 / / / 89.4
C-19 2.4 60.6 1.7 / 7.6 21.8 / 0.3 / / 3.7
C-20 1.7 63.2 / / 6.6 16.7 / / / / 10.8
C-21 2.0 61.7 0.9 / 5.8 16.6 / / / / 11.4
C-22 6.5 58.0 / / 1.4 6.1 0.2 / / / 27.5

SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 53) and their
atomic concentration results were tabulated in (Table 40). Spring steel consists of ferrite,
austenite, pearlite and small amounts of martensite depending on its heat treatment. Here from
the observation (change in microstructure) it seems that non-uniform general corrosion takes
place at steel/bentonite interface due to preferential ferrite dissolution. Here most parts of spring
steel surface look like needle or lath shape microstructure, which is martensitic phase whereas
other bright part was austenite and dark region was voids created due to ferrite dissolution. Apart
from these, other black regions at the exposed surface were covered with bentonite clay.

For coupons at 25°C after 3 and 9 months without scratch and for coupons at 50°C with scratch
after 6 months, EDXS analyses results for selected areas (C-1, C-7, C-17, C-20, and C-21) shown
in (Figure 53) show the possibility of iron silicate formation (based on atomic concentration) or
presence of iron enriched bentonite layer. It was observed from the result at room temperature the
atomic percentage of Fe decreased abruptly at different regions on the surface. Oxygen is also
present on the coupon surface after exposure and the amount of silicon slightly increased on
coupon surface but larger amounts of silicon were found in the region where surface was covered
with bentonite. Iron-based corrosion products, such as iron oxides (FexOy), are predominant in
some areas like (C-6, C-9, C-10 and C-12).

106



The presence of oxygen alongside iron in these areas would support the formation of Iron
(hydr)oxides on the exposed surface as corrosion products when iron is exposed to water
saturated bentonite under anoxic conditions. There are certain regions like areas (C-2, C-5, C-11,
C-13, C-15, and C-18) where dissolution of iron was limited or less was the base metallic alloy.
There was limited effect of scratch on morphology and elements distribution over the exposed
surface of spring steel coupons under static experiments.

Overall, the SEM-EDXS results highlight the complex interplay of elements across different
areas, suggesting that secondary phases, such as oxides, hydroxide and silicates were likely
formed based on the observed elemental distributions. The variations in elemental composition
between different areas reflect the heterogeneity of the coupons. The formed secondary phases
reflect the interactions of the metal substrates with surrounding environmental (bentonite slurry)
and its effect on mineralogical changes and corrosion. Iron (hydr)oxides formed at the coupon
surface (Figure 53, C-6) and seems to be covered by iron silicates/bentonite transformation
products (Figure53, C-7).

The XRD analysis of corroded spring steel coupons obtained after three, six and nine months of
static experiments was carried out and its diffractograms were shown in (Figure 54). The
primary peak in the XRD spectrum for three, six and nine months of static experiments likely
correspond to the cubic iron (PDF 87-0721) and austenite phase (PDF 31-0619) which is starting
material. Apart from this, other reflections attributable to Montmorillonite, Illite/Albite present
on the exposed surface specially for three and six months come from the bentonite. The
remaining peaks correspond to corrosion products or secondary phase green rust (PDF 13-0090)
which was detected in most of the samples for three, six and nine months of static experiments as
shown in (Figure 54).

There is not much difference observed in 9 months coupons compared to three and six months in
terms of secondary phase (corrosion products) from XRD analysis. The broad reflection around
10 and 20 two theta is due to air scattering effect (Figure 54) which was common for all coupons
tested under anoxic conditions using anoxic holder. Findings suggest that secondary phases
formed in too low amounts and are heterogeneous, which distributed over the exposed surface
due to difference in experimental conditions (time, temperature). Scratching the surface of spring
steel coupons doesn’t affect much the phase formation.

Overall XRD analysis provides insights into the phases present on spring steel coupons after
corrosion, which is critical for understanding the extent of corrosion and deriving a corrosion
mechanism.
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Figure 54 X-ray diffractograms recorded on the corroded SS coupons after 3 months (top), 6 months (middle) and 9 months
(bottom) reaction time under static conditions (exact conditions are indicated on individual XRD plots).
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The spring steel coupons selected for XPS analysis were shown below in (Figure 55) for static
experiments under different experimental conditions. Relative atomic concentration using XPS
for selected points on exposed surface of spring steel coupons were tabulated in (Table 41).

SS-9S3 S$S-11S83 SS-1283

SS-9S6 SS-12S6 S$S-1189

Figure 55 Pictures taken in XPS chamber of SS coupons corroded under static conditions (exact conditions are indicated on the
individual sample, details of conditions are available in appendix). Marked points were selected for atomic concentration
analysis, quantitative results are provided in Table 41.

Table 41 Relative atomic concentrations by XPS analyses at selected points of SS coupons for static experiments shown in above
Figureb5. Relative errors are estimated to be within £ 10% (Here each measurement has two type of atomic concentration: one
with presence of carbon and one without carbon presence).

Point C ®) Na Mg Al Si S Cl Cr Mn Cu Ni Fe
9A3-1 123 533 23 0.7 42 124 0.2 0.4 / / / 0.9 12.6
/ 60.7 2.6 0.8 48 141 0.3 0.5 / / / 1.1 14.4
9A3-2 6.2 621 20 13 6.7 185 / / / / / / 3.2
/ 66.2 2.2 1.4 7.1 19.7 / / / / / / 3.4
9A3-3 126 547 0.2 0.8 2.7 10.8 / 0.3 / / / / 17.0
/ 62.6 0.2 1.0 3.1 123 / 0.4 / / / / 19.4
11A3-4 8.1 637 1.7 1.0 6.1 17.4 / 0.2 / / / / 1.8
/ 69.3 1.9 1.1 6.6 19.0 / 0.2 / / / / 2.0
11A3-5 53 664 13 1.2 6.7 18.4 / / / / / / 0.7
/ 70.1 14 1.3 7.1 194 / / / / / / 0.7
11A3-6 28.8 435 0.8 0.7 / 5.2 1.6 / / 1.5 1.9 / 15.0
/ 61.1 1.1 1.0 / 7.3 2.3 / / 2.1 2.7 / 21.1
12A3-7 27.4 39.0 / 0.9 / 4.6 2.3 1.0 / / 1.7 / 22.7
/ 53.8 / 1.2 / 6.3 3.2 1.3 / / 2.4 / 31.2
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12A3-8 66 615 15 13 59 198 / / / / / / 3.4
/] 659 16 13 63 212 / / / / / / 3.6
9A6-9 218 382 14 03 37 48 14 |/ / / 09 33 237
/ 488 18 04 47 62 18 / / / 12 42 303
9A6-10 118 587 15 03 10 144 / 04 [ / / / 8.5
/] 666 17 04 45 164 |/ 04 / / / / 9.6
12A6-11 136 593 / 03 20 118 / / / / / /  13.0
/] 686 / 04 23 137 / / / / / / 151
12A6-12 281 396 03 / 36 58 / / / / 12 14 199
/] 551 04 / 50 80 [/ / / / 17 19 277
12A6-13 258 508 02 / / 85 03 03 / / 01 / 139
/ 684 02 |/ / 114 05 04 [/ / 02 / 187
12A6-14 325 420 / / / 31 03 05 / / 04 04 210
/ 622 / / / 45 05 07 [/ / 05 05 310
11A9-15 200 584 16 / 43 88 06 12 15 / / 3.0 /
/ 730 20 / 53 110 07 14 18 / / 37 /
11A9-16 158 570 09 05 26 105 04 13 / / / / 109
/] 678 11 06 31 124 04 15 / / / /  13.0

A color change like blue-green, blackish-green was observed on the exposed coupon surface
indicating the formation of different corrosion products. From atomic concentrations (Table 41) it
is clear most of exposed surface consists of iron, oxygen and silicon as chief elements which can
form corrosion products. Here atomic ratio (Table 41, point 1 and 16) shows presence of iron
silicate/ bentonite layer enriched with iron, since iron and silicon atomic ratio was close to 1:1.
The atomic concentrations of oxygen are notably high in many samples, reflecting a possible iron
oxide layer (FexOy) or green rust formation, especially in points like (Table41, Point 6, 7, 9, 12
and 14) protecting with bentonite layer at some points like Figure55 (point 9 and12). In some
cases (Figure 55, point 3, 10 and 13) there are also possibilities of formation of iron oxide + iron
silicate. The regions (Table 41, points 2, 4, 8 and 15) enriched with silicon, oxygen, aluminum,
sodium and iron suggest bentonite covering the coupon.

Thus exposed corroded surfaces consist of inhomogeneous distribution of secondary phases on
the surface of spring steel coupons for the static experiments. A dense layer of corrosion products
like iron silicate and green rust form for longer time period (9 months) of static experiments
(Table 41, point 16) that results in a decrease of the corrosion rate with increased time as
discussed in corrosion rate measurement section. The results show the diversity of surface
chemistry across the samples, with variations in elemental composition pointing to differences in
phase formation and oxidation states. XPS analysis suggests that the surfaces were a mixture of
oxide layers, iron silicate and metallic surfaces distributed unevenly over the exposed surface of
spring steel coupons for static experiments.
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3.3.5.2 Dynamic condition systems (3 & 6 months)

(a) 3months 25°C (b) 3months 25°C+scratched (c) 3months 50°C+scratched

TR

1L
\-‘;ﬂ“.‘ :‘;‘R A
WSRO F5 L

(d) 6months 25°C (e) 6months 25°C+scratched  (f) 6months 50°C+scratched

Figure 56 Scanning electron micrographs (in SE mode) of all SS coupons corroded for 3 and 6 months under dynamic
conditions at different temperatures (exact conditions are indicated above the micrographs). Marked areas were
selected for EDXS analysis, quantitative results are provided in Table 42.
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Table 42 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure56. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Cr Ni Fe
C-23 4.6 / / 1.0 0.3 3.3 0.3 / / / 90.5
C-24 6.5 4.8 / 0.8 0.4 3.1 1.0 / / / 82.9
C-25 3.2 63.3 1.4 / 8.1 20.2 / 0.1 / / 1.7
C-26 0.9 59.4 / 0.4 0.1 1.1 / / 0.1 / 38.0
C-27 1.2 59.4 / 0.3 / 1.2 / / / / 38.0
C-28 1.9 58.6 / 0.3 0.2 1.3 / / / 0.2 37.2
C-29 15 59.0 / 0.3 0.1 1.3 / / 0.1 / 37.6
C-30 42 11.4 / / / / 37.9 / / / 7.6
C-31 4.4 447 / / 0.8 2.9 22.0 / / / 25.1
C-32 4.2 46.5 / / 0.9 4.9 19.6 / / / 23.6
C-33 2.9 60.6 1.0 / 3.3 17.7 / / / / 13.4
C-34 42 59.8 1.0 / 3.3 17.7 / / / / 12.9
C-35 1.9 61.1 1.0 / 4.0 18.0 / / / / 12.8
C-36 7.7 24.9 / 0.7 14 4.8 0.9 0.8 0.3 0.7 56.1
C-37 1.6 57.5 / / 5.7 15.0 0.5 0.6 / / 18.0
C-38 2.6 60.3 1.7 / 8.2 21.4 / 0.1 / / 4.1
C-39 7.7 6.7 / 0.9 0.3 3.3 0.9 / 0.5 0.7 77.9
C-40 2.5 61.3 0.5 / 5.7 16.0 / 0.2 / / 12.5
C-41 2.9 59.3 0.5 / 5.6 17.0 / 0.2 / / 13.3
C-42 2.3 59.7 1.2 / 7.7 21.5 / 0.1 / / 5.6
C-43 7.2 55.2 / / 0.9 16.2 / 0.7 / / 18.8
C-44 3.0 59.9 15 / 8.7 22.6 / / / / 2.6
C-45 4.5 5.3 / 0.8 0.3 3.4 / / 0.4 9.1 75.2

SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 56) and their
atomic concentration results were tabulated in (Table 42). Spring steel coupons corroded in
dynamic conditions were relatively comparable with static conditions. However little differences
were observed in certain coupons like shown in (Figure 56b) where localized corrosion takes
place on specific areas surrounding the scratched region of spring steel (scratched) coupon
corroded for 3 months at room temperature (25°C). SEM-EDXS results of areas (C-33, C-34, C-
35, C-37, C-40 and C-41) as shown in (Figure 56) led to form iron silicate on the exposed
surface. For 3 months dynamic spring steel coupon with scratch at 50°C has areas (C-31, C-32)
where Fe:S ratio is close to 1:1 indicate formation of iron sulfide. Areas such as (C-26, C-27, C-
28, C-29), shown in (Table42) indicates formation of iron(hydr)oxides as secondary products on
the exposed surface of coupon at 25°C with scratch for 3 months dynamic experiment.

SEM-EDXS results of the areas (C-25, C-38, C-42, and C-44) which were enriched with sodium,
silicon, aluminum, oxygen and iron was bentonite clay which covered the exposed area of spring
steel coupon. Some amount of dissolved iron was detected on the surface of bentonite clay
however, its concentration varies across the exposed surface. The SEM-EDXS results reveal a
complex corrosion environment, where the presence of various alloying elements and
environmental (bentonite slurry) factors like chloride, sulfur, and residual oxygen significantly
influence the corrosion products. Overall, based on the EDXS results, it seems that the corrosion
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products obtained here consist of mainly iron (hydr)oxides (hematite, green rust), iron sulfides,
and potentially iron silicates which were formed under specific conditions. Based on electron
microscopic data, the steel degradation mechanisms under dynamic conditions seem not much
different from that under static conditions.

The XRD analysis of corroded spring steel coupons obtained after three and six months of
dynamic experiments was carried out, and its diffractograms were shown in (Figure 57).
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Figure 57 X-ray diffractograms recorded on the corroded SS coupons after 3 months (top) and 6 months (down) reaction time
under dynamic conditions (exact conditions are indicated on individual XRD plot).

XRD analysis of the corroded specimens could only reveal the presence of structures
characteristic of the coupon with its components cubic iron (PDF 87-0721) and austenite (PDF
31-0619) (Figure 57) for dynamic experiments. No secondary phase presence could be detected,
suggesting that either their amount was too low, that they are of too low crystallinity, or that they
must have been removed when cleaning off the excess suspension. There is not much difference
observed in six months coupons except bentonite phase compared to three months in terms of
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obtained phase (primary) from XRD analysis. XRD analysis results for dynamic experiments
show little difference with that of static experiments for spring steel coupons. In static
experiments the presence of green rust was evidenced by XRD but was not found in dynamic
experiments.

SS-9D6 S$S-10D6

Figure 58 Pictures taken in XPS chamber of SS coupons corroded under dynamic conditions (exact conditions are indicated
on the individual sample, details of conditions are available in appendix). Marked points were selected for atomic
concentration analysis, quantitative results are provided in Table 43.

Table 43 Relative atomic concentrations by XPS analyses at selected points of SS coupons for dynamic experiments shown in
above Figure 58. Relative errors are estimated to be within + 10% (Here each measurement has two type of atomic
concentration: one with presence of carbon and one without carbon presence).

Point C 6] Na Mg Al Si S Cl Mo Mn Cu Ni Fe
9D3-1 149 57.7 0.9 1.2 52 135 0.2 / 1.1 / 0.1 / 5.2
/ 67.7 1.1 1.4 6.1 159 0.3 / 1.2 / 0.1 / 6.1
9D3-2 7.8 62.8 1.2 1.1 6.2 20.1 / / / / / / 1.0
/ 68.1 1.2 1.2 6.7 218 / / / / / / 1.0
10D3-3 17.6 54.2 / 1.2 2.6 9.2 0.3 1.3 0.3 / / / 12.8
/ 65.7 / 1.4 31 111 0.3 1.6 0.3 / / / 15.5
10D3-4 11.2 59.7 0.9 0.8 53 19.7 / / / / / / 2.3
/ 67.3 1.0 1.0 6.0 222 / / / / / / 2.6
9D6-5 123 57.6 1.5 0.6 36 11.7 / 0.4 / / / / 12.2
/ 65.7 1.8 0.6 41 134 / 0.5 / / / / 13.9
9D6-6 16.3 52.1 1.6 0.5 71 121 11 / 0.3 / 0.7 0.7 7.2
/ 62.3 1.9 0.6 84 145 13 / 0.3 / 0.8 0.8 8.6
10D6-7 23.5 48.6 / 1.0 / 6.1 2.2 / 0.9 / 0.9 0.5 14.2
/ 63.6 / 1.3 / 79 29 / 1.2 / 12 07 186
10D6-8 6.5 63.3 1.3 1.5 6.5 18.8 / / / / / / 2.1
/ 670 14 1.6 70 201 / / / / / / 2.3
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The spring steel coupons selected for XPS analysis were shown in (Figure 58) for dynamic
experiments under different experimental conditions. Relative atomic concentration using XPS
for selected points on exposed surface of spring steel coupons were tabulated in (Table 43). A
color change like blue-green, black and grey was observed on the exposed coupon surface
indicating formation of different corrosion products (secondary phases). From atomic
concentrations (Table 43), it is clear most of exposed surface consists of iron, oxygen, aluminium
and silicon as chief elements which form corrosion products. The relatively high concentrations
of silicon (Si) could point to silicate formation, often seen when corrosion occurs in the presence
of silicate-rich environments(bentonite) (S. Kaufhold et al., 2020). Here atomic ratio of iron,
silicon and oxygen as shown in (Table 43, point 3 and 5) indicate presence of iron enriched
bentonite layer which covered the coupon surface and corrosion products.

The atomic concentrations of oxygen are notably high in many samples, reflecting possible iron
oxide + iron silicate/ bentonite layer on coupon surface especially in points like (Figure 58, Point
1, 6 and 7). Some regions like (Figure58, point 2, 4 and 8) enriched with silicon, sodium,
oxygen, aluminium, magnesium and some amount of iron indicate bentonite clay region. The
varied elemental presence across samples further indicates that these materials have been exposed
to different environmental conditions. XPS analysis suggests that the surfaces were a mixture of
oxide layers, iron silicate and metallic surfaces distributed unevenly over the exposed surface of
spring steel coupons for dynamic experiments. No significant differences were observed between
three and six months of dynamic experiments. Overall XPS analysis results for dynamic
experiments were comparable with that of static experiments for spring steel coupons.
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3.4 Corrosion of Carbon steel in MX-80 bentonite

3.4.1 Initial Characterization

Initial characterization of carbon steel coupon was carried out to know and compare the
morphological changes as corrosion progresses. (Figure 59) left side shows the SEM (SE mode)
images of polished non-corroded initial carbon steel coupon. SEM-EDX results show the
chemical composition of the selected areas which focussed on specific points and the average
surface area of coupon and their results were shown in the (Table 44 & Table 45). The bright
region is average area (point 1) of base metal and point 2 and point 3 are specific points on the
surface. All three points have specific composition based on location. Carbon steel here consists
of iron, carbon, silicon, manganese and nickel as chief elements. The obtained composition of
carbon steel coupon had good match with the composition compared to the company certificate
of the bulk carbon steel. Finally, the surface roughness of the starting material was assessed by
AFM. A value for the root mean square (RMS) roughness of 18+ 2 nm was obtained for a
scanned area of 20 x 20 pm?.

Figure 59 SEM image on left side and surface roughness image using AFM on right side of the initial CS coupon.

Table 44 Composition of initial CS coupon obtained by SEM-EDX before experiment with (+/- 3 Sigma) uncertainty.

Material /Atom % C Si Mn Al Cr Ni Fe
CS_pointl 22404 0.740.2 1.6+0.5 0.2+0.1 - 0.6+0.3 94.7+1.3
CS_point2 21.6£0.6 0.5+0.2 1.2+0.4 0.2+0.1 - - 76.4+1.1
CS _point3 3.9+0.5 0.5+0.1 1.4+05 0.3%0.1 - 0.740.3 93.2+1.3

Table 45 Chemical composition of the initial CS coupon with (+/- 3 Sigma) uncertainty.

Element/wt. % ¢ Si Mn Al Cr Ni Mo Fe
Certificate 0.2 0.3 1.6 - 0.06 08  0.02 97.1
EDXofoverall 5,01 03:01 16605 0101 -  07+03 -  968+L3

surface
EDXof point2 56+02 0.3+0.1 14405 0.1+0.1 - - - 92.5+1.3
EDXof point3 0.9+0.1 0.24¢0.1 15+05 0.1+0.1 - 0.8£0.3 - 96.5+1.3
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Figure 60 X-ray diffractogram of the initial CS coupon before experiment (with air scattering effect).

The X-ray diffractogram of initial carbon steel coupon was shown in the (Figure 60). The X-ray
diffractogram of initial carbon steel coupon (Figure 60) shows a good match with cubic iron
(PDF 87-0721) as primary phase.

3.4.2 Dissolved metal ions evolution

The quantification of the dissolved ions in the solution after ultracentrifugation at the end of the
static and dynamic experiments was done using ICP-OES, lon chromatography and ICP-MS
following the procedure for sample preparation described in methods section 2.4.4 and 2.2.5. In
case of carbon steel coupons iron evolution is mainly due to steel corrosion whereas silicon and
aluminium evolution is due to clay dissolution. In addition, silicon and aluminium are also the
components of the pore water and simulated groundwater. Dissolved amount of iron, silicon and
aluminium during 3, 6 and 9 months static experiments were shown below in Table 46 and
during 3 and 6 months dynamic experiments were shown below in Table 47 and Table 48.
Concentrations of other dissolved cations and anions are tabulated in appendices section since
such ions do not have significant effects since their variations lie within experimental
uncertainties.

For static experiments, the concentrations of Fe is ranging from 200 to 700 pg/L, Si varies from
7300 to 15600 pg/L, and Al fluctuates and reaches values up to 2400 pug/L in some cases. The
measured concentration of silicon (at least for 9 months), aluminium and iron is quite similar to
the concentration of equilibrium bentonite slurry where Si concentration is ~13000 pg/L, Al
concentration is ~500 pg/L and Fe concentration is ~400 pg/L.
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Table 46 Dissolved amounts of Fe, Si and Al ions in the pore water solutions in contact with CS coupons after 3, 6 and 9 months
static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Fe Si Al
3months 25°C w/o scratches 200(4.0) 9500(1.1) 500(3.1)
3months 25°C with scratches 700 (3.4) 10900(0.3) 1000(1.5)
3months 50°C w/o scratches 700(4.5) 15600(2.8) 2400(10)
3months 50°C with scratches 400(3.6) 14800(1.5) 2000(2.9)
6months 25°C w/o scratches 700(0.3) 8400(0.7) 600(6.8)
6months 25°C with scratches 500(0.6) 7400(1.1) 600(4.1)
6months 50°C w/o scratches <100 10900(0.6) 2100(18)
6months 50°C with scratches <100 7300(0.4) 900(17)
9months 25°C w/o scratches 400(5.5) 12200(0.8) 1100(2.1)
9months 25°C with scratches 600(3.6) 9600(1.0) 500(9.6)

Table 47 Dissolved amounts of Fe, Si and Al ions in the ground water (solution) in contact with CS coupons during 3 months-
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) <100 16900(0.6) 900(3.0)
B (5 weeks) <100 17500(0.9) 800(5.1)
C (6 weeks) <100  17500(1.0)  1000(5.1)
D (8 weeks) 1900(0.4)  18100(0.6) 300(5.1)
E (10 weeks) <100 17300(1.2)  300(3.5)
F (12weeks) 600(2.3) 19600(1.3) 200(4.8)

25°C with scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) <100  17200(1.0)  800(5.8)
B (5 weeks) <100 17800(1.0) 800(7.2)
C (6 weeks) <100 20800(0.7)  2900(3.7)
D (8 weeks) <100 19500(1.9)  200(3.1)
E (10 weeks) <100  18100(0.3)  200(4.9)
F (12 weeks) 100(5.7) 18800(0.7) 200(1.2)

50°C with scratches (System)/Amounts in pg/L Fe Si Al
A (4 weeks) 500(4.0) 21900(0.7)  31900(1.4)
B (5 weeks) <100 18200(1.3)  1300(5.6)
C (6 weeks) <100 19000(1.7)  1400(4.9)
D (8 weeks) <100  18200(1.6)  800(2.2)
E (10 weeks) <100  19200(0.8)  800(1.0)
F (12 weeks) 30000.8)  20300(1.3)  900(2.7)
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Table 48 Dissolved amounts of Fe, Si and Al ions in the ground water (solution) in contact with CS coupons during 6 months-
dynamic experiment. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) <200  18800(0.3)  100(2.8)
B (10 weeks) 200(41)  19900(1.0)  100(2.7)
C (14 weeks) 1100(5.8) 21200(1.1)  300(1.8)
D (18 weeks) <100 19200(0.6)  100(5.5)
E (22 weeks) <100 18700(0.7)  100(6.4)
F (26 weeks) <100 18400(0.6)  100(11)

25°C with scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) <200  18900(1.3)  100(2.8)
B (10 weeks) <200 19800(15)  100(2.1)
C (14 weeks) <200 21000(0.4) 200(1.2)
D (18 weeks) <100 20700(2.0) 100(8.3)
E (22 weeks) <100  19200(0.5)  100(5.4)
F (26 weeks) <100 19900(0.3) 100(3.6)

50°C with scratches (System)/Amounts in pg/L Fe Si Al
A (6 weeks) <200  19100(1.9)  500(10)
B (10 weeks) 200(8.9) 19800(0.9)  700(1.1)
C (14 weeks) 300(17)  20400(1.2)  300(1.2)
D (18 weeks) <100  18800(0.5)  500(1.4)
E (22 weeks) <100 19400(0.9)  500(0.5)
F (26 weeks) <100  19700(0.4)  500(1.6)

For dynamic experiments, the concentration of Si varies from 17300 to 21900 pg/L which is
quite in agreement with concentration of simulated groundwater where Si concentration is
~17000 pg/L (Table2). Al concentration is higher at elevated temperature (50°C) compared to
room temperature and iron concentration is lower in most of the cases. The static experiment
shows a more controlled and gradual leaching process compared to the dynamic experiment,
which is characterized by faster initial releases and some variability in ion concentrations over
time. Overall, temperature, time and the presence of scratches does not have significant effect on
the concentrations of Fe, Si, and Al. The uncertainties suggest that variations in ions
concentration lie within the scatter of the data. Here, Fe dissolution is mainly due to steel
corrosion whereas Si and Al concentrations indicate clay dissolution not steel corrosion.

Overall, Fe concentration observed in the static experiments is at 1E-5 mol/L and in the dynamic
experiments even lower at 1E-6 mol/L. Under the experimental pH conditions, solubility
concentrations for Fe(OH)2 is around 1E-3 mol/L. This can be taken as a first indication that
Fe(I1) released due to steel corrosion is bound to clay minerals and cannot be found as dissolved
species in solution.

119



Table 49 Determination of Cu, Ni, Fe, Si and Al concentrations for a bentonite that was in contact with CS coupon and without
coupon has been digested in acid and the resulting liquid phase has been quantified by using ICP-MS for 6 months dynamic
experiment (Numbers in parentheses correspond to the relative standard deviation in percentage).

(Dynamic) System/ Amounts in pg/g Cu Ni Fe Si Al
6months 25°C CS with scratches 7(1.1) 10(1.1) 22330(0.9) 257800(1.5)  43130(3.5)
6months 25°C bentonite w/o coupon  7(1.4) 7(1.2) 16610(1.0) 248400(1.5)  31900(3.0)

Determination of Cu, Ni, Fe, Si and Al concentration for a bentonite that was in contact with CS
coupon and without coupon has been digested in acid and the resulting liquid phase has been
quantified by using ICP-MS for 6 months dynamic experiment. The results shown in (Table 49)
shows variation in concentration (Fe, Si and Al) which was of interest for carbon steel. The
concentration of mainly Fe increases in presence of coupon which indicates that Fe(ll) release
due to steel corrosion is mainly sorbed on the clay surface rather than dissolving into the solution.
Concentration of Si and Al are lying within experimental uncertainty.

3.4.3 pH/E; evolution
The in-situ pH and Ej, values for carbon steel for static experiments were shown below in (Table

50). The in-situ pH did not evolve much in carbon steel corrosion experiments carried out for 3

months, it slightly decreased after 6 months and has similar range after 9 months (Table50).

Table 50 pH / Eh evolution of CS in contact with MX-80 bentonite slurry after 3, 6 and 9 months exposure time.

System pH Enw.r.t SHE(mV)

3months 25°C w/o scratches 8.40+0.05 -372+50
3months 25°C with scratches 8.18+0.05 -333+50
3months 50°C w/o scratches 8.03+0.05 -380£50
3months 50°C with scratches 8.12+0.05 -418+50
6months 25°C w/o scratches 7.70£0.10 -285+50
6months 25°C with scratches 7.62+0.10 -314+50
6months 50°C w/o scratches 7.94+0.10 -434+50
6months 50°C with scratches 7.95+0.10 -415+50
9months 25°C w/o scratches 7.88+0.10 -247+50
9months 25°C with scratches 7.82+£0.10 -356+50

During the entire reaction time in static conditions, pH and Eh values remains either stable or
change slightly. Overall, the abrasion (scratching) of the coupon surface and temperature does not
affect the significantly pH and Eh values for carbon steel coupons in static conditions.
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The scratched coupon surfaces in some cases exhibit little lower pH values compared to the
unscratched surfaces, however the difference is within uncertainties. The pH values at higher
temperature are generally lower than those at room temperature because at elevated temperature
more solid phase precipitation may occur, thus consuming OH" ions and reducing pH. Overall,
the system exhibits reducing conditions and was buffered as time progresses.

The pH and En values of carbon steel coupons for three and six months dynamic experiments
were shown below in (Figure 61) and (Figure 62).
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Figure 61 The pH evolution of the CS coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (x0.1is uncertainty).
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Figure 62 The Eh evolution of the CS coupons in ground water (solution) during 3 (left side) and 6 months (right side) dynamic
experiments (+50mV is uncertainty).
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At the outlet of diffusion cells, the measured pH values increased from about 8.5 in the water
collected after 4 weeks of reaction to 9.4 for the last collected water (12 weeks) in three months
experiments and from 8.1 in the water collected after 6 weeks to 9.0 for the last collected water
after 26 weeks of 6 months dynamic experiments (Figure 61). These values are significantly
higher than in experiments under static conditions (pH around 8), and scratching the surface or
increasing the temperature had no significant impact. The increase of pH is mainly the
consequence of the dynamic experimental conditions. While the pH in the water equilibrated with
solution initially is buffered by the bentonite at around 8, the pH in the outlet of the setup is
dominated by the flowing through simulated groundwater.

The recorded En values were all within uncertainties similar and in the range -151 mV to -183
mV for three months and -179 mV to -237 mV for six months of dynamic experiments (Figure
62). As the solution in the flow through reactor was continuously exchanged, different to the
static experiments, soluble constituents of the bentonite slurry were washed out which was
evidenced by eluted dissolved ions concentration. The pH and En values of all iron-based
materials like SGI, spring steel and carbon steel are in similar range and were comparable. These
values suggest the development of reducing conditions, and thus steel corrosion, as in
experiments under static conditions

3.4.4 Corrosion rate

The corrosion rates of carbon steel for static and dynamic experiments were calculated using the
weight loss method and are shown in (Figure 63) for 3, 6 and 9 months of static experiments and
in (Figure 64) for 3 and 6 months dynamic experiments.

Static Experiment : CS
30 — w/o scratch at 25°C
with scratch at 25°C
16.67 w/o scratch at 50°C
18.73 with scratch at 50°C

25

20
17.51

(am

15

10 7.07

corrosion rate (um/a)

- J_ 2.01

time (months)

Figure 63 Corrosion rates of all CS coupons obtained after 3, 6 and 9 months static experiments.
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Dynamic Experiment : CS

30
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[ ] with scratch at 25°C
25 with scratch at 50°C

20
10.75

15
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©
~
(4]
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Figure 64 Corrosion rates of all CS coupons obtained after 3 and 6 months dynamic experiments.

The corrosion rate of carbon steel mainly varies with temperature and is not much affected by
presence of surface scratches or exposure time. In static and dynamic experiments, the corrosion
rate increases with temperature, being higher at 50°C than at 25°C. The corrosion rate of carbon
steel in bentonite suspension for both experiments (static and dynamic) at 25°C, varies in the
range between 2.39+1.05 to 5.11+3.59 um/a which is in agreement with the reported average
corrosion rate of carbon steel (~2 pum/a) embedded within compacted MX-80 bentonite and
exposed to natural granitic pore water for 394 days in the in situ MaCoTe experiment (Reddy,
Padovani, Rance, et al., 2021). The small difference in corrosion rate is due to different
temperature (25°C vs rock temperature), time and form of bentonite (suspension vs compacted).

In dynamic experiments, the corrosion rate at 50°C varies in the range 9.75+5.71 to 10.75+6.82
pm/a, which is quite comparable with corrosion rate of static experiments (considering
experimental uncertainty). Longer exposure time (3 to 6 months) in both experiments show little
reduction in corrosion rate hints at the formation of a protective passivation layer at the coupon
surface. However, formed passive layer may not be fully compact or highly protective. Taking
uncertainties into account, temperature is the dominant factor influencing corrosion rate,
scratching the surface and time has limited effect on corrosion behavior of carbon steel coupons
in static and dynamic experiments.
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3.4.5 Secondary phase characterization

3.4.5.1 Static condition systems (3, 6 & 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

?Irs S B SR L e

(d)3months 25°C+scratched () 6mo

oy e ) e T 250

Figure 65 Scanning electron micrographs (in SE mode) of all CS coupons corroded for 3, 6 and 9 months under static
conditions at different temperature (exact conditions are indicated above the micrographs). Marked areas were selected
for EDXS analysis, quantitative results are provided in Table 51.
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Table 51 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure 65. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Ca Ni Fe
D-1 4.1 / / 2.1 / 0.8 / / / 1.6 91.1
D-2 2.6 / / 1.7 / 1.1 / / / 2.5 91.8
D-3 2.4 / / 1.6 / 1.1 / / / 2.6 91.3
D-4 1.8 62.1 15 / 7.3 20.1 / 0.1 0.1 / 5.6
D-5 5.2 7.8 / 15 0.3 1.8 / 0.3 / 2.3 80.5
D-6 1.7 58.5 / 0.3 5.5 13.9 0.3 0.6 0.1 / 18.3
D-7 2.0 60.3 0.4 0.3 5.4 14.5 0.4 0.3 / / 15.4
D-8 3.8 7.0 / 1.8 0.9 1.6 0.3 0.1 / 1.3 83.2
D-9 6.5 / / 1.7 0.4 15 0.3 / / 87.2 2.1
D-10 1.9 61.1 1.3 / 7.6 20.4 / / 0.4 5.8 /

D-11 5.1 52.9 / / 0.4 0.5 / 1.8 / / 39.3
D-12 3.4 46.8 / 0.6 0.2 0.5 / 2.5 / / 459
D-13 9.5 62.4 / 0.6 0.2 0.5 / 0.3 / / 26.3
D-14 7.2 57.2 / / / / / 0.7 / / 34.9
D-15 4.4 375 / 1.0 / 11.0 1.0 / / 2.5 42.7
D-16 1.8 60.8 1.2 / 3.2 18.5 / / / / 13.8
D-17 5.9 5.9 / 1.9 / 2.0 0.2 / / 1.1 83.1
D-18 6.4 58.8 0.6 / 1.4 16.7 / 0.1 0.1 / 15.4
D-19 6.4 15.1 / 1.3 / 2.2 0.3 / / 1.5 72.8
D-20 2.3 62.7 0.8 / 1.9 16.7 0.1 / 0.1 / 15.0

Scanning electron microscopy was subsequently applied to analyze the carbon steel corroded
coupons. SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 65)
and their atomic concentration results were tabulated in (Table 51).

Here from the microstructure observations of coupon surface, most parts of the microstructure
consist of ferrite and pearlitic regions. Part of exposed surface is covered with bentonite and
formation of corrosion product occurs. Information about chemical composition was provided by
SEM-EDXS analysis at selected areas containing enough material to avoid probing
simultaneously the adherent particles and the substrate underneath. EDXS analyses results of
coupons at 25°C after 6 and 9 months without scratch and for coupons at 50°C with unscratched
and scratched after 3,6 months for selected areas (D-4, D-6, D-7, D-16, D-18 and D-20) shown in
(Figure 65) indicate formation of iron silicate as corrosion products. In various regions the EDX
signal for Fe decreased significantly (e.g. D-4, D-10) apparently due to a thick alumino-silicate
layer covering the steel surface. D-9 region indicate presence of metallic nickel due to
inhomogeneity of the alloy. Oxygen is also present on the coupon surface as well as silicon in the
lower percentage range after exposure on coupon surface. Significantly more silicon is found in
the region where the surface was covered with bentonite. The carbon content varies only slightly
at different positions of the exposed surface.

Dark regions in most areas of the sections shown in (Figure 65) correspond to low atomic
number or light elements like Al, Ca. Iron-based corrosion products, such as iron oxides (FexOy),
are predominant in some areas like (Figure65, D-11, D-12, D-13, D-14).
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The presence of oxygen alongside iron in these areas indicates the formation of iron (hydr)oxides
on the exposed surface as corrosion products. There are certain regions like areas (D-1, D-2, D-3,
D-5, D-8, D-17 and D-19) where of the presence of corrosion products was limited. Overall
dissolution of iron was higher at elevated temperature compared to room temperature (see
Figure63 and Figure 64). There was a limited effect of scratches on morphology and element
distribution over the exposed surface of carbon steel coupons under static experiments. Overall,
the SEM-EDXS results highlight the complex interplay of elements across different areas,
suggesting that secondary phases, such as oxides, hydroxides, silicates and may be carbonates,
were likely forming based on the observed elemental distributions. The variations in elemental
composition between different areas reflect the heterogeneity of the coupons. The formed
secondary phases reflect the interactions of the metal substrates with surrounding environment
(bentonite slurry) and its effect on mineralogical changes and corrosion. Here some areas
(Figure65, D-11, D-12) show signs of substantial corrosion with the formation of high amount
of Fe(hydr)oxides, others demonstrate the presence of passive oxide layers that provide a degree
of protection to the underlying metal.

The XRD analysis of corroded carbon steel coupons obtained after three, six and nine months of
static experiments was carried out and its diffractograms were shown in (Figure 66). Transfer of
coupons and testing was done under anoxic conditions, to avoid exposure to the open
atmosphere. The primary peak in the XRD spectrum for three, six and nine months of static
experiments likely correspond to the cubic iron phase (PDF 87-0721) which is the starting
material. Apart of this, other reflections attributable to Illite which are observed on the exposed
surface in (Figure 66) mainly for three, six and nine months come from the bentonite. The
remaining peaks correspond to corrosion products or secondary phase green rust (PDF 13-0090)
which was detected in most of the samples for three, six and nine months of static experiments as
shown in (Figure 66). Observed secondary phase morphology and atomic concentration was also
confirmed by SEM-EDXS analysis which was already discussed in previous section of SEM
analysis.

There is not much difference observed in 9 months coupons compared to three and six months in
terms of secondary phase (corrosion products) from XRD analysis. Findings suggest that
different secondary phases were formed and some of them were too low in amounts due to
difference in experimental conditions. Scratching the surface of carbon steel coupons doesn’t
affect much the phase formation.

Overall XRD analysis provides insights into the phases present on carbon steel coupons after
corrosion, which is critical for understanding the extent of corrosion and the stability of the
material over time.
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Figure 66 X-ray diffractograms recorded on the corroded CS coupons after 3 months (top), 6 months (middle) and 9 months

(bottom) reaction time under static conditions (exact conditions are indicated on individual XRD plot).
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XPS characterization of the exposed steel surfaces was performed, in order to gain more
information on the steel/bentonite/solution interface. Different to EDX, XPS data are much more
surface sensitive due to the lower information depth.

CS-1483 CS-1583 CS-1653

R
e
[ Ao

M 705

CS-13S6 CS-1656 CS-1589

Figure 67 Pictures taken in XPS chamber of CS coupons corroded under static conditions (exact conditions are indicated on the
individual sample, details of conditions are available in appendix). Marked points were selected for atomic concentration
analysis, quantitative results are provided in Table 52.

Table 52 Relative atomic concentrations by XPS analyses at selected points of CS coupons for static experiments shown in above
Figure67. Relative errors are estimated to be within + 10% (Here each measurement has two type of atomic concentration: one
with presence of carbon and one without carbon presence).

Point C 6] Na Mg Al Si S Cl Cr Mn Ca Ni Fe
13A3-1 86 611 25 0.9 54 179 / 0.2 / / / / 3.5
/ 66.8 2.7 1.0 59 19.6 / 0.2 / / / / 3.9
13A3-2 249 446 1.4 0.3 / 4.7 1.0 0.6 0.6 / / 7.2 145
/ 594 1.8 0.4 / 6.2 1.4 0.8 0.8 / / 9.5 193
14A3-3 26.3 39.7 / / / 3.6 0.6 0.5 0.5 / / 48 240
/ 53.8 / / / 4.9 0.8 0.6 0.7 / / 6.4 326
14A3-4 146 504 1.2 / / 104 04 0.3 / / / 26 19.6
/ 50.1 14 / / 121 0.5 0.4 / / / 31 230
14A3-5 7.1 600 1.5 0.4 / 15.0 / 0.3 / / / / 15.6
/ 64.6 1.7 0.4 / 16.2 / 0.3 / / / / 16.7
15A3-6 114 594 19 0.9 48 17.0 / 0.2 / / 11 / 3.4
/ 670 2.1 1.0 54 19.2 / 0.2 / / 1.2 / 3.8
15A3-7 27.1 455 0.6 0.4 / 5.7 0.7 0.5 0.6 / / 48 13.8
/ 624 0.9 0.6 / 7.9 0.9 0.6 0.8 / / 6.6 18.9
16A3-8 174 385 0.3 / / 2.8 0.9 0.3 0.5 / / 6.3 30.6
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/ 46.5 04 / / 3.4 1.1 04 0.6 / / 76 37.1
16A3-9 56 587 09 0.7 / 15.8 / 0.2 / / / / 18.1
/ 622 10 0.8 / 16.7 / 0.2 / / / / 19.2
13A6-10 153 556 0.3 0.7 3.9 9.4 / 0.8 / / / 0.5 133
/ 656 04 08 47 111 / 1.0 / / / 0.5 15.7
13A6-11 52 630 20 1.1 6.1 195 / 0.1 / / / / 3.0
/ 66.5 2.1 1.1 6.5 20.6 / 0.1 / / / 3.1
16A6-12 223 37.6 / / / 2.5 0.9 1.7 / / / 6.9 258
/ 48.4 / / / 3.2 1.1 2.2 / / / 89 33.2
16A6-13 70 615 0.5 0.6 25 136 / 0.8 / / / / 13.6
/ 66.1 0.5 0.6 2.7 146 / 0.9 / / / / 14.6
16A6-14 6.7 614 18 04 / 16.1 / 0.6 / / / / 13.1
/ 65.8 1.9 0.5 / 17.2 / 0.6 / / / / 14.0
15A9-15 16.1 56.5 1.7 / 2.3 7.7 / 1.6 0.6 / / 14 12.0
/ 674 2.0 / 2.8 9.2 / 1.9 0.7 / / 1.7 143
15A9-16 88 614 08 0.8 56 164 / 0.5 / / / / 5.4
/ 673 1.0 0.8 6.1 18.0 / 0.5 / / / / 5.9
15A9-17 193 59.7 0.7 / / 4.5 / 0.9 / / / / 14.5
/ 742 0.8 / / 5.6 / 1.2 / / / / 18.1

The carbon steel coupons selected for XPS analysis were shown in (Figure 67) for static
experiments under different experimental conditions. Relative atomic concentration using XPS
for selected points on exposed surface of carbon steel coupons were tabulated in (Table 52). A
color change like blue-green, blackish-green and grey was observed (Figure 67) on the exposed
coupon surface from visual inspection. From atomic concentrations (Table 52) it is clear that
most of the exposed surface consists of iron, oxygen and silicon as chief elements which form
corrosion products. The variation between the concentrations of elements in different samples
indicates potential differences in the formation of secondary phases.

Here, the atomic ratio (Table 52, point 5, 9, 10, 13, and 14) shows formation of iron silicate as
corrosion products, since iron and silicon atomic ratio was 1:1 in most of the cases. The atomic
concentrations of oxygen are notably high in many samples, reflecting a possible iron oxide layer
(FexOy) or green rust formation, especially in points like (Figure 67, Point 2, 3, 8, and 12). In
some other cases (Figure 67, points 4, 7, 15 and 17) there are possibilities of formation of iron
oxide + iron silicate. The regions (Figure 67, points 1, 6, 11 and 16) enriched with silicon,
oxygen, aluminium, sodium and iron represent bentonite clay region. It seems from the visual
inspection of carbon steel coupons (Figure67) that alteration of bentonite (color change) and
corrosion (metallic coupons) took place during static experiments.

Thus, also XPS shows as well as SEM-EDX, that the exposed corroded surfaces consist of
inhomogeneous distribution of secondary phase on the surface of carbon steel coupons for the
static experiments. XPS analysis allowed to identify a dense and thin layer of corrosion products
like iron silicate and green rust forming over longer time periods (6 months) in static experiments
(Figure 67, point 13). The results show the diversity of surface chemistry across the samples,
with variations in elemental composition pointing to differences in phase formation and oxidation
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states. In general, XPS confirms the outcome of SEM-EDX analysis that the surfaces were a
mixture of oxide layers, iron silicate and metallic surfaces distributed unevenly over the exposed
surface of carbon steel coupons for static experiments.

3.4.5.2 Dynamic condition systems (3 & 6 months)

(a) 3months 25°C (b)3months 25°C+scratched  (c)3months 50°C+scratched

(d) 6months 25°C

Figure 68 Scanning electron micrographs (in SE mode) of all CS coupons corroded for 3 and 6 months under dynamic
conditions at different temperature (exact conditions are indicated above the micrographs). Marked areas were selected for
EDXS analysis, quantitative results are provided in Table 53.
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Table 53 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure68. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Ca Ni Fe
D-21 7.7 5.4 / 1.8 0.2 1.0 1.3 / / 2.2 80.4
D-22 7.8 8.2 / 1.7 0.3 1.5 1.3 / / 1.9 77.1
D-23 25 53.6 0.8 / 6.0 20.1 / 0.3 0.7 / 14.9
D-24 15 56.2 / / 0.4 1.8 / 5.4 / / 34.7
D-25 15 59.4 / / / 1.4 / / / / 37.7
D-26 1.9 57.8 / / 0.6 3.1 / 2.4 / / 33.8
D-27 / 18.4 / / 0.4 5.7 30.7 / / / 10.7
D-28 47 48.5 / / / 6.1 15.1 / / 0.9 7.9
D-29 4.6 48.4 / / 0.2 5.1 16.5 / / / 6.5

D-30 9.4 38.6 0.5 0.6 0.4 11.9 1.3 0.2 0.3 2.2 34.5

D-31 7.9 50.8 13 0.3 1.8 20.0 / 0.2 0.4 / 16.8
D-32 3.0 / / 1.7 0.6 0.8 / / / / 94.0
D-33 5.3 55.9 0.5 / 1.6 17.3 / 0.4 0.3 / 18.1
D-34 3.6 54.7 0.5 / 2.2 16.8 / 0.4 0.3 / 20.8
D-35 4.9 54.3 1.1 / 5.9 19.1 / 0.1 0.3 / 13.0
D-36 6.9 16.2 / 1.4 0.2 3.4 0.9 0.2 / 2.9 67.8
D-37 3.7 44.1 / 0.6 / 2.5 0.3 0.2 / 1.2 45.3
D-38 9.0 34.3 0.4 0.6 0.1 9.5 1.2 0.6 / 2.7 39.8
D-39 4.8 / / 1.6 / 1.0 0.6 / / 1.6 90.2
D-40 4.1 57.9 0.6 / 1.6 171 / 0.2 0.2 / 17.9

SEM-EDXS analysis micrographs for various selected areas were shown in (Figure 68) and their
atomic concentration results were tabulated in (Table 53). SEM microscopy indicates change in
surface morphology of the corroded (exposed) surface of carbon steel coupons.

Secondary phases presence was detected in short period (3 months) with clear hexagonal
morphology (Figure68b) in dynamic experiments compared to static experiments. Surface
morphologies of samples from three and six months dynamic experiments as visible by SEM
were relatively comparable. The measured elemental compositions suggest uneven distribution of
elements like Fe, C, O, S, Si, Na, Mn, Al and other elements on the exposed surface of carbon
steel coupons under different experimental conditions. SEM- EDXS results of areas (D-30, D-33,
D-34, D-35 and D-40) shown in Figure68 suggest the formation of iron silicate on the exposed
surface of carbon steel coupons. For 3 months dynamic experiments, the carbon steel coupon
with scratch at 50°C has areas (Figure68, D-27, D-28 and D-29) where, the Fe:S atomic ratio
indicates the presence of pyrite which may be present in bentonite showing relevance in dynamic
experiment compared to static experiment.

In areas such as (Figure68, D-24, D-26, D-37 and D-38), EDXS data shown in (Table53)
indicate the formation of iron oxide (FexOy) or green rust as secondary products on the exposed
surface of the coupon at 25°C with scratches for 3 months and 50°C with scratches for 6 months
dynamic experiment. SEM-EDXS results of the area (D-31) which were enriched with sodium,
silicon, aluminum, oxygen and iron suggest presence of bentonite clay covering the corrosion
products (iron silicate) and the exposed area of carbon steel coupon. Some amount of dissolved
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iron was detected on the surface of bentonite clay however, its concentration varies across the
exposed surface. The majority of the surface exhibits high concentrations of iron with areas like
D-21, D-22, D-32 and D-39 having notably high iron content and manganese (Mn) presence
indicative of iron-based materials (carbon steel), with low coverage of secondary corrosion
products.

Areas with high iron content and oxygen likely form iron (hydr)oxides and sulfur-rich areas form
iron sulfides. The presence of aluminum, silicon, and iron could contribute to secondary
protective layers (iron silicate), but the overall corrosion behavior is heavily influenced by
environmental conditions and the interplay of these elements. Overall, based on the EDXS
results, it seems that the corrosion products obtained here consist of iron (hydr)oxides (magnetite,
green rust), iron sulfides, and potentially iron silicates which were formed under specific
conditions. Based on electron microscopic data, the carbon steel degradation mechanisms under
dynamic experiments were comparable with static experiments.
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Figure 69 X-ray diffractograms recorded on the corroded CS coupons after 3 months (top) and 6 months (down) reaction time
under dynamic conditions (exact conditions are indicated on individual XRD plot).
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The XRD analysis of corroded carbon steel coupons obtained after three and six months of
dynamic experiments was carried out, and its diffractograms were shown in (Figure 69). XRD
analysis of the corroded specimens reveals the presence of structures characteristic of the coupon
with its components cubic iron (PDF 87-0721) (Figure 69) on all coupons. Green rust (PDF 13-
0090) was detected on carbon steel coupon without scratches at 25°C for 3 months dynamic
experiment. Apart from this, only illite was detected on coupons for both three and six months
dynamic experiments which comes from bentonite. No other secondary phase presence could be
detected for other coupons, suggesting that either their amount was too low, that they are of too
low crystallinity, or that they must have been removed when cleaning off the excess suspension.
There is not much difference observed in six months coupons compared to three months in terms
of obtained phase (primary) from XRD analysis. XRD analysis results for dynamic experiments
were comparable with that of static experiments for carbon steel coupons. XRD results of carbon

steel coupons were corroborated with SEM analysis for three and six months dynamic
experiments.

Carbon steel, 6 months, 50°C: static
Carbon steel, 6 months, 25°C: dynamic
Carbon steel, 6months, 25°C: static

1.6 T T 25 T T T v .
: Ni 2p3;, Fe 2p3;;
1.4} Ni 2p3/2 " 1 Fe 2p Fe 2pip S
f\ 852.8eV ok :
| \ gs27e Fe(ll) 2p. .
=12r / lyl = = satellitz
2 [ 1 nitoy 2 i
‘§ T r‘A"-, \ . é 1.5} Pl el
Zos Ll 3 - P
— ',‘ l‘. = ot 1 & o\ / .l
£ 06f A £ g
5 = ool J |t B S
Z 0.4} | 2
\\ 051
0.2k VA, N\ -
e — 1 1 1 1 1
385 60 855 850 g 730 725 720 715 710 705
Binding Energy (eV) Binding Energy (eV)
of O 1s | 16k S 2p
| no sulfite
= = 14
2 15 oxide 212f
g 2 | sulfate
g g ! |‘ /I“v'h"‘ M ‘act
N N L b e | MhA VY
g 1F f é 0.8 A 'y \/ ‘\vA"\‘rW' y"‘hvr \~
S TR~ ~ 5 0.6
b o = e ——) =
05F —_ e hydroxide, 0.4f ’ . ” "‘v\
hydrate, aMAAS ANV AN TV
0.2fV v
Si-0O
gBS 536 534 532 530 528 972 170 168 166 164 162 160 158
Binding Energy (eV) Binding Energy (eV)

Figure 70 X-ray photoelectron spectra recorded on CS coupons corroded in MX-80 bentonite under static and dynamic
conditions (exact conditions are indicated above the graphs).
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Complementary XPS measurements provided additional speciation information. XPS spectra
recorded for selected carbon steel coupons under static and dynamic conditions for 6 months at
25°C and 50°C are shown above in (Figure 70). The spectral lines here gave information about
oxidation states of iron, nickel and sulfur. For all analyzed samples, findings were very
comparable. The Ni 2ps2 lines having a binding energy of 852.8 eV for static conditions at 50°C
and having a binding energy of 852.7 eV and 856.0 eV for dynamic conditions at 25°C indicating
nickel in the carbon steel coupon present in its metallic state or low oxidation state (Ni(0))
(Kesavan et al., 2017; Siudyga et al., 2020). However a low intensity peak on the high binding
energy side in dynamic experiments at 25°C indicates the presence of (Ni(Il)) which can form
Ni(OH)2 as a part of a passive layer (Dickinson et al., 1977). The Fe 2p spectrum recorded at the
metal surface for all coupons shown in (Figure 70) evidenced the presence of metallic Fe and
mixture of (Fe (I1) and Fe (111)) which can be due to the presence of different secondary phase
like iron silicate, iron oxide and iron sulfide on coupon surface. Interestingly, the binding energy
of Fe 2pss2 lines are at about 710 eV, which is characteristic for iron oxides containing Fe(ll1), but
also maybe for Fe(Il) in silicates. Even if Fe and Si have similar Pauling’s electronegativity, the
oxygen ion at Fe-O-Si may have stronger interaction with tetravalent Si than with Fe(ll) or
Fe(I1l) resulting in more positive charge on the Fe ion compared to iron oxides. Thus higher
binding energy of Fe 2p photoelectrons emitted from Fe(Il)-O-Si(IV) binding is expected
(Seyama & Soma, 1987).

Low amounts of sulfide, indicated by the S 2ps; elemental line at 162.1 eV binding energy
(Nzulu et al., 2024), were also detected at the coupon surface for samples from 6 months static
experiments at 50°C and 6 months dynamic experiments at 25°C. Sulfide originates most likely
from pyrite naturally present in the bentonite and may form iron sulfide at the steel surface. Here
the binding energy suggests a relatively reduced state of sulfur. It seems for static conditions at
25°C that sulfate was also present along with sulfide. The O 1s binding energy can correspond to
the presence of different types of secondary products like oxide, hydroxide, hydrate and Si-O as
shown in (figure70). Reference binding energies (Moulder & Chastain, 1992) of the Fe 2ps»
elemental line of Fe (Karnland O & Motamedi M) (707.0 eV), FeO (709.4 eV) and FeS; (706.7
eV), whereas that of FeS (710.3 — 712.2) or Fe3O4 (708.2 eV and 710.4 eV), a-Fe203 (710.9 eV),
and a-FeOOH (711.8 eV).

The carbon steel coupons selected for XPS analysis were shown in (Figure 71) for dynamic
experiments under different experimental conditions. Relative atomic concentration using XPS
for selected points on exposed surface of carbon steel coupons were tabulated in (Table 54). A
color change like blue-green, and blackish-grey was observed on the exposed coupon surface
(Figure 71) indicating formation of different corrosion products (secondary phases). From
atomic concentrations (Table 54), it is clear that most of exposed surface consists of iron,
oxygen, sulfur and silicon as chief elements which form corrosion products and bentonite layer.
The relatively high concentrations of silicon (Si) could point to silicate formation, often seen
when corrosion occurs in the presence of silicate-rich environments (bentonite).
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CS-12D6 CS-13D6

Figure 71 Pictures taken in XPS chamber of CS coupons corroded under dynamic conditions (exact conditions are indicated on
the individual sample, details of conditions are available in appendix). Marked points were selected for atomic concentration
analysis, quantitative results are provided in Table 54.

Table 54 Relative atomic concentrations by XPS analyses at selected points of CS coupons for dynamic experiments shown in
above Figure 71. Relative errors are estimated to be within £ 10% (Here each measurement has two type of atomic
concentration: one with presence of carbon and one without carbon presence).

Point C O] Na Mg Al Si S Cl Cr Ni Fe
12D3-1 27.1 46.1 / / 1.0 1.9 0.2 3.0 / / 20.8
/ 63.2 / / 1.3 2.6 0.3 4.1 / / 28.6
12D3-2 83 621 0.9 1.0 51 17.7 / 0.2 / / 4.8
/ 67.7 1.0 1.1 55 193 / 0.2 / / 5.2
13D3-3 16.2 51.2 0.7 0.6 / 9.3 1.4 1.2 / 13 16.0
/ 61.0 0.8 0.7 / 111 1.7 1.5 / 15 19.1
13D3-4 76 609 1.9 1.0 27 17.2 / 0.4 / / 8.1
/ 66.0 2.1 1.1 29 186 / 0.5 / / 8.7
13D3-5 9.8 60.0 0.7 0.7 3.2 140 / 1.0 / / 10.5
/ 66.5 0.7 0.8 3.6 155 / 1.1 / / 11.7
12D6-6 174 46.8 / 0.3 0.7 5.2 1.5 0.9 0.9 41 214
/ 56.6 / 0.4 0.9 6.3 1.8 1.0 1.1 50 259
12D6-7 58 634 1.2 1.2 6.6 19.6 / / / / 2.1
/ 67.3 1.3 1.3 7.0 208 / / / / 2.2
13D6-8 18.7 547 11 0.5 26 123 / / / / 9.7
/ 676 1.3 0.6 32 152 / / / / 12.0
13D6-9 196 451 10 0.6 1.5 6.8 2.4 1.1 / 48 15.8
/ 56.1 1.2 0.7 1.9 8.5 3.0 1.3 / 59 19.6

135



Here atomic ratio of iron, silicon and oxygen as shown in (Table 54, point 4, 5 and 8) indicate
formation of iron enriched bentonite layer. The atomic concentrations of oxygen are notably high
in many samples, reflecting a possible iron oxide layer (FexOy) and Pyrite (may be come from
bentonite) formation, especially in points like (Figure 71, Point 9). In some cases, there are
possibilities of formation of iron oxide + iron silicate (Figure 71, Point 3 and 6). Some regions
like (Figure71, point 2 and 7) enriched in silicon, sodium, oxygen, aluminum, magnesium and
some amount of iron indicate a bentonite clay region. Overall, the XPS results suggest that the
surfaces analyzed have undergone corrosion processes involving oxide, sulfide, and silicate
formations, with potential secondary phases like oxides and silicates being present in certain
areas. The varied elemental presence across samples further indicates that these materials have
been exposed to different environmental conditions.

Thus, exposed corroded surface exhibits an inhomogeneous distribution of secondary phase on
the surface of carbon steel coupons subjected to dynamic experimental conditions. The results
show the diversity of surface chemistry across the samples, with variations in elemental
composition pointing to differences in phase formation and oxidation states. XPS analysis
suggests that the surfaces were a mixture of oxide layers, iron silicate and metallic surfaces
distributed unevenly over the exposed surface of carbon steel coupons for dynamic experiments.
Little differences were observed between three and six months of dynamic experiments in terms
of nature of secondary phases and thickness (size) (determined by SEM-EDXS). XPS atomic
concentration results of above samples shown in (Figure 71) corroborated with SEM-EDXS
results (Table 53) and XRD. Overall XPS analysis results for dynamic experiments were
comparable with that of static experiments for carbon steel coupons.
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3.5 Corrosion of Carbon steel in GMZ bentonite

3.5.1 Dissolved metal ions evolution

The dissolved amounts of iron, silicon and aluminium obtained using ICP-OES/MS during 3, 6, 9
and 12 months in presence of carbon steel coupons for GMZ bentonite was shown in Table 55
and Table 56 shows dissolved amounts of iron, silicon and aluminium in the pore water solutions
of GMZ and MX-80 bentonite without coupon after one month of equilibrium period.

Table 55 Dissolved amounts of Fe, Si and Al ions in the pore water solutions of GMZ bentonite in contact with CS coupons after
3, 6, 9 and 12 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Fe Si Al
3months 25°C CS in GMZ bentonite 500(3.6) 12300(0.3) 500(3.0)
3months 50°C CS in GMZ bentonite 100(7.7) 10100(1.2) 400(4.5)
6émonths 25°C CS in GMZ bentonite 400(8.6) 10400(1.2) 600(1.3)
6months 50°C CS in GMZ bentonite 400(8.4) 12300(0.6) 400(2.1)
9months 25°C CS in GMZ bentonite 300(16) 7900(1.4) 500(2.1)
12months 25°C CS in GMZ bentonite 800(0.8) 12100(0.6) 500(4.0)

Table 56 Dissolved amounts of Fe Si and Al ions in the pore water solutions of GMZ and MX-80 bentonite without coupon after
1 month of equilibrium period. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in pg/L Fe Si Al
GMZ bentonite <100 19300(1.2) 500(3.8)
MX-80bentonite 400(8.2) 19300(0.5) 500(3.1)

There is no significant difference observed with regard to dissolved Fe concentrations in GMZ
bentonite (Table 55) compared to the data of dissolved Fe concentrations in MX-80 bentonite
(Table 46). Without coupon, GMZ bentonite shows significantly lower Fe concentrations (<100
Mg/L) as seen in Table 56, due to absence to pyrite in GMZ bentonite compared to MX-80, where
Fe is present at higher levels (400 pg/L) (due to presence of pyrite). This could be related to
differences in mineralogy or the availability of Fe-bearing phases in the two bentonites.

Without coupon GMZ bentonite and MX-80 bentonite shows similar Si and Al concentration as
shown in (Table 56), although their concentration varies across different time period, but their
variations are within experimental uncertainty. Overall, GMZ bentonite and MX-80 bentonite
have a higher initial availability of dissolved Si and Al, which is not as significantly influenced
by coupon presence.
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3.5.2 pH/E,; evolution

The results shown in (Table 57) consists of pH values and redox potential (En) measurements
with respect to the standard hydrogen electrode (SHE), for a carbon steel (CS) coupon in GMZ
bentonite under static conditions over various time periods (3 months, 6 months, 9 months, and
12 months) at temperatures of 25°C and 50°C.

Table 57 pH / Eh evolution of CS in contact with GMZ bentonite slurry after 3, 6, 9 and 12 months exposure time.

System pH Enw.r.t SHE
(mV)
3months 25°C CS in GMZ bentonite 8.17+0.10 -415+50
3months 50°C CS in GMZ bentonite 8.08+0.10 -272+50
6months 25°C CS in GMZ bentonite 8.27+0.10 -298+50
6months 50°C CS in GMZ bentonite 7.95+£0.10 3050
9months 25°C CS in GMZ bentonite 8.09+0.10 -353+50
12months 25°C CS in GMZ bentonite 8.08+0.10 -460+50

The pH values are relatively stable over time and temperature, ranging from 7.95 to 8.27
throughout the 12 months period, certainly due to buffering capacity of the GMZ bentonite. The
En values (Table 57) suggest a typical corrosion behavior of carbon steel, where the system
remains predominantly in a reducing environment over time, but temperature and time influence
the corrosion dynamics. The positive Ej values at 50°C for six months experiments may be due to
data scattering, but the overall system shows signs of maintaining reducing environment over
longer periods, possibly due to the formation of protective corrosion products or passivating
layers on the carbon steel surface. Overall pH and En results of carbon steel in GMZ bentonite
(Table 57) were comparable with pH and En results of carbon steel in MX-80 bentonite (Table
50) for experiments under static conditions. Both bentonites show buffering property over
different experimental conditions (time and temperature).

3.5.3 Corrosion rate

The corrosion rates of carbon steel in contact with GMZ bentonite were calculated using the
weight loss method and are shown in (Figure 72) for 3, 6, 9 and 12 months of static experiments
whereas (Figure 63) shows corrosion rates of carbon steel coupons in MX-80 for 3, 6 and 9
months of static experiments. The corrosion rate results obtained across different conditions
reveal a noticeable variation in the material's behavior over temperature and time.
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Figure 72 Corrosion rates of all CS coupons for GMZ bentonite obtained after 3, 6, 9 and 12 months static experiments.

At 25°C, GMZ bentonite exhibits a general decreasing trend in corrosion rates over time,
showing a more pronounced and steady decrease from 6.77+4.21 pm/a after 3 months to
3.95+1.57 pm/a after 12 months. Comparing corrosion rate of carbon steel in GMZ bentonite
with MX-80, there might be initially enhanced corrosion rates visible in GMZ at room
temperature (25°C) which level out after 9 months. At 50°C a decrease in corrosion rates for
carbon steel in GMZ bentonite (Figure 72) with time is more pronounced as compared to
experiment with MX-80 bentonite (Figure63), however the variation seems to be within
experimental uncertainty range.

The significant temperature effect on corrosion is evident, with the 50°C measurements generally
being higher, particularly in the early months. Overall, both (GMZ and MX-80) bentonites show
a general reduction in corrosion rate over time, GMZ demonstrates a more stable and predictable
pattern, while MX-80 experiences greater variability, especially in response to different
temperature (25°C and 50°C). Overall, the variation in corrosion rates observed in GMZ and
MX-80 bentonites can be explained by differences in their mineral composition, their ability to
form protective layers, their ion-exchange properties, and their effects on pH and pore-water
chemistry, all of which interact with the temperature and time of exposure. GMZ bentonite seems
to provide more consistent protection for carbon steel, MX-80 bentonite 's higher initial corrosion
rates and fluctuations may result from its different composition, less stable protective film
formation, and greater sensitivity to experimental conditions.
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3.5.4 Secondary phase characterization

3.5.4.1 Static condition systems (3, 6, 9 & 12 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

(d) 12months 25°C (a) 3months 50°C (b) 6months 50°C

Figure 73 Scanning electron micrographs (in SE mode) of all CS coupons in GMZ bentonite corroded for 3, 6, 9 and 12
months under static conditions at different temperature (exact conditions are indicated above the micrographs).Marked
areas were selected for EDX analysis, quantitative results are provided in Table 58.
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Table 58 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure 73. Relative errors are
estimated to be within + 10%.

Area C O Na Mn Al Si S Cl Ca Ni Fe
D-41 5.5 20.2 / 1.3 / 1.3 / / / 1.0 70.8
D-42 8.0 59.8 0.6 / 15 14.9 / 0.2 / / 14.4
D-43 7.6 41.1 / 0.8 0.6 8.0 / 0.4 / / 40.9
D-44 2.6 54.6 0.7 / 2.9 19.4 / / / / 19.0
D-45 7.4 57.6 0.5 0.2 1.2 16.0 / 0.2 / / 16.5
D-46 75 57.4 0.5 / 14 16.5 / 0.2 / / 16.2
D-47 11.0 50.7 0.4 0.6 0.4 10.1 / 0.2 / 0.7 25.8
D-48 7.3 54.7 0.5 / 0.9 17.1 / 0.2 0.1 / 18.8
D-49 47 335 / 0.8 0.2 4.7 / 0.3 / 0.6 53.6
D-50 9.1 20.8 / 2.4 / 1.7 / / / 2.4 62.5
D-51 2.0 2.4 / 15 0.2 0.9 / / / 0.5 92.5
D-52 0.5 6.6 / 2.2 0.1 2.0 / / / 1.0 87.4
D-53 2.3 62.4 0.5 0.2 1.3 16.6 / 0.2 0.1 0.1 15.9
D-54 2.3 59.0 0.5 0.2 0.6 17.4 / 0.1 0.1 / 19.5
D-55 3.3 54.0 / / 34 16.6 / 0.2 / / 21.3
D-56 2.4 58.7 / / 1.2 16.8 / 0.2 / / 20.3
D-57 3.0 57.8 / / 43 17.3 / 0.2 / / 16.2
D-58 8.4 55.1 0.5 0.2 0.3 18.2 / 0.3 0.1 16.4
D-59 6.7 42.3 1.3 1.1 / 15.2 / 0.1 / 1.2 314
D-60 5.5 53.8 0.9 0.2 / 18.4 / 0.2 / 0.7 19.6
D-61 5.9 54.6 0.5 / 11 20.1 / 0.3 0.1 / 16.7
D-62 3.6 54.7 0.9 / 5.8 25.8 / 0.1 / / 6.0

Scanning electron microscopy was subsequently applied to analyze the carbon steel corroded
coupons in contact with GMZ bentonite. SEM-EDXS analysis micrographs for various selected
areas were shown in (Figure 73) and their atomic concentration results were tabulated in (Table
58). SEM microscopy reveals presence of different secondary phases under different
experimental conditions. For instance, as shown in appendices (Figure A10d) octahedral shape
corrosion product for carbon steel coupon was observed at room temperature after 12 months.
EDXS analyses results of all carbon steel coupons in GMZ bentonite at 25°C (3, 6, 9, and 12
months) and 50°C after 3, 6 months for selected areas (D-42, D-44, D-45, D-46, D-48, D-53, D-
54, D-55, D-56, D-57, D-58, D-60, and D-61) shown in (Figure 73) indicate the formation of
iron silicate as corrosion products. Oxygen is also present on the coupon surface after exposure
and the amount of silicon slightly increased on coupon surface in the region where surface was
covered with bentonite.

Iron-based corrosion products, such as iron oxides (FexOy), are predominant in some areas like
(Figure73, D-49 and D-50). The presence of oxygen alongside iron in these areas may also
support the formation of iron (hydr)oxides on the exposed surface as corrosion products when
iron exposed to water saturated bentonite under anoxic conditions. Formation of iron silicate and
iron oxide was mainly observed on the exposed surface of corroded carbon steel coupons in GMZ
bentonite. SEM analysis of carbon steel in GMZ and MX-80 bentonite were relatively
comparable, however the iron silicate formation in GMZ bentonite seems to be more prominent
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compared to MX-80 bentonite under static conditions. It seems that iron silicate formed on
carbon steel coupon surface was more protective for GMZ bentonite than MX-80 bentonite under
elevated temperature conditions for static experiments which was evidenced by corrosion rate
measurements. Also, magnetite formation was detected in presence of GMZ bentonite but was
not observed in presence of MX-80 bentonite (although it contains high soluble silica) for carbon
steel coupons. In contrast Pyrite was detected in MX-80 bentonite but was not observed in GMZ
bentonite for carbon steel coupons under static conditions. So, different types of corrosion
products were formed in different types of bentonite (MX-80 and GMZ) which affects the
corrosion behavior of carbon steel in given bentonite. Overall MX-80 and GMZ bentonite were
relatively comparable in buffering the system under static conditions.
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Figure 74 X-ray diffractograms recorded on the corroded CS coupons in GMZ bentonite at room temperature for 3, 6, 9 an 12

months (top) and at elevated temperature for 3 and 6 months (down) reaction time under static conditions (exact conditions are
indicated on individual XRD plot).
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The XRD analysis of corroded carbon steel coupons in GMZ obtained after three, six, nine and
twelve months of static experiments was carried out and its diffractograms were shown in
(Figure 74). The primary peak in the XRD spectrum for three, six, nine and twelve months of
static experiments likely correspond to the cubic iron phase (PDF 87-0721), which is starting
material. Apart from this, other reflections correspond to corrosion products like magnetite (PDF
79-0419) which was observed on the exposed surface as shown in (Figure 74) specially for six
months at room temperature (25°C) and in three months coupon at elevated temperature(50°C).
Green rust (PDF 13-0090) as corrosion product (secondary phase) was also observed on carbon
steel coupon surface after 12 months at room temperature. Findings suggest that secondary
phases may be also formed on other coupons but since it was in too low amounts, so not able to
detect through XRD analysis but were evidenced by XPS and SEM-EDXS analysis.

There was not much difference observed on carbon steel coupon surface at room and elevated
temperature after three and six months in terms of secondary phase (corrosion products) from
XRD analysis. Overall, XRD analysis of carbon steel corroded coupons in GMZ bentonite and
MX-80 bentonite were relatively comparable. In both (GMZ and MX-80) bentonites green rust
was detected as corrosion product. In contrast, magnetite was detected in GMZ bentonite but was
not found in MX-80 bentonite for carbon steel coupons under static conditions using XRD
analysis.
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Figure 75 X-ray photoelectron spectra recorded for speciation on CS coupons corroded in GMZ bentonite under static conditions
(exact conditions are indicated below the graphs).
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XPS spectra recorded for selected carbon steel coupons in contact with GMZ bentonite under
static conditions for 6 months at 25°C and 50°C are shown above in (Figure 75). The Ni 2pz;
lines having a binding energy of 852.7 eV for both coupons at 25°C and 50°C indicate nickel in
the carbon steel coupon is present in its metallic state. The Fe 2p spectrum recorded at the metal
surface for all coupons shown in (Figure 75) evidenced the presence of metallic Fe and mixture
of (Fe (I1) and Fe (111)) which originate from different secondary phase like iron silicate and iron
oxide on coupon surface. Interestingly, binding energy of Fe 2ps» lines are at about 710 eV,
which is characteristic for iron oxides containing Fe(l1l), but also for Fe(ll) in silicates. However,
the Fe 2ps/> spectra are sometimes complex due to multiplet splitting and satellite features
(Hughes et al., 2024).

The peak at 707 eV suggests that there is Fe(ll) present possibly from FesOas. The satellite peak
supports the presence of Fe(lll) and Fe(ll) species, confirming the possible iron oxide or silicate
in mixed valence state. The binding energy of Si 2p lines at about 102.9 eV suggests the presence
of silicon in partially oxidized state (silicon in an oxidation state between 0 and +4) or non-
stoichiometric oxide layer (i.e., naturally present in the bentonite). It seems for static conditions
at 25°C and 50°C, the oxygen binding energy (530 eV) corresponds to more stable (O%), bonded
to form (metal oxide) whereas binding energy at 532 eV correspond to oxygen in a weaker such
as hydroxyl group (OH") or adsorbed oxygen species (water ), more loosely bound state. For all
analyzed samples, findings were very comparable with MX-80 bentonite (Figure 70).

;w'i‘: \:y' 4
CS-3GMZ6
—
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Figure 76 Pictures taken in XPS chamber of CS coupons in GMZ bhentonite corroded under static conditions (exact conditions are
indicated on the individual sample, details of conditions are available in appendix). Marked points were selected for atomic
concentration analysis, quantitative results are provided in Table 59.
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Table 59 Relative atomic concentrations by XPS analyses at selected points of CS coupons for static experiments shown in above
Figure 76. Relative errors are estimated to be within £ 10 % ( Here each measurement has two type of atomic concentration: one
with presence of carbon and one without carbon presence).

Point C O] Na Mg Al Si S Cl Cr Ni Fe
3GMZ6-1 140 598 04 04 1.7 111 / 0.4 / 1.1 10.5
/ 69.6 04 0.5 20 129 / 0.5 / 1.3 122
3GMZ6-2 83 626 0.3 0.7 32 143 / 0.4 / / 10.2
/ 68.2 0.3 08 35 156 / 0.5 / / 11.1
4GMZ6-3 143 493 0.7 / / 11.9 / / / 3.1 203
/ 576 038 / / 139 / / / 3.6 237
4GMZz6-4 39 631 14 16 49 182 / / / / 6.1
/ 657 15 16 51 189 / / / 6.3
5GMz9-5 16.3 50.1 / / / 5.8 / 04 04 15 248
/ 59.9 / / / 6.9 / 04 05 18 297
5GMZ9-6 59 612 1.0 / / 17.9 / 0.5 / / 13.4
/ 651 1.1 / / 190 / 0.6 / / 14.2
1GMZ12-7 225 44.0 / / / 3.6 / 1.9 / / 28.0
/ 56.8 / / / 4.6 / 2.5 / / 36.1
7GMZ12-8 20.5 46.8 / / / 4.4 / 13 / 1.2 24.4
/ 58.9 / / / 5.6 / 1.6 / 1.6 30.7
7GMZ12-9 59 618 1.0 0.1 / 15.0 / 0.6 / / 15.7
/ 656 1.0 0.1 / 15.9 / 0.6 / / 16.7

The carbon steel coupons in GMZ bentonite selected for XPS analysis for static experiments
under different experimental conditions were shown in (Figure76). Relative atomic
concentrations using XPS for selected points on exposed surface of carbon steel coupons were
tabulated in (Table 59). Here atomic ratio of iron, silicon and oxygen as shown in (Table 59,
Point 1, 2, 6 and 9) indicate formation of iron enriched bentonite layer/silicate. The atomic
concentrations of oxygen are notably high in many samples, reflecting a possible iron oxide layer
(FexOy) formation, especially in points like (Figure 76, Point 5, 7 and 8). In some cases, there are
possibilities of formation of iron oxide + iron silicate (Figure 76, Point 3). Some region like
(Figure76, Point 4) is enriched with silicon, sodium, oxygen, aluminum, magnesium and some
amount of iron indicating the presence of bentonite. Overall, the XPS results suggest that the
surfaces analyzed have undergone corrosion processes involving hydroxyl/oxide, and silicate
formations, with varied elemental compositions across samples, further indicating that these
materials have been exposed to different environmental conditions.

Overall XPS analysis results of carbon steel coupons in GMZ bentonite were comparable with
that in MX-80 bentonite for experiments under static conditions. However, there was little
changes like, iron sulfide (FeS) was not detected in presence of GMZ bentonite but was observed
in MX-80 bentonite for static experiments.
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3.6 Alteration of MX-80 Bentonite (for iron based materials)

X-ray absorption near edge structure (XANES) spectroscopy which is highly sensitive technique
for studying the electronic structure and chemical speciation of elements, was applied to probe
the Fe K-edge for selected samples of altered bentonite from 6 months dynamic experiments.
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Figure 77 XANES spectra of reference MX-80 bentonite without coupon for 6 months dynamic experiments (blue line is
experimental data, red line is fit).
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Figure 78 The XANES (Fe) spectra of the corrosion products in altered bentonite contact with different coupons like SGI-
A (spheroidal graphite iron at 25°C without hematite), SGI-B (spheroidal graphite iron at 25°C with 0.5wt%. hematite),
CS-C (carbon steel at 50°C with scratched) and SS-D (spring steel at 50°C with scratched) for 6 months dynamic
experiments (blue line is experimental data, red line is fit).
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When analyzing altered bentonite having been in contact with steel and cast iron coupons under
anoxic conditions, XANES offers valuable insight into the alteration processes of bentonite and
the secondary phases formed due to interaction with these materials (iron and steel). The Fe K-
edge XANES spectrum of the reference MX-80 bentonite without coupon was shown in (Figure
77). Bentonite was analyzed to determine the Fe speciation in the altered bentonite sample having
been interacted with different corroding coupons like SGI-A (spheroidal graphite iron at 25°C
without hematite), SGI-B (spheroidal graphite iron at 25°C with 0.5wt% hematite), CS-C (carbon
steel at 50°C with scratched) and SS-D (spring steel at 50°C with scratched) for 6 months
dynamic experiments were shown in (Figure78).

A color change was observed on the surface of altered bentonite after corrosion experiments,
suggesting an alteration of bentonite and/or possible Fe corrosion products presence. For LCF
analysis, XANES data of reference compounds of known composition were already available
(Finck et al., 2023). MX-80 is an assemblage of mineral phases, and among those present
(Table3) only clay minerals (montmorillonite, illite, muscovite) and pyrite contain Fe. The pyrite
content is very low, implying a negligible contribution to the Fe K-edge XANES spectrum
recorded on MX-80. Montmorillonite, illite and muscovite have all a comparable crystal
structure, made of one octahedral layer sandwiched between two tetrahedral layers (i.e., TOT
type structure), in which Fe occupies an octahedral position. The spectrum recorded on MX-80
thus corresponds dominantly to octahedral Fe located in a TOT environment, more precisely in
montmorillonite that makes >80wt%. of the mineral assemblage.

For sample SGI-A (spheroidal graphite iron at 25°C without hematite), LCF fit results hint at the
presence of MX-80 (39%), magnetite (34%) and berthierine (27%). The experimental XANES
spectrum of the sample interacted with SGI-B (spheroidal graphite iron at 25°C with 0.5wt%.
hematite) could be reconstructed using spectra recorded on MX-80 (85 %) and chukanovite (17
%), and the XANES spectrum of the sample interacted with CS-C (carbon steel at 50°C with
scratched) using MX-80 (43 %), green rust (10 %) and chukanovite (47%). Finally, results of fits
to the Fe K-edge XANES spectrum recorded on sample SS-D (spring steel at 50°C with scratch)
hint at the presence of MX-80 (31%), green rust (40%) and chukanovite (29%).

Bentonite alteration is mainly because of (partial) reduction of structural iron from Fe*3 to Fe*?
The color change observed around steel/bentonite contact region indicates bentonite alteration
and formation of Fe-bearing compounds like magnetite, green rust, berthierine and chukanovite.
However, their formation and concentration depend on experimental conditions and materials.
XANES gives information about alteration of bentonite and presence of secondary corrosion
products in the altered bentonite. Thus, information about the nature of Fe-bearing phases present
at the coupon/bentonite interface was obtained using XANES analysis. Differences were
observed due to change in experimental parameter and type of materials (SGI, SS and CS).
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3.7 Overall discussion of iron based materials (SGI, SS and CS)

For iron based materials, the experimental results from both static and dynamic conditions
indicate that iron (Fe) dissolution is primarily governed by steel corrosion (SGI, carbon steel, and
spring steel), while silicon (Si) and aluminum (Al) mobilization originates mainly due to clay
(bentonite) dissolution. In static experiments for SGI without hematite, Fe concentrations initially
peak but decrease over time, stabilizing at low levels (~4—6 x E-6 mol/L), indicating progressive
sorption or precipitation. In contrast, in the presence of hematite (0.5 wt.%), Fe concentrations
increase over time, suggesting slow reductive dissolution of Fe(lll) from hematite to soluble
Fe(Il) under reducing conditions induced by corrosion. Despite changes in temperature and
hematite presence, Si and Al concentrations remain within the range of experimental uncertainty
mostly, implying minimal influence from these variables. Si and Al dissolution patterns reflect
bentonite behavior, aligning with equilibrium slurry or simulated groundwater values. Dynamic
experiments consistently show lower Fe concentrations than static, further suggesting sorption of
Fe(I) onto clay minerals, supported by solubility limits under experimental pH (~1 x E-3 mol/L)
for Fe(OH).. Comparative results from MX-80 and GMZ bentonite reveal higher Fe levels in
MX-80, attributed to pyrite content, while Si and Al remain comparable across both clays.
Overall, temperature and hematite presence primarily affect Fe concentration, while Si and Al
behavior is controlled by bentonite dissolution, independent of coupon type or experimental
condition, with variations falling within analytical uncertainty.
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Figure 79 Evolution of average generalized corrosion rate of carbon steels as a function of time in fairly
reducing conditions at 80°C or 85°C. G: granite; Ac: compacted clay; O: immersion; ed: distilled water;
eg: granite water; em: seawater; ea: clay water (Féron et al., 2008).

Those findings (Figure 79) shown in literature (Féron et al., 2008) appear to suggest that the rate
determining step is the corrosion reaction, i.e. the release of metal ions to solution. Sorption
reactions are known to be rapid.
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Here in this study, the experimental results demonstrate that temperature is the dominant factor
influencing the corrosion behavior of iron-based materials (SGI, spring steel, and carbon steel) in
bentonite suspensions, with corrosion rates significantly higher (~4-8 um/a) at 50°C compared to
25°C, in agreement with reported findings (Hesketh et al., 2023). The presence of hematite,
surface scratches, and exposure duration had comparatively minor effects on both corrosion rate
and electrochemical parameters (pH and En). Across static and dynamic conditions, reducing
environments consistently developed due to steel corrosion, indicated by negative En values.
However, pH remained relatively stable over time, largely due to the buffering capacity of
bentonite. This buffering effect was evident in both static and dynamic experiments and
minimized the influence of corrosion processes on pH, even under conditions that promoted
redox changes and solid phase precipitation.
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Figure 80 Average corrosion rates (derived from weight loss) of corrosion coupons
extracted from the 1C-A experiment after 1.7 and 2.7 years (Wersin et al., 2023).

The corrosion rates data (Figure80) shown in literature (Wersin et al., 2023) tend to decrease
over time. Here the corrosion rate for granular bentonite is higher than that of compacted
bentonite, which also depends on water volume. In current study, the corrosion rate of all iron-
based materials (SGI, spring steel, and carbon steel) at room temperature (25°C) in MX-80
bentonite suspension lies in the range ~2-6 um/a after 9 months for static/dynamic experiments.
The obtained corrosion rate values were quite similar to that reported corrosion rate (~2 pum/a) for
carbon steel embedded within compacted MX-80 and exposed to natural granitic pore water for
394 days in the MaCoTe experiment (Reddy, Padovani, Rance, et al., 2021). Both the
difference in reaction time (270 days vs 394 days) and the difference in temperature (25°C vs
rock temperature) can account for small differences in corrosion rates. In addition, the use of a
suspension instead of compacted bentonite also plays a role because of the larger amount of water
available.

When comparing the type of bentonites like MX-80 and GMZ bentonite, both materials
demonstrated the ability to buffer pH and maintain reducing conditions over time, but little
differences in corrosion trends were observed. GMZ bentonite provided more stable and
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predictable corrosion behavior, particularly for carbon steel, with a gradual decrease in corrosion
rate over time, likely due to the formation of more uniform and protective corrosion products.

In contrast, MX-80 bentonite exhibited some variability in corrosion rates, particularly at
elevated temperatures, potentially due to differences in mineral composition, ion exchange
capacity, and interaction with corrosion products. Overall, both bentonites are effective as
corrosion mitigating media in engineered barrier systems and may offer more consistent long-
term performance under thermal and geochemical gradients relevant to deep geological disposal
conditions.

For SGI corroded coupons, the finding would agree with the visual observation of a blue/green
coloration at the coupon/suspension interface suggesting a possible reduction of structural Fe(ll)
within smectite. In addition, this finding would also agree with the presence of mixed
Fe(IN/Fe(111) bearing secondary phase such as berthierine and magnetite suggested from XANES
and SEM-EDXS analysis. The presence of hematite had no significant impact on the Fe
speciation, XPS data suggest it prevails in divalent and in trivalent oxidation state at the
coupon/bentonite interface in all experiments.

The formation of iron silicates could be detected in some samples, especially at 50°C. This
finding suggests that dissolved silica must have been available in the system (Stephan Kaufhold
et al., 2020), certainly favored by the slightly elevated temperature and the prevailing pH
condition. Interestingly, data also indicate that neoformed iron silicates contain some aluminum
meaning that the availability of dissolved silica alone cannot account for the observed secondary
phases. Consequently, the reaction pathway may not simply consist in precipitation from
dissolved species but may be more complex and possibly involve some kind of dissolution-
reprecipitation mechanism. Layered Fe-bearing compounds have also been detected at the
coupon/suspension interface, suggesting that not enough silica must have been available for the
formation of only Fe silicates. Most probably, steel corrosion resulted in larger amounts of
dissolved Fe(ll) than dissolved silica available, thus resulting in the simultaneous formation of Fe
(hydr)oxides in addition to Fe silicates.

Fe(Il) has a good affinity for hematite under the given pH conditions (Larese-Casanova &
Scherer, 2007; Williams & Scherer, 2004) and reported data showed that ferrous ions uptake
results in electron transfer with structural Fe(lll) in hematite. In the long term, this may result in
quantitative transformation of hematite into mixed Fe(1l)/Fe(l11) compounds. Outcomes suggest
that the starting pre-equilibrated suspension was diluted during the 3 and 6 months reaction time
for dynamic experiments, implying that dissolved amounts of Fe(Il) formed upon steel corrosion
very likely did not accumulate in significant amounts within the reactor. Though results showed
that a fraction of formed Fe(ll) reacted with the contacting bentonite, the remaining was
transported away with the water. Under these conditions no protective passive layer may be able
to develop and protect the coupon surface, resulting in corrosion progressing over time. In any
case, no experimental finding supports the hypothesis of a steel degradation mechanism (dynamic
conditions) differing from that under static conditions.
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The findings from SEM-EDXS, XRD, and XPS analyses of corroded spring steel coupons
exposed to static and dynamic conditions in a bentonite slurry reveal significant insights into the
corrosion mechanisms. In the static system, corrosion products such as iron (hydr)oxides, iron
silicates, green rust, and iron sulfides were identified, with a more heterogeneous distribution of
secondary phases over time, especially after nine months of exposure. These products,
particularly iron silicates and green rust, formed dense protective layers that slowed down the
corrosion rate with elemental compositions indicating complex interactions between the metal
coupons and the surrounding environment (bentonite). In contrast, the dynamic system showed
minimal secondary phase formation, with XRD analysis only detecting the primary phases of
cubic iron and austenite, and no significant corrosion products like green rust. The dynamic
system likely had lower amounts of corrosion products due to the mechanical movement and
possible removal of phases during continuous flow of ground water, leading to less phase
development compared to the static system. Overall, the finding demonstrates that environmental
factors, particularly the duration of exposure and the presence of bentonite, significantly
influence the formation and distribution of corrosion products. The corrosion rates decrease with
longer exposure times due to the buildup of protective layers, which is consistent with the
observed elemental and phase changes.

Comprehensive characterization using SEM-EDXS, XRD, XPS, and XANES has revealed that
carbon steel corrosion under anoxic conditions in contact with bentonite (MX-80 and GMZ)
results in the formation of spatially heterogeneous and chemically complex secondary phases.
These primarily include iron (hydr)oxides, iron silicates, green rust, and particularly in the case of
MX-80, iron sulfides such as FeS/FeS, (pyrite naturally present in MX-80). The corrosion
products form via localized interactions between the steel surface and bentonite, influenced by
factors such as temperature, exposure time, and surface condition (scratched or unscratched).
SEM-EDXS showed areas depleted in iron but enriched in silicon and aluminum, indicative of
aluminosilicate or iron silicate layer formation, particularly under bentonite coverage. XRD
confirmed the persistence of the primary metallic phase with the emergence of crystalline
corrosion products like magnetite and green rust under certain conditions, while many amorphous
or poorly crystalline products were detected by surface sensitive XPS/XAS.

XPS and XANES provided insights into the oxidation states and coordination environments of
Fe, Ni, and S. Mixed valence states of Fe (Fe(ll)/Fe(lll)) were observed, with Fe 2p binding
energies suggesting the presence of iron oxides, silicates, and potentially non-stoichiometric
mixed phases. Ni remained mostly in the metallic state, while trace amounts of Ni(ll) indicated
passive layer formation. XANES spectra of altered bentonites confirmed partial reduction of
structural Fe(lll) to Fe(ll), indicating chemical alteration of the bentonite matrix due to
interaction with corroding steel. Secondary Fe-bearing phases such as chukanovite, berthierine,
magnetite and green rust were detected at the steel/bentonite interface in MX-80 bentonite.

The findings of both static and dynamic experiments reveal that temperature and time of
exposure play a pivotal role in influencing the dissolution and corrosion behavior of iron based
materials (SGI, spring steel, and carbon steel) in bentonite suspension. Higher temperatures
notably affect the concentrations of Fe, Si and Al dissolved ions, particularly accelerating the
release of Fe and Si, especially at 50°C. The corrosion rate shows a clear increase with
temperature, highlighting the significant role of thermal energy in driving corrosion processes.
Studies have demonstrated that higher temperatures not only affect the solubility of oxygen but
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also promote ion transport, facilitating the formation of corrosion products that can influence the
overall corrosion process (Qi et al., 2014). Over time, the corrosion rates under static and
dynamic conditions were relatively comparable for all iron based materials.

Table 60 Comparison of results of corrosion layer analysis from the in-situ steel/bentonite interface samples in literature and
current study. Abbrevations : Fe-S, (unidentified) FeS compound; goe, goethite; hem, haematite; lep, lepidocrocite; mag,
magnetite; mah, maghemite; ma., maximum; n.d., not determined; sid, siderite (Wersin et al., 2023).

Experi- Maximum  Duratio Redox Average Corrosion
ments  temperature n condition  Corrosion roducts References
(°C) (year) S rate(um/a) P
IC-A . (Smartetal.,
14 1.7 Anoxic 1.4-3.4 mag, hem 2017)
(Reddy,
14 28 Anoxic 0921  mag,hem, Fe-s . adovani,
Smart, et al.,
2021)
FEBEX . i goe, hem, mag, (Hadi et al.,
70 18 Mixed 6-11 sid, lep, mah 2019)
ABM1 . Mag, hem, sid, (Wersin et al.,
115 2.4 Mixed 5-8 g0e, lep 2015)
ABM2 (Kaufhold et
. . al., 2017;
130 55 Mixed n.d. Mag, sid Wersin et al.,
2021b)
mag, hem ,green
This 25, 0.5, . 2-6, rust,
study 50 1 Anoxic 4-18 Fe-hydroxide, /

Fe-silicate, Fe-S

Overall, the findings demonstrate that bentonite based systems effectively mitigate corrosion and
which could limit radionuclide mobility, supporting the long-term stability of iron based
materials (SGI and steel alloys) in geological disposal environments. Overall, corrosion rates and
most of corrosion products obtained in this study for all candidate canister materials were
comparable with in situ experiments and literature data (Wersin et al., 2023) as shown above in
(Table60).
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4. Conclusions and Outlook

This PhD thesis addresses the corrosion behavior of three iron-based and one copper-based
candidate canister materials in contact with bentonite under anoxic and water saturated
conditions. Note, however, that under given experimental conditions even when working under
inert gas atmosphere, traces of oxygen may still be present at least initially. The corrosion
behavior of these materials has been systematically evaluated using static and dynamic batch
experiments at room (25°C) and elevated temperature (50°C) for three, six and nine months. The
corrosion rate is determined for the selected materials and a special attention is given to
understanding in detail the corrosion mechanism from the identification of corrosion products
formed under the applied conditions and to unravel the effect of specific experimental parameters
on the corrosion behavior of these materials in bentonite environment.

For the cupronickel alloy a special attention is given to the effect of added sulfide on the
corrosion behavior, for the cast iron the effect of added ferric compound mimicking the presence
of oxic phase corrosion products on the anoxic corrosion behavior was investigated, and for both
other materials (spring steel and carbon steel) the effect of surface roughness (i.e., scratch) was of
interest. Furthermore, the effect of bentonite chemistry on carbon steel corrosion was investigated
by performing parallel experiments with an additional bentonite (GMZ). All experiments were
performed with synthetic Grimsel groundwater and MX-80 was the generally used bentonite to
allow comparison with in-situ experiments at the Grimsel Test Site. Due to technical difficulties,
the bentonite was not used in compacted form but rather in form of slurry in both static and
dynamic batch experiments.

The experimental findings at elevated temperature simulate exemplary the impact of the transient
and thermal phase. Effects are:

e The corrosion rate was higher initially in almost all cases, with a tendency to decrease
over time.

e The experimental results demonstrate that temperature is the primary driver of corrosion
kinetics for all systems (static and dynamic), significantly higher corrosion rates observed
at elevated temperatures (50°C) compared to room temperature (25°C).

e Temperature affects the nature and types of corrosion products, formed on steel in contact
with bentonite under anoxic, transient and thermal conditions.

e Under such conditions steel corrosion yields magnetite, iron hydroxide, green rust and
iron silicate as corrosion products and cupronickel corrosion yields cuprite, nickel
hydroxide and copper (I/11) sulfide as corrosion products. The corrosion products formed
protective layer reducing further corrosion.

In case of SGI coupons, corrosion processes in presence of initially present oxygen was simulated
by addition of hematite which act as a potential oxidant had a measurable but limited influence
on corrosion behavior. Measured redox potentials are partly higher in presence of hematite, thus
Fe(ll)-bearing compounds are not stable. Additionally, graphite inclusions in SGI likely act as
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cathodic sites where water is reduced, with the coupled anodic reaction corresponding to
preferential ferrite oxidation. Over time, as metallic corrosion progresses, hematite likely
converted into mixed Fe(l1)/Fe(l1l) corrosion products (magnetite). A significant enhancement of
corrosion rates in presence of hematite could however not be stated.

For Cu-Ni coupons, impact of microbial corrosion was partly simulated by the addition of sulfide
in static and dynamic experiments. The presence of added sulfide had no significant effect in
static experiments but seems to be effective at elevated temperature in dynamic experiment which
was evidenced by formation of Cu,S/CuS as corrosion products by breaking passive layer of
copper oxides and nickel hydroxide. pH, redox potential and corrosion rate are not much affected
in presence of sulfide in both system (static and dynamic).

Since a repository is not a closed system, experiments have been performed under dynamic
conditions implying water flowing at low rate in order to mimic the intrusion of groundwater.
Such conditions simulate partly a scenario where bentonite is eroding and low mineralized
groundwater accesses the metal surface. Dynamic system showed reduced secondary phase
formation compared to static system due to continuous groundwater flow removing soluble
products and inhibiting layer buildup affecting corrosion behavior.

Iron corrosion in bentonite clay lead to form magnetite, green rust and mostly silicate based
corrosion products at metal/bentonite interface under anoxic conditions. Alteration of bentonite
(Reduction of Fe (I11)) and color change was observed after corrosion experiments. Identification
of admixed corrosion products (berthierine, green rust, magnetite and chukanovite) on altered
bentonite was evidenced by XAS (XANES) analysis and change in elemental composition of
altered bentonite was evidenced by acid digestion and ICP-MS analysis.

These corrosion products formed due to bentonite alteration can buffer Fe?* ion concentrations at
the steel/bentonite surface and act as a driver for Fe?* diffusion and sorption on clay. Overall
amalgamation of iron into bentonite alteration products could act as a pump to accelerate
corrosion (Savage et al., 2010). However, pump effect was not much affected in this study may
be due to short-term nature of laboratory experiments.

The analysis of dissolved metal ions (Fe, Ni and Cu) in the solution shows that concentrations
remained pretty low (E-6 mol/L) across all conditions, typically below those assumed for the
solubility of Fe(OH)2 , Ni(OH)2 or Cu-oxides, suggesting strong retention by bentonite through
surface sorption and/or mixed secondary phase formation.

The in-situ measured pH does not change much for all material coupons for static experiments.
pH slightly decreases at elevated temperature compared to room temperature for most of the
coupons. The pH in dynamic experiments increases with time and evolves towards inlet
groundwater (pH 9.8) for all material coupons indicating moderate alkaline conditions. The redox
potential (En) for all iron based candidate canister materials was negative indicating reducing
conditions hinting at the formation of Fe(ll)-bearing secondary phases which can remain stable
under anoxic conditions. Redox potentials (En) in experiments with cupronickel coupons
remained positive even with added sulfide in static conditions and lie in the stability region of
metallic copper based on the Pourbaix diagram (Figure 3) in dynamic conditions.
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The corrosion rate of cupronickel coupons was lower at room temperature (25°C) in the range
0.1-0.2 pm/a compared to elevated temperature (50°C) for 270 days. The obtained corrosion rates
are comparable with in-situ Grimsel experiments in which copper in the range 0.1-0.3 pm/a for
394 days. Residual oxygen plays an important role in increasing corrosion rate initially during
exposure. For the same materials the corrosion rate in dynamic experiments are comparable with
static experiments, little differences observed are within experimental uncertainty ranges.
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Figure 81 Comparison of corrosion rates results from this study with the in-situ literature data.

At room temperature (25°C), the corrosion rate of the selected iron based candidate materials
(carbon steel, spheroidal graphite iron and spring steel) in this study was shown for 365 days at
maximum. The corrosion rate data obtained in this study represent rather an initial “transient”
phase. Overall, it is visible from present studies, that corrosion rates decrease with time and
moving towards the corrosion rate data found in in-situ studies.

Initial corrosion rates of the present work are in general higher than those found in in-situ
experiments after longer observation time scales. In experiments described in literature (Wersin
et al., 2023), corrosion rates are found to be higher in experiments with granular bentonite than
with compacted material, where the water volume access is limited by diffusion. Present
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experiments described in this thesis might therefore result in somewhat higher corrosion rate as
no water access limitations exist.

At elevated temperatures (50°C), the corrosion rates of iron based materials (carbon steel,
spheroidal graphite iron and spring steel) were significantly higher in the range ~ 4-18 pum/a with
experimental data scattering. The impact of scratches at the surface or the presence of hematite
did not have a significant impact. Corrosion rate of carbon steel in MX-80 and GMZ bentonite
were quite comparable. Overall, the corrosion rate increases with temperature and decreases with
time in most of the cases. Corrosion rates in the present study in presence of bentonite are not
really enhanced in comparison to those in absence of bentonite (Féron et al., 2008) .

In the present study, under the prevailing pH and En conditions, the nature of the detected
corrosion products in CuNi alloy corrosion experiments agree with the reported Pourbaix
diagrams (Puigdomenech & Taxén, 2000). Formation of secondary phases like cuprite (Cu20),
copper sulfide (Cu.S) and nickel hydroxide (Ni(OH).) was evidenced by SEM-EDXS, XRD and
XPS analysis of CuNi coupons. During the long-term evolution under repository conditions, it
can be attributed that once the protective film of nickel hydroxide and copper oxide breaks by
reacting with dissolved sulfide, it leads to degradation of CuNi alloy and form copper sulfide as
corrosion products.

For iron-based materials (carbon steel, spheroidal graphite iron and spring steel) advanced
surface and bulk characterization techniques (SEM-EDXS, XRD, XPS) confirmed the formation
of corrosion products like iron (hydr)oxides, iron silicates, green rust (sulfate based), and in some
cases, iron sulfides. The formation of mixed Fe(Il)/Fe(lll) phases and iron silicates indicates that
steel corrosion not only affects the metal surface but also alters the surrounding bentonite matrix
through redox reactions and dissolution and re-precipitation mechanisms.

Comparative analysis between MX-80 and GMZ bentonites revealed that while both clays
buffered pH and maintained reducing conditions effectively, GMZ bentonite supported more
uniform and protective corrosion product formation, particularly for carbon steel. This is
attributed to its mineralogical composition and possibly lower pyrite content compared to MX-80
bentonite, which exhibited greater variability in corrosion behavior.

It may be implied from the observed results that change in the surface roughness due to scratches,
which can occur during canister handling, will not affect significantly the corrosion behavior of
candidate canister materials (carbon steel and spring steel). In all experiments, the main corrosion
products were identified, being very diverse and highly dependent on the specific material,
experimental parameters and environmental conditions. Overall, obtained corrosion rates and
most of corrosion products for all materials used in this study were comparable with in situ
experiments (MaCoTe) (Reddy, Padovani, Rance, et al., 2021) and literature data (\Wersin et
al., 2023). No significant difference was observed between static and dynamic experiments.

The current research was based on 12 months duration at maximum and under controlled
experimental conditions due to technical difficulties that may not fully reflect long-term
corrosion behavior in real geological environments. The results, based on short-term observations
in simulated anoxic, water-saturated bentonite environments, may not capture the influence of
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varying factors like pressure, temperature fluctuations, the chemical composition of
ground/porewater found in actual geological sites and most importantly, long-term kinetics in all
involved reactions.

Information about formation of long-term stable corrosion products can be provided by
geochemical modeling using experimental findings from short-term experiments as starting
points of modeling. Although few studies are available but still, there was lack of detailed study
in this direction (geochemical modeling). Additionally, the study simplified bentonite
composition but excluded actual microbial impacts (which however more or less excluded in
compacted bentonite environment) and irradiation (experiments at elevated temperature with
radioactive source for gamma rays), which can significantly affect corrosion.

Future studies could focus more specifically on predictive modeling of the long-term evolution
periods, particularly in the context of deep geological repository considering corrosion
mechanism and products (metallurgical modifications) forming in the short to long term in
account. Future research should explore the behavior of alternative container materials, including
their cost-effectiveness and suitability for use in nuclear waste containment systems.

Focusing only on steel and copper, the research didn't assess other materials (relevant titanium
alloys and alloy steel) in context with bentonite environment including their mechanisms,
limiting the broader applicability (weld susceptibility, stress and pressure) and depth of the
findings. Overall, while cupronickel has demonstrated superior corrosion resistance in the studied
conditions, ongoing research into long-term effects, microbial influence, alternative materials,
and protective strategies will be essential to ensure the safety and stability of materials used in
nuclear waste disposal systems for million years.

Corrosion rate slowing down due to the formation of a protective layer (iron silicate) with time in
the presence of bentonite was observed. Bentonite can act as buffer material (buffering pH and
corrosion products) for nuclear waste disposal. Secondary phases formed due to corrosion
process have an impact on the corrosion behavior of the candidate materials on long term, as
observed by the decrease of the corrosion rate. These secondary phases can also sorb
radionuclides thus prevent their migration to biosphere in long term. Thus, secondary phases
found in corrosion studies should be used for radionuclides uptake studies.

Overall, the outcome of thesis give idea about the repository near-field environment after
corrosion has taken place. The formation of secondary corrosion phases will have possible impact
on the porosity of the geotechnical or geological barrier and which modify mineralogy in this
area. Both could influence radionuclide migration/retention in the repository near field.
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Appendices

Design of corrosion batch experiments under static and dynamic conditions

Table A 1 Design of experiment at 25°C and 50°C under static conditions for three, six, nine and twelve months.

Static

T/(°C)

. Material Condition Exposure
Experiments
CuNi-1S3 Cu-Ni alloy 50ml MX-80 slurry 25 3 months
CuNi-2S3 Cu-Ni alloy 50ml MX-80 slurry 50 3 months
: . 50ml MX-80 slurry with
CuNi-3S3 Cu-Ni alloy 3uM sulfide 25 3 months
. . 50ml MX-80 slurry with
Cu-Ni-4S3 Cu-Ni alloy 3uM sulfide 50 3 months
SGI-5S3 Sphero'?fgnGraph'te 50ml MX-80 slurry 25 3 months
SGI-6S3 Sphero'?zn@ra"h'te 50ml MX-80 slurry 50 3 months
SGI-7S3 Spheroidal Graphite  50ml MX-80 slurry with (0.5 o5 3 months
Iron wt.%) o-Fe,O3
i Spheroidal Graphite  50ml MX-80 slurry with (0.5
SGI-8S3 Iron WE.96) 0-Fe,03 50 3 months
SS-9S3 Spring steel 50ml MX-80 slurry 25 3 months
+ unscratched coupons
. 50ml MX-80 slurry
SS-10S3 Spring steel + unscratched coupons 50 3 months
SS-11S3 Spring steel 50ml MX-80 slurry 25 3 months
+ scratched coupons
. 50ml MX-80 slurry
SS-12S3 Spring steel + scratched coupons 50 3 months
CS-13S3 Construction steel S50ml MX-80 slurry 25 3 months
+ unscratched coupons
. 50ml MX-80 slurry
CS-14S3 Construction steel + unscratched coupons 50 3 months
CS-15S3 Construction steel S50ml MX-80 slurry 25 3 months
+ scratched coupons
. 50ml MX-80 slurry
CS-16S3 Construction steel + scratched coupons 50 3 months
T1-S3 Without coupon 50ml MX-80 slurry 25 3 months
T2-S3 Without coupon 50ml MX-80 slurry 50 3 months
CuNi-1S6 Cu-Ni alloy 50ml MX-80 slurry 25 6 months
CuNi-2S6 Cu-Ni alloy 50ml MX-80 slurry 50 6 months
. . 50ml MX-80 slurry with
CuNi-3S6 Cu-Ni alloy 3uM sulfide 25 6 months
. . 50ml MX-80 slurry with
Cu-Ni-4S6 Cu-Ni alloy 3uM sulfide 50 6 months
sGl-s5s6 ~ opneroidal Graphite 50ml MX-80 slurry 25 6 months

Iron
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Spheroidal Graphite

SGI-6S6 Iron 50ml MX-80 slurry 50 6 months
SGI-7S6 Spheroidal Graphite  50ml MX-80 slurry with (0.5 o5 6 months
Iron wt.%) a-Fe;Os3
SG1-856 Spheroidal Graphite  50ml MX-80 slurry with (0.5 50 6months
Iron wt.%) o-Fe;O3
SS-9S6 Spring steel 50ml MX-80 slurry 25 6 months
+ unscratched coupons
$5-10S6 Spring steel 50ml MX-80 slurry 50 6 months
+ unscratched coupons
SS-11S6 Spring steel 50ml MX-80 slurry 25 6 months
+ scratched coupons
SS-12S6 Spring steel 50ml MX-80 slurry 50 6 months
+ scratched coupons
CS-13S6 Construction steel S50ml MX-80 slurry 25 6 months
+ unscratched coupons
CS-14S6 Construction steel 50ml MX-80 slurry 50 6 months
+ unscratched coupons
CS-15S6 Construction steel S50ml MX-80 slurry 25 6 months
+ scratched coupons
CS-16S6 Construction steel 50ml MX-80 slurry 50 6 months
+ scratched coupons
T1-S6 Without coupon 50ml MX-80 slurry 25 6 months
T2-S6 Without coupon 50ml MX-80 slurry 50 6months
CuNi-1S9 Cu-Ni alloy 50ml MX-80 slurry 25 9months
. . 50ml MX-80 slurry with
CuNi-3S9 Cu-Ni alloy 3uM sulfide 25 9months
SGI-559 Sphero'?fgneraph'te 50ml MX-80 slurry 25 9months
SGI-7S9 Spheroidal Graphite  50ml MX-80 slurry with (0.5 o5 9months
Iron wt.%) o-Fe;O3
SS-959 Spring steel 50ml MX-80 slurry 25 9months
+ unscratched coupons
$S-1159 Spring steel 50ml MX-80 slurry 25 9months
+ scratched coupons
CS-13S9 Construction steel S50ml MX-80 slurry 25 9months
+ unscratched coupons
CS-15S9 Construction steel 50ml MX-80 slurry 25 9months
+ scratched coupons
T1-S9 Without coupon 50ml MX-80 slurry 25 9months
CS-1GMZzZ3 Construction steel 50ml GMZ slurry 25 3months
CS-2GMZ3 Construction steel 50ml GMZ slurry 50 3months
CS-3GMZ6 Construction steel 50ml GMZ slurry 25 6 months
CS-4GMZ6 Construction steel 50ml GMZ slurry 50 6 months
CS-5GMZ9 Construction steel 50ml GMZ slurry 25 9months
CS-7GMZz12  Construction steel 50ml GMZ slurry 25 12months
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Table A 2 Design of experiment at 25°C and 50°C under dynamic conditions for three and six months.

Dynamic . . .

Experiments Material Condition T/(°C) Exposure
CuNi-1D3 Cu-Ni alloy 3.1 ml MX-80 slurry 25 3 months
CuNi-2D3 Cu-Ni alloy 3.1 ml MX-80 slurry 50 3 months

. . 3.1 MX-80 slurry with
CuNi-3D3 Cu-Ni alloy 1-2-3uM sulfide 25 3 months
. . 3.1 MX-80 slurry with
CuNi-4D3 Cu-Ni alloy 1-2-3uM sulfide 50 3 months
SGI-5D3 Sphe_r0|dal 3.1 ml MX-80 slurry 25 3 months
Graphite Iron
Spheroidal 3.1 ml MX-80 slurry with
SGI-6D3 Graphite Iron (0.5 Wt.%) o-Fe;0s 25 3 months
Spheroidal 3.1 ml MX-80 slurry with
SGI-7D3 Graphite Iron (0.5 wt.%) a-Fe,03 50 3 months
Ss-8D3 Spring steel 3.1 ml MX-80 slurry+ 25 3 months
unscratched coupons
SS-9D3 Spring steel 3.1 ml MX-80 slurry+ 25 3 months
scratched coupons
SS-10D3 Spring steel 3.1 ml MX-80 slurry+ 50 3 months
scratched coupons
CS-11D3 Construction 3.1 ml MX-80 slurry+ o5 3 months
steel unscratched coupons
CS-12D3 Construction 3.1 ml MX-80 slurry+ o5 3 months
steel scratched coupons
CS-13D3 Construction 3.1 ml MX-80 slurry+ 50 3 months
steel scratched coupons
T1-D3 Without coupon 3.1 ml MX-80 slurry 25 3 months
T2-D3 Without coupon 3.1 ml MX-80 slurry 50 3 months
CuNi-1D6 Cu-Ni alloy 3.1 ml MX-80 slurry 25 6 months
CuNi-2D6 Cu-Ni alloy 3.1 ml MX-80 slurry 50 6 months
. . 3.1 MX-80 slurry with
CuNi-3D6 Cu-Ni alloy 1-2-3uM sulfide 25 6 months
; . 3.1 MX-80 slurry with
CuNi-4D6 Cu-Ni alloy 1-2-3uM sulfide 50 6 months
SGI-5D6 Spheroidal 3.1 ml MX-80 slurry 25 6 months
Graphite Iron
Spheroidal 3.1 ml MX-80 slurry with
SGI-6D6 Graphite Iron (0.5 Wt.%) a-Fe;0s 25 6 months
i Spheroidal 3.1 ml MX-80 slurry with
SGI-7D6 Graphite Iron (0.5 wt.%) o-Fe.0Os 50 6 months
SS-8D6 Spring steel 3.1 ml MX-80 slurry+ 25 6 months
unscratched coupons
SS-9D6 Spring steel 3.1 ml MX-80 slurry+ 25 6 months
scratched coupons
SS-10D6 Spring steel 3.1 ml MX-80 slurry+ 50 6 months

scratched coupons
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Construction

3.1 ml MX-80 slurry+

CS-11D6 25 6months
steel unscratched coupons
CS-12D6 Construction 3.1 ml MX-80 slurry+ o5 6 months
steel scratched coupons
CS-13D6 Construction 3.1 ml MX-80 slurry+ 50 6 months
steel scratched coupons
T1-D6 Without coupon 3.1 ml MX-80 slurry 25 6 months
T2-D6 Without coupon 3.1 ml MX-80 slurry 50 6 months
Overview of buffer solutions used in this work
Table A 3 Specifications of Buffer solutions used in this work. (910XXX - Catalog Number).
pH range
Buffer Formulation Color
(25 °C)
Orion 910104 Water, Potassium Hydroxide, Potassium 401 +0.01 Pink
Hydrogen Phthalate
. Water, Dibasic, Potassium Dihydrogen Phosphate, +
Orion 910107 ,5-bromo-5-nitro-1,3-Dioxane, Sodium Phosphate 7.00£001 Yellow
Orion 910110 Water, SodiumBicarbonate, Methylparaben, 10.01+ 001 Blue

Sodium Carbonate
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Dissolved cations and anions evolution in pore water (supernatant) after 3, 6 and 9 months

— static experiments (CuNi alloy system)

Table A 4 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions in contact with Cu-Ni coupons
after 3, 6 and 9 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts

in pg/L Na Ca K Mg F Cl SO4
3months 25°C w/o 618500 11400 41957 2674 1100 448400 498400
sulfide (1.8) (1.0) (0.8) 1.7 (£5) (£5) (£5)
3months 50°C w/o 634600 12100 29220 2394 1100 424100 594900
sulfide (2.4) (0.8) (1.2) (1.9) (£5) (£5) (£5)
3months 25°C with 580600 8800 30239 2093 1100 398500 480900
3uM sulfide (4.0) (0.3) (1.8) (1.6) (£5) (£5) (£5)
3months 50°C with 716500 24000 35858 10923 1000 651900 552600
3uM sulfide (1.5) (1.2) (0.9) (1.4) (£5) (£5) (£5)
6émonths 25°C w/o 617100 12000 37770 2890 1200 584200 596800
sulfide (1.3) (0.9) (1.2) (1.8) (5 (£5) (£5)
6émonths 50°C w/o 670900 13900 19080 2380 900 568200 659100
sulfide (2.4) (0.7) (64.5) (0.2) (£5) (£5) (£5)
6émonths 25°C with 583200 10000 15440 4290 1200 401000 479700
3uM sulfide (1.2) (3.9 (2.7 (1.5) (5 (£5) (£5)
émonths 50°C with 753400 18400 30610 3930 1100 617000 614100
3uM sulfide (2.7) (1.4) (2.4) (2.3) (£5) (£5) (£5)
9months 25°C w/o 652100 15400 52152 2515 1000 640800 640300
sulfide (3.5) (0.3) (1.9 (1.2) (£5) (£5) (£5)
9months 25°C with 632200 14900 55712 3473 1000 495800 619900
3uM sulfide (0.1) (0.9) (2.0) (0.7) (£5) (£5) (£5)

Table A5 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions without coupon after 3, 6 and 9
months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

Syste_m/ Amounts Na Ca K Mg = cl 504
in ug/L

3months 25°C w/o 601300 9900 31098 1859 11600 396900 540900
coupon (2.9) (0.6) (1.2) (1.9) (£5) (£5) (£5)

3months 50°C w/o 638300 12200 32540 2680 5900 418300 518400
coupon (1.9 (1.4) (2.2 (0.6) (£5) (£5) (£5)

émonths 25°C w/o 601300 12200 18290 3010 1200 451500 545000
coupon (1.0) (0.6) (1.8) (0.9 (£5) (£5) (£5)

émonths 50°C w/o 704100 15300 21220 3460 1000 622300 766300
coupon (1.3) (0.7 (77.4) (0.2) (£5) (£5) (£5)

9months 25°C w/o 581200 9100 21809 2520 1100 392900 548800
coupon (1.0) (1.8) (0.8) (1.9 (£5) (£5) (£5)
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Dissolved cations and anions evolution in ground water (supernatant) after 3 and 6 months
— dynamic experiments (CuNi alloy system)

Table A 6 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with Cu-Ni coupons
during 3 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o
sulfide(System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 weeks) 272700 3600 4157 643 900 360600 36500
. . . . + + +
(2.8) (3.4) (4.1) (1.6) (£5) (5) (£5)
5 (5 week 273000 2000 3475 441 800 339100 17200
(5 weeks) 24  (12) (58  (L1) (5 (+5) (+5)
C (6 wesks 271700 2600 2283 436 800 334500 14200
( ) (10) (09  (56)  (0.3) (5 (25) (+5)
5 (8 week 250000 2800 1844 152 800 357200 8600
(8 weeks) (2.8) (1.4) (1.7) (5.7) (£5) (£5) (£5)
288100 3300 1813 168 800 404200 7400
E (10 weeks) L7)  (30)  (50)  (56) (5 (25) (+5)
e (12 week 282000 3100 1109 120 900 367600 6900
(12 weeks) (2.4) (0.3) (4.5) (5.4) (£5) (£5) (£5)
50°C w/o
sulfide(System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 weeks) 273600 3700 2291 572 800 367600 21600
18 (29 (1) (L2 (+5) (+5) (+5)
285000 2900 4065 541 444800 27900
B (5 weeks) 36) (23 (8 (18 00 (+5)
© (6 weeks 259600 2500 1637 423 600 357000 8900
. . . . + + +
(3.4) (1.3) (8.2) (0.5) (£5) (£5) (£5)
D (8 weeks 267800 2500 1218 139 700 328300 8100
. . . . + + +
(1.1) (1.2) (6.4) (3.9) (£5) (5) (£5)
E (10 weeks) 253600 2500 1185 104 700 363200 7400
. . . . + + +
(2.2) (0.2) (4.4) (6.4) (£5) (£5) (£5)
271100 2500 996 80 288700 7100
F (12 weeks) 25 (L) @6 @7 00 (+5)
25°C with 1-2-3uM
sulfide (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 weeks) 301100 3300 6621 790 1000 389000 53300
. . . . + + +
27 15 36 1.0 5 5 5
B (5 weeks) 268500 2200 3304 531 700 326700 11300
. . . . + + +
(5.9) (4.8) (3.3) (0.4) (£5) (5) (£5)
¢ (6 weeks) 262000 2000 2993 494 700 332000 7700
25 (31) @) (LD (+5) (+5) (+5)
5 (6 week 258400 2600 2143 167 700 644900 6600
(8 weeks) 39 (L) (09  (2) (5 (+5) (+5)
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E (10 weeks) 271200 3400 2285 154 700 369500 6300

(1.8) (1.9) (8.4) (3.1) (+5) (£5) (+5)
F (12 weeks) 280400 3000 1792 179 700 473500 6500
(1.6) (1.2) (4.1) (0.6) (+5) (+5) (+5)
50°C with 1-2-3uM
sulfide (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
316000 3300 9653 859 1100 389400 61100
A (4 weel) 58) (18) (16)  (08) (5 (5 (35
B (5 weeks) 258300 2000 10066 710 700 362000 7100
(4.3) (1.3) (1.4) (0.4) (£5) (£5) (£5)
C (6 weeks) 282100 4800 26799 999 700 398300 6700
(3.3) (L.1) (4.9) (0.8) (£5) (£5) (+5)
D (8 weeks) 255400 6100 5464 247 700 307900 6600
(1.0) (1.1) (2.2) (2.3) (£5) (£5) (+5)
255400 1600 3342 218 700 363600 6200
E (10 weels) (0.9) (6.0) (1.3 (1.2) (+5) (£5) (+5)
F (12 weeks) 262700 1900 2006 186 700 389700 6500
(4.0) (2.9) (2.9) (1.6) (£5) (£5) (£5)

Table A7 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with Cu-Ni coupons
during 6 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o
sulfide(System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 weeks) 225000 3300 108321 370 700 597800 13600
2.9) (3.8) 2.8) (2.4) (+5) (+5) (+5)
228700 3600 25788 260 390200 7300
B (5 weeks) (2.0) (6.5) (1.6) g <100 (+5) (+5)
242100 6500 46254 305 403500 5900
C (6 weeks) (1.2) (2.5) (1.0) ©03 <100 (+5) (+5)
D (8 weeks) 242300 3100 35921 349 600 441700 5600
2.1) (2.5) (1.3) (0.5) (+5) (+5) (+5)
E (10 weeks) 257900 2500 32512 424 600 361500 5400
(1.2) (0.8) (1.2) (5.8) (+5) (+5) (+5)
65203 345 415400 5700

257200 2500

F (12 weeks) (1.6) 2.1)

(0.6) (0.8) <100 (£5) (£5)
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50°C w/o

sulfide(System)/ Na Ca K Mg F cl S04
Amounts in pg/L
235900 8400 32747 498 700 381900 8400
Alweels) "G @y @n @y @5 @y ()
B (5 weeks) 232000 5300 13198 478 700 358500 6000
. . . . + + +
(2.0) (1.9) (0.3) (0.8) (+5) (£5) (£5)
C (6 weeks) 238000 3800 12781 279 700 367000 5900
. . . . + + +
(2.5) (4.5) (0.3) (2.8) (£5) (+5) (+5)
D (8 weeks) 260000 2500 15384 343 600 350200 5700
(1.1) (2.3) (1.8) (1.7) (+5) (£5) (£5)
253800 2400 18970 349 600 366600 5700
= (10 weeks) (L3  (12) (10 (19 (=5 (55 (25
F (12 weeks) 261200 2400 10489 323 600 395400 5700
(0.6) (2.2) (2.1) (1.0) (£5) (£5) (+5)
25°C with 1-2-3uM
sulfide (System)/ Na Ca K Mg = cl sSO4
Amounts in pg/L
230300 4000 88551 237 435600 16100
A (4 weeks) 40 (8 @4 0 0 Tag e
B (5 weeks) 227300 3800 9198 276 900 359600 8200
(3.8) (1.7) (1.8) (0.4) (5) (25) (+5)
C (6 weeks) 248900 4100 9133 218 800 383200 6400
(1.4) (3.0) (1.3) (1.8) (+5) (£5) (+5)
D (8 weeks) 257800 3500 17053 323 900 384100 5900
(1.3) (1.7) (1.9) (1.3) (+5) (£5) (£5)
E (10 weeks) 257300 2900 8139 328 900 466900 6100
(1.4) (2.5) (1.4) (1.0) (5) (£5) (£5)
F (12 weeks) 266600 300 13489 320 900 371100 6700
(0.9) (1.8) (0.9) (1.3) (£5) (£5) (£5)
50°C with 1-2-3uM
sulfide (System)/ Na Ca K Mg F cl sS04
Amounts in pg/L
A (4 weeks) 237600 3000 14014 350 1000 358900 19200
(3.3) (0.4) (0.8) (2.0) (£5) (+5) (£5)
B (5 weeks) 230900 3400 16686 286 900 355800 6300
(1.0) (1.0 (1.6) (1.6) (+5) (£5) (£5)
C (6 weeks) 254700 3800 15395 217 800 393100 6200
(0.6) (2.4) (0.9) (2.2) (£5) (£5) (£5)
D (8 weeks) 267600 2800 21340 289 900 313200 6200
(0.5) (1.9) (1.2) (0.3) (+5) (+5) (£5)
E (10 weeks) 265300 2900 7692 281 900 375900 6100
(0.6) (2.3) (4.4) (0.7) (£5) (+5) (£5)
F (12 weeks) 269900 2900 19610 286 900 371500 6200
(0.7) (1.2) (1.7) (1.1) (£5) (£5) (+5)
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Table A 8 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions without coupon during 3 and 6
months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

3months 25°C w/o
coupon (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 weeks) 269500 2600 3233 538 900 505300 16100
(0.9) (10) 2.2) (1.0) (+5) (+5) (+5)
5 (5 week 267800 2300 2122 456 800 425300 8900
(5 weeks) (4.8) (3.8) (4.9) (1.5) (+5) (+5) (+5)
¢ (6 weeks) 250500 2300 1583 429 800 252900 6300
. . . . + + +
(2.4) (3.8) (5.4) (1.0) (£5) (5) (£5)
5 (8 week 254500 2700 1619 204 800 344100 6100
(8 weeks) (2.9) (1.6) (3.6) (0.6) (+5) (+5) (+5)
268000 2900 1552 205 379800 6400
E (10 weeks) (16) (L5) (4.4) (4.3) <100 (+5) (+5)
281700 3100 <100 125 900 361200 6800
F (12 weeks) (1.9) (3.0) (8.3) (+5) (+5) (+5)
3months 50°C w/o
coupon (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (4 week 386800 11100 59520 2026 1500 515000 139100
(4 weeks) (1.3) (3.1) (1.2) (2.5) (£5) (£5) (£5)
B (5 weeks) 357000 4600 2240 628 1300 479300 19900
. . . . + + +
(2.0) (0.6) (5.7) (0.) (£5) (£5) (£5)
339000 3800 <100 415 615300 10200
C (6 weeks) (1.6) (0.9) (15) <100 (+5) (+5)
5 (8 week 316200 3700 643 136 800 424100 9300
(8 weeks) (4.5) (13) (148 (4.9 (+5) (+5) (+5)
E (10 weeks 308500 3700 <100 125 800 465500 9000
. . . + + +
(1.8) (1.8) (8.1) (£5) (£5) (£5)
316400 4300 954 142 838800 9600
F (12 weeks) (1.6) (13) (185  (39) 100 (+5) (+5)
6months 25°C w/o
coupon (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L
A (6 weeks) 227800 3400 14275 380 700 351900 7600
(3.0) (2.4) (2.5) (1.3) (+5) (+5) (+5)
238300 3400 40867 355 380900 6200
B (10 weeks) (1.6) (3.2) 2.1) ©04) <100 (+5) (+5)
C (14 weeks 256400 3800 7026 268 700 392600 7700
(14 weeks) 2.1) (4.8) (1.0) 0.7) (+5) (+5) (+5)
D (18 weeks) 257000 2500 4853 421 600 351800 5800
. . . . + + +
11 16 21 0.4 5 5 5
E (22 weeks) 262500 2400 4973 388 700 382700 5700
(3.2) 0.7) (1.3) (0.6) (+5) (+5) (+5)
F (26 weeks) 251400 2300 24943 347 600 394100 5400
2.5) (15) (1.2) 0.7) (+5) (+5) (+5)
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6months 50°C w/o

coupon (System)/ Na Ca K Mg F Cl SO4
Amounts in pg/L

230300 5400 10993 374 700 369900 7200

A (6 weeks) (1.2) (2.5) (1.7) 2.2) (+5) (+5) (+5)

B (10 weeks 237800 3200 24481 234 700 380100 6600

37 (18) (2.6) 2.8) (+5) (+5) (+5)

243400 2800 7598 260 700 360600 6200

C (14 weeks) (4.7) (3.0) (0.5) (4.4) (+5) (+5) (+5)

D (18 weeks) 262100 2500 18832 410 600 358600 5700

w7 (19 (1.9) 2.9) (+5) (+5) (+5)

250100 2300 41723 319 600 375300 5600

E (22 weeks) (1.0) (1.2) (1.0) (1.7) (+5) (25) (+5)

E (26 weeks) 244100 2600 19377 302 600 357200 5800

14 (17) (2.4) (1.0) (+5) (+5) (+5)

Dissolved cations and anions evolution in pore water (supernatant) after 3, 6 and 9months —
static experiments (Spheroidal graphite iron system)

Table A 9 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions in contact with SGI coupons after
3, 6 and 9 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in

Na Ca K Mg F cl S04
Ho/L
3months 25°C w/o 584800 11700 29096 2670 tfg;’ 3522290 557700
hematite (2.7) (1.4) (1.3) (1.9) - - (+5)
1200 472700 631200

3months 50°C w/o 640500 13000 29863 3458

hematite ©7) (05 @7  (15) (£5) (£5) (£5)

3months 25°C with 659500 12300 41959 3251 1200 427100 493100

(0.5Wt%) hematite ~ (2.9)  (L6) (L9 2.4) (25) (£5) (£5)
SmonthsSO°Cwith 630600 13300 20576 2987 1100 [ 544000
(05wi%)hematie  (12)  (03) (04  (06)  (#5) * (5)

. 1100 451700 482900
Gmonths25°Cwio 675600 15100 23620 4630 B 000 AR

hematite (0.6) (1.1) (2.9) (0.9

1600 533700 704800

6émonths 50°C w/o 737000 16800 19360 4050 (+5) (25) (+5)

hematite 2.7) (0.6) (0.4) (2.6)

1200 475200 512700

6months 25°C with 613800 12000 16280 3660 (+5) (25) (25)

(0.5 wt.%) hematite (1.9) (1.3) (3.7) (0.3)

6months 50°C with 668800 14300 18570 3380 1600 596500 596500
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(0.5 wt.%) hematite (3.5) (1.2) (2.4) (2.3) (£5) (£5) (£5)

1200 827300

gmonths 25°C w/o 755400 22600 99563 7318 (&5) (15 630600
hematite (0.4) (0.4) (0.8) (0.7) = = (£5)
- 1000 623900 678700
9months 25°C with 691400 15100 49679 2774 (£5) (£5) (£5)

(0.5 wt.%) hematite (1.8) (0.4) (1.5 (0.3)

Dissolved cations and anions evolution in ground water (supernatant) after 3 and 6 months
— dynamic experiments (Spheroidal graphite iron system)

Table A 10 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with SGI coupons
during 3 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o
hematite(System)/ Na Ca K Mg F cl S04
Amounts in pg/L
A (4 weeks) 262400 3400 20589 522 800 350200 21400
(4.3) (1.8) (4.8) (1.2) (£5) (£5) (£5)
B (5 weeks) 271600 2800 5535 538 900 331700 18300
(3.1) (4.3) (2.2) (1.0) (+5) (£5) (+5)
C (6 weeks) 258600 2500 1897 463 800 355300 7700
(2.9) 1.7) (6.9) (1.1) (£5) (£5) (£5)
D (8 weeks) 254000 2700 33023 225 800 365800 6600
(2.5) (1.3) (2.1) (4.6) (£5) (£5) (£5)
E (10 weeks) 262400 3000 5992 186 800 359800 6200
3.7) (3.0) (1.4) (2.3) (£5) (£5) (£5)
291500 2900 1342 231 387600 6800
F (12weeks) (0.2) (L.1) (8.2) (3.1) <100 (+5) (+5)
25°C with (0.5
wt.%)hematite
(System)/Amounts in Na Ca K Mg F Cl S04
Hg/L
A (4 weeks) 286100 3200 14896 738 1100 382700 54400
(0.9) (0.3) (1.2) (0.8) (£5) (+5) (£5)
B (5 weeks) 260900 2400 1571 542 800 358100 9300
(2.0) (2.7) (4.6) (0.7) (£5) (£5) (£5)
C (6 weeks) 265200 2600 <100 419 800 386300 7600
(1.6) (2.1) (1.0) (5) (#5) (+5)
D (8 weeks) 263800 3100 1828 168 800 398800 6900
(1.8) (L.1) (6.2) (0.7) (+5) (+5) (£5)
286700 3400 22041 154 489600 7400
E (10 weeks) @.1) (1.2) (1.8) (3.0) <100 (+5) (+5)
293500 3800 25496 132 399300 7300
F (12 weeks) (0.5) (L2) (2200  (6.8) <100 (+5) (+5)
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50°C with(0.5 wt.%)

hematite
(System)/Amounts in Na Ca K Mg F cl S04
Ho/L

A (4 woeks) 310800 3900 2585 747 1000 381100 44400

12) (07  (60) (L1 (+5) (+5) (+5)

B (5 weeks) 278600 2000 <100 455 700 435000 7800

@5  (3.2) (0.2) (+5) (25) (25)

308900 2300 2367 386 393400 6400

C (6 weeks) 28 (09 @4 @n 00 g (+5)
284800 2600 2283 145 371600 6500

D (8 weeks) ©06) (1)  (74) (53 100 g (25)
307300 3600 851 109 405500 8200

E (10 weeks) 08  (22) (140 (4 00 g (+5)
278500 4900 <100 120 380500 8000

F (12 weeks) (14)  (13) a6y <100 g (25)

Table A 11 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with SGI coupons
during 6 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o
hematite(System)/ Na Ca K Mg F Cl S04
Amounts in pg/L
A (4 weeks) 233500 3500 15372 323 700 369500 17600
(3.9) (0.3) (2.3) (2.3) (£5) (£5) (+5)
B (5 weeks) 237700 3400 7687 266 700 419800 6900
23 (19 (08 (04 (5 (+5) (+5)
C (6 weeks) 239100 3600 46570 264 700 436400 5900
(3.2) (3.7) (3.7) (4.0) (£5) (+5) (+5)
D (8 weeks) 256100 2100 7303 487 600 360800 6000
(0.3) (0.1) (6.9) (1.3) (£5) (£5) (+5)
E (10 weeks) 261300 2500 21526 402 600 363200 5700
(1.1) (3.5) (1.4) (1.3) (£5) (£5) (+5)
F (12weeks) 253300 2400 14196 353 600 351200 5700
(1.6) (2.3) (1.6) (0.7) (£5) (£5) (+5)
25°C with (0.5
wt.%)hematite
(Systerrz)/Amounts Na Ca K Mg F Cl SO4
in ug/L
A (4 weeks) 230600 3300 10071 299 700 356700 12500
(3.5) (5.0) (1.0) (1.0) (+5) (£5) (£5)
240500 3600 127838 233 543900 7000
B (5 weeks) (3.6) (3.2) 2.9 27) <100 (+5) (+5)
292400 4100 54200 292 429500 6300
C (6 weeks) (3.5) (4.4) (3.8) (15) <100 (+5) (+5)
D (8 weeks) 248200 2200 15618 397 600 120900 8400
(1.9) (0.5) (0.4) (0.9) (£5) (£5) (£5)
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E (10 weeks) 258300 2500 17491 339 600 348200 6100

(0.6) (1.6) (L.1) (0.8) (£5) (£5) (+5)

F (12 weeks) 254100 2600 14821 317 600 379500 6000
(L5) (1.2) (12) (1.4) (5) (5) (+5)

50°C with(0.5
wt.%) hematite
(Systen)1)/Amounts Na Ca K Mg F Cl S04
in ug/L

A (4 weeks) 236300 3400 13050 323 700 372200 14400
(2.6) (1.4) (0.6) (1.2) (£5) (+5) (£5)

B (5 weeks) 235900 3500 16806 414 700 356200 6400
(0.4) (2.9) (1.7) (0.8) (5) (+5) (£5)

C (6 weeks) 249200 3300 9516 288 700 377100 6100
(1.2) (2.7) (1.4) (3.4) (£5) (+5) (£5)

D (8 weeks) 245200 2000 12098 373 700 348400 5900
(1.5) (1.9 (1.0) (0.3) (£5) (£5) (+5)

E (10 weeks) 252000 2100 6758 381 600 303300 5800
(2.4) (0.5) (0.5) (1.0) (+5) (£5) (£5)

F (12 weeks) 241100 2100 6420 396 600 344300 5800
1.7) (0.7) (2.4) (0.6) (£5) (£5) (+5)

Dissolved cations and anions evolution in pore water (supernatant) after 3, 6 and 9months —
static experiments (Spring steel system)

Table A 12 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions in contact with SS coupons after
3, 6 and 9 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts in

ug/L Na Ca K Mg F Cl SO4
3months 25°C w/o 630900 13000 40045 3664 1100 436900 522400
scratched (1.6) (0.8) (1.0) (0.6) (£5) (£5) (£5)
3months 50°C w/o 640000 15000 49173 3675 1200 585900 599700
scratched (0.3) (2.5) (0.4) (2.3) (£5) (£5) (£5)
3months 25°C with 596800 96000 29408 2495 1300 391600 490500
scratched (1.4) (0.7 (1.9 (0.5 (£5) (£5) (£5)
3months 50°C with 719700 17400 58191 4327 1000 600700 594100
scratched (1.8) (0.8) (3.0) (1.3) (£5) (£5) (£5)
émonths 25°C w/o 648700 12500 46430 3380 1300 343800 376100
scratched (3.5) (0.5) (0.2) (0.2 (£5) (£5) (£5)
émonths 50°C w/o 639900 13900 23383 3618 1200 558600 680900
scratched (1.6) (0.2) (0.6) (4.0) (£5) (£5) (£5)
6months 25°C with 612400 11100 25260 3440 1300 396500 505900
scratched (1.2) (1.5) (1.8) (0.9 (£5) (£5) (£5)
émonths 50°C with 679300 13800 17630 3210 1100 514800 628000
scratched (3.8) (0.2) (1.7) (1.7) (£5) (£5) (£5)
9months 25°C w/o 607400 10800 26038 3147 1100 453700 544400
scratched (2.8) (2.6) (2.2) (1.0 (£5) (£5) (£5)
9months 25°C with 660000 14300 51701 4468 1100 301800 345600
scratched (2.0 (0.4) (0.6) (0.8) (£5) (£5) (£5)
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Dissolved cations and anions evolution in ground water (supernatant) after 3 and 6 months
— dynamic experiments (Spring steel system)

Table A 13 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with SS coupons
during 3 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratched

(System)/Amounts Na Ca K Mg E cl SO4
in pug/L
A (4 weeks) 282300 3700 3199 912 800 361900 34600
(0.5) (1.6) (2.5) (1.3) (+5) (£5) (£5)
B (5 weeks) 274600 2500 1850 554 800 375800 14400
(2.9) (3.8) (2.3) (15) (+5) (5) (5)
287300 3300 5514 492 386500 11300
C (6 weeks) (4.8) 2.7) (3.5) (1.6) <100 (+5) (=5)
D (8 weeks) 269500 2800 1368 179 800 367900 9200
(1.4) (2.1) (9.0) (3.7) (£5) (£5) (+5)
E (10 weeks) 302300 3500 1135 186 900 406900 9300
(1.2) (0.6) (19.3) (3.7) (+5) (£5) (£5)
277100 3000 1615 123 393900 7900
F (12weeks) @5 @) @y @y P @ @
25°C with
scratched
(System)/Amounts Na Ca K Mg F Cl SO4
in ug/L
A (4 weeks) 291500 3100 4612 690 900 302500 42900
(2.6) (1.1) (0.9) (1.1) (£5) (+5) (+5)
B (5 weeks) 286300 3100 2223 485 800 363300 10000
(4.2) (1.9) (4.6) (1.1) (£5) (£5) (+5)
C (6 weeks) 263400 2700 1990 427 800 229300 6900
(2:4) (2.6) (3.9) (1.0) (+5) (5) (5)
261100 3300 3766 188 338000 6300
P (8 weelks) (2.1) (0.9) (2.5) 2.7) <100 (+5) (25)
282600 3500 3187 189 380500 6600
E (10 weeks) (1.9) (1.2) (3.5) 42 <10 (+5) (5)
303600 3600 960 150 386500 7400
F (12 weeks) (3.2) (2.4) (3.6) (6.7) <100 (+5) (+5)
50°C with
scratched
(System)/Amounts @ Ca K Mg F Cl 504
in pg/L
A (4 weeks) 319800 5000 8835 1071 1200 312900 65000
(3.7) (1.6) 3.1) (1.5) (£5) (£5) (£5)
B (5 weeks) 282900 2200 1374 451 700 395700 7000
(2.9) (1.7) (2.6) (0.5) (5) (£5) (£5)
C (6 weeks) 299500 2800 <100 396 700 474200 6700
(3.0) (7.6) (1.4) (+5) (£5) (+5)
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D (8 weeks) 280800 2700 855 104 700 398400 6800

56 (19  (49) (2.0 (+5) (+5) (+5)

E (10 weeks) 283100 3100 624 97 700 390500 7300
15 (22 (@27 (3.0) (+5) (+5) (+5)

284400 3200 <100  98(10.8) 700 407800 7100

F (12 weeks) (0.6) (1.5) (25) (+5) (+5)

Table A 14 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with SS coupons
during 6 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratched

(System)/Amounts Na Ca K Mg F cl S04
in pug/L
236600 4800 8615 439 700 347400 9100
Awek) "1 @y @) (09 @5 @) @5
B (10 weeks) 249400 2900 9585 325 700 354100 6400
(4.4) (3.0) 0.7) (1.6) (£5) (£5) (£5)
257800 3900 10090 279 700 392900 6400
Cadwees) "4 @3 @2 @3 (#H (5 (5
D (18 weeks) 253400 2500 7257 389 600 359300 5800
(1.4) (1.3) (3.4) (1.5) (£5) (£5) (£5)
245500 2400 8956 380 600 328200 5400
= (22 weeks) (1.4) (1.4) (2.6) (1.2) (£5) (£5) (+5)
257400 2400 51455 357 384100 5600
F (26 weeks) 26) (12 @1  (©08 19 s (+5)
25°C with
scratched
(System)/Amounts @ Ca K Mg F Cl S04
in ug/L
A (6 weeks) 225600 3600 29244 262 800 399700 6400
(3.8) (1.6) (2.4) (1.0) (£5) (£5) (£5)
B (10 weeks) 220200 2900 5197 280 700 356800 6700
(7.2) (4.7) (1.8) (0.9) (+5) (£5) (£5)
253200 3600 12199 248 351000 6500
C (14 weeks) (0.5) (2.5) (0.8) Ly <100 (+5) (+5)
D (18 weeks) 259600 2400 4218 341 600 332500 6000
(0.9) (3.1) (4.2) (0.7) (£5) (£5) (£5)
E (22 weeks) 249900 2500 7481 318 600 348300 5700
(3.0) (2.3) (3.2) (1.8) (£5) (£5) (+5)
F (26 weeks) 260000 2600 7038 389 600 352900 5800
(3.3) (1.7) (1.0) (0.3) (+5) (+5) (£5)
50°C with
scratched
(System)/Amounts Na Ca K Mg F Cl SO4
in pg/L
A (6 weeks) 227500 3000 13536 356 700 505900 7800
(1.6) (2.7) (0.1) (0.4) (£5) (£5) (+5)
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236700 3400 11992 276 700 367500 6400
B (10 weeks) (4.7) (1.9) (1.0) (2.6) (25) (+5) (+5)
& (14 weeks 238300 3700 10211 266 800 344100 9300
15 @21 (1) (1.3) (+5) (+5) (+5)
268300 2300 8768 472 800 358100 15100
D (18 weeks) (0.4) (0.4) (1.9) (1.2) (25) (+5) (+5)
E (22 weeks) 251800 2400 13553 340 700 356800 7200
14  (13)  (0.6) (0.9) (+5) (+5) (+5)
250700 2500 5866 320 600 358300 6500
F (26 weeks) (2.0) (0.8) (5.5) (0.6) (25) (+5) (+5)

Dissolved cations and anions evolution in pore water (supernatant) after 3, 6 and 9months —

static experiments (Carbon steel system)

Table A 15 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions in contact with CS coupons after
3, 6 and 9 months static experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

System/ Amounts

in pg/L Na Ca K Mg F Cl SO4
3months 25°C w/o 613300 9800 28013 2465 1200 374100 534000
scratched (1.5) (1.0) (2.6) (1.1) (£5) (£5) (£5)
3months 50°C w/o 637700 14300 31141 3308 1100 441800 565900
scratched (2.4) (1.0 7 (1.3) (£5) (£5) (£5)
o . 30523 2779
3months 25°C with 637400 10500 (0.9) (0.8) 1200 402900 507100
scratched (2.2) (0.2) ' ' (£5) (£5) (£5)
3months 50°C with 652500 12800 2(343)7 ?1123 1200 344900 476100
scratched (1.8) 1.3) ' ' (£5) (£5) (£5)
6months 25°C w/o 614200 11300 17170 3510 1300 429200 545000
scratched (3.4) (2.0) (3.0) (2.1) (£5) (£5) (£5)
émonths 50°C w/o 673800 13700 14740 3510 1300 468300 630300
scratched (3.1) (0.8) (2.2) (1.0) (£5) (£5) (£5)
6months 25°C with 631900 12100 13620 3820 1300 408900 532900
scratched (2.3 (0.7) (5.5) (1.3) (£5) (£5) (£5)
6émonths 50°C with 701400 14400 13330 3810 1300 557100 703400
scratched (2.3) (0.8) (1.3) (1.8) (£5) (£5) (£5)
9months 25°C w/o 616000 11800 30120 3718 1100 468000 558500
scratched (2.4) (1.2) (2.7) (0.3) (£5) (£5) (£5)
9months 25°C with 883800 33900 185538 11092 1000 106000 581500
scratched (1.2) (1.0) (2.1) (1.9 (£5) (£5) (£5)
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Dissolved cations and anions evolution in ground water (supernatant) after 3 and 6 months
— dynamic experiments (Carbon steel system)

Table A 16 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with CS coupons
during 3 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratched

(System)/Amounts  Na Ca K Mg = Cl SO4
in pug/L
314100 3500 4492 759 406600 55700
Athweeks) 43wy @e @08 M0 @5 s
B (5 weeks) 258400 2600 2474 518 800 368400 13900
(33) (16 (L4 (1) (25) (£5) (+5)
C (6 weeks) 258400 2800 1875 483 800 337800 6900
(3.5) (1.0) (7.8) (1.0) (+5) (+5) (£5)
D (8 weeks) 255700 2700 1561 233 800 343800 6200
(2.0) (2.5) (1.1) (2.4) (+5) (5) (5)
E (10 weeks) 251100 2700 1133 207 800 380700 6300
1.2) 1.7 (15.2) (6.6) (+5) (£5) (£5)
281400 3000 2419 306 407000 6800
F (12weeks) (2.6) 0.9) 9.1) 02) <100 (+5) (+5)
25°C with scratched
(System)/Amounts  Na Ca K Mg F cl SO4
in ug/L
A (4 weeks) 271800 2600 5398 509 1000 354500 24900
(3.2) (2.9) (1.0) (0.2) (£5) (£5) (+5)
B (5 weeks) 256800 2500 1582 413 800 394600 12800
(0.8) (2.9) (2.7) (1.0) (+5) (5) (5)
C (6 weeks) 283900 3300 2203 505 800 369200 10900
(3.3) (2.0) (3.2) (0.6) (£5) (£5) (+5)
D (8 weeks) 282400 3000 1213 147 900 350800 10400
(1.0) (2.6) (114)  (41) (£5) (5) (5)
E (10 weeks) 246100 2600 1783 164 800 374400 8100
(1.9) (2.3) (11.0) (3.6) (+5) (£5) (£5)
F (12 weeks) 253700 3500 2625 187 800 432300 6300
(0.8) (2.1) (9.0) (1.0) (+5) (+5) (+5)
50°C with scratched
(System)/Amounts  Na Ca K Mg F Cl SO4
in ug/L
A (4 weeks) 289500 3800 3370 1775 1000 367000 39000
(0.9) (0.4) (3.0) (1.2) (+5) (+5) (£5)
B (5 weeks) 256800 2100 2105 478 700 359900 12900
(3.0) (1.8) (2.2) (1.0) (£5) (+5) (+5)
C (6 weeks) 266800 2000 1005 397 600 366300 6100
(1.6) (0.6) (7.6) (1.0) (+5) (£5) (+5)
D (8 weeks) 247600 2300 476 91 600 396300 5900
(1.6) (1.6) (155)  (3.7) (£5) (+5) (£5)
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E (10 weeks) 246400 2400 <100 72 600 334400 6100

(3.3) (1.5) (3.9) (£5) (£5) (£5)
F (12 weeks) 255000 2500 <100 <100 700 362300 6300
(2.7) (2.4) (£5) (£5) (£5)

Table A 17 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the ground water solutions in contact with CS coupons
during 6 months dynamic experiments. Numbers in parentheses correspond to the relative standard deviation in percentage.

25°C w/o scratched

(System)/Amounts in Na Ca K Mg = cl S04
Hg/L
A (6 weeks) 228800 3200 15041 344 700 438500 6900
(2.0) (0.9) (2.8) (1.3) (+5) (£5) (£5)
240000 3200 26331 284 600 392500 6400
B (10 weeks) (4.2 (2.2) (4.3) (1.2) (£5) (+5) (£5)
255200 4800 17498 339 460400 6300
Cliaweels) o7 @9 ag @n 0wy e
246400 2300 4248 339 600 410900 5800
D (18 weeks) (0.5) (1.3) (2.5) (2.1) (£5) (£5) (+5)
E (22 weeks) 263500 2300 6655 325 600 399200 5700
(2.1) (1.3) (3.5) (1.4) (£5) (£5) (£5)
257900 2400 9695 317 700 343900 5600
F (26 weele) (0.8) (32) (1.1) (1.2) (£5) (£5) (+5)
25°Cwith scratched
(System)/Amounts in Na Ca K Mg F Cl SO4
Hg/L
A (6 weeks) 223700 3500 16439 341 700 368200 17800
(1.4) (4.3) (1.9) (2.3) (+5) (£5) (£5)
234500 3600 93118 261 455500 8100
B (10 weeks) 41 (4.1 (3.6) (L.2) <100 (+5) (45)
C (14 weeks) 247400 3800 20030 240 700 383200 6600
(1.7) (2.2) (2.2) (2.0) (£5) (£5) (£5)
D (18 weeks) 265100 2700 6466 308 600 373800 6500
(1.2) (1.4) (5.4) (2.5) (£5) (5) (£5)
E (22 weeks) 255900 2500 7176 349 600 351800 5600
(1.7) (0.7) (3.0) (0.9) (£5) (£5) (£5)
F (26 weeks) 262500 2600 7552 304 600 345100 5700
(2.1) (1.0) 1.2) (2.8) (£5) (£5) (+5)
50°C with scratched
(System)/Amounts in Na Ca K Mg F Cl S04
Ho/L
A (6 weeks) 211700 2800 8927 350 700 361700 6700
(2.8) (34) (1.4) (4.4) (£5) (+5) (+5)
B (10 weeks) 242800 3100 20115 262 700 382400 6300
(1.1) (0.6) (1.4) (1.7) (£5) (£5) (£5)
C (14 weeks) 232500 3700 13529 260 700 430700 6300
(2.9) (0.8) (0.2) (2.6) (£5) (£5) (£5)
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258900 2200 8344 323 600 431000 5800

D (18 weeks) 22) (12 (1.4) (0.4) (+5) (+5) (25)
E (22 weeks) 268100 2400 5026 289 600 353200 5900
(13)  (L9) 61)  (15) (+5) (+5) (+5)

251600 2400 5920 323 600 468600 5600

F (26 weeks) 12)  (1.9) (3.3) (0.2) (+5) (25) (25)

Dissolved cations and anions evolution in pore water (supernatant) of GMZ bentonite after

3, 6, 9 and 12months — static experiments (Carbon steel - system)

Table A 18 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions of GMZ bentonite in contact
with CS coupons after 3, 6, 9 and 12 months static experiments. Numbers in parentheses correspond to the relative standard

deviation in percentage.

System/ Amounts in

Na Ca K Mg F Cl SO4
Ho/L
15177 772
3months 25°C CSin 321000 2500 (0.8) (2.6) 2200 452900 17000
GMZ bentonite 2.7) (3.5) (£5) (£5) (£5)
3months 50°C CSin 407400 3600 1(%52)4 %(:)3]%? 2(}_(;;) 6](-_?_23)0 2(2_,_650)0
GMZ bentonite (2.7) (0.4) ' ' - B ]
6months 25°C CSin 307800 2000 ?3?28()5 853) Z(Eg;) 4(2157-);)0 2((1_95?)0
GMZ bentonite (1.5) (1.8) ' ' - j j
6months 50°C CSin 656300 14100 98_3%6 ?fié)l 2(_?_25) 12(_::-_2?0 2(];_2530
GMZ bentonite 0.7) 0.2 ' ' B - B
omonths25°C CSin 315300 2300 u @ n ey 16700
GMZ bentonite (0.5) (3.0) ' ' - - (£5)
12months 25°C CS 368100 2500 ?;}]6? (82564;) 2(3_(5)5) 52(?_;;)0 1(3_?5%0
in GMZ bentonite (1.2) (8.5) ' ' - - -

Table A 19 Dissolved amounts of Na, Ca, K, Mg, F, Cl and SO4 ions in the pore water solutions of GMZ and MX-80 bentonite
without coupon after 1 month of equilibrium period. Numbers in parentheses correspond to the relative standard deviation in

percentage.
Syste_m/ Amounts Na ca K Mg - o sos
in ug/L
GMZ bentonite 278900 1500 2500 462 1800 354900 13600
(1.9) (1.0) (6.5) (1.9) (£5) (+5) (£5)
MX-80bentonite 620100 24700 28400 3186 900 594700 695500
(0.1) 0.7) (0.2) (16) (5) (5) (+5)
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All materials secondary phase characterization

(a) 6months 50°C: (b) 6months 50°C:

(c) 6months 50°C:

Figure Al Scanning electron micrographs (in SE mode) of (a)CuNi, (b)SGI, (c)SS and (d)CS coupons corroded for 6 months
under static conditions at (50°C )elevated temperature (exact conditions are indicated above the micrographs).

Table A 20 Relative atomic concentrations by EDXS analyses at selected areas shown in above Figure Al. Relative errors are
estimated to be within + 10%.

Area C O S Al Si Mn Fe Ni Cu
E-1 5.4 45 45 0.4 0.8 0.7 / 22.6 61.0
E-2 4.2 2.0 2.1 / 0.3 1.0 0.9 33.3 56.2

C (@) S Al Si Mn Fe Cl Na
E-3 8.1 / 57.4 0.6 2.2 / 31.0 / 0.5
E-4 5.1 52.6 0.3 0.7 18.6 / 19.3 1.1 1.6
E-5 4.4 55.3 0.3 0.7 18.4 / 17.5 1.0 1.6
E-6 7.1 5.5 / 0.9 2.9 0.6 82.6 / 0.2
E-7 5.9 / 55.0 0.7 1.9 0.7 26.8 / /
E-8 4.2 56.5 0.1 1.9 17.7 / 17.5 / 1.7
E-9 7.6 35.9 0.2 0.2 3.7 1.0 50.2 0.1 /
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Static conditions Cu-Ni systems (3, 6 and 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

°C + sulfide

Figure A2 Scanning electron micrographs (in SE mode) of all Cu-Ni coupons corroded for 3, 6 and 9 months under static
conditions at different temperature (exact conditions are indicated above the micrographs).
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Dynamic conditions Cu-Ni systems (3 and 6 months)

(a) 3months 25°C (b) 6months 25°C (c) 3months 25°C + sulfide

B ACNLY S

(d)6months25°C + sulfide (e) 3months 50°C (f) 6months 50°C

% > £\
-

Figure A3 Scanning electron micrographs (in SE mode) of all Cu-Ni coupons corroded for 3 and 6 months under dynamic
conditions at different temperature (exact conditions are indicated above the micrographs).
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Static conditions SGI systems (3, 6 and 9 months)

(a) 3months 25°C (b) 6months25°C () 9months25°C

Rl AT

; ;s 20um
ths 50° a-Fe20s

[
J‘w

P IO WO
ii
. 81 v 4

Figure A4 Scanning electron micrographs (most of them in SE mode except (d, i)) of all SGI coupons corroded for 3, 6 and 9
months under static conditions at different temperatures (exact conditions are indicated above the micrographs).
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Dynamic conditions SGI systems (3 and 6 months)

(a) 3months 25°C

(d) 6months 25°C

Figure A5 Scanning electron micrographs (most of them in SE mode except (d)) of all SGI coupons corroded for 3 and 6
months under dynamic conditions at different temperatures (exact conditions are indicated above the micrographs).
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Static conditions SS systems (3, 6 and 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

Figure A6 Scanning electron micrographs (in SE mode) of all SS coupons corroded for 3, 6 and 9 months under static
conditions at different temperatures (exact conditions are indicated above the micrographs).
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Dynamic conditions SS systems (3 and 6 months)
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Figure A7 Scanning electron micrographs (in SE mode) of all SS coupons corroded for 3 and 6 months under dynamic
conditions at different temperatures (exact conditions are indicated above the micrographs).
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Static conditions CS systems (3, 6 and 9 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C
, : s : :

(d)3months 25°C+scratched

=~ Yl Al

Figure A8 Scanning electron micrographs (in SE mode) of all CS coupons corroded for 3, 6 and 9 months under static
conditions at different temperature (exact conditions are indicated above the micrographs).
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Dynamic conditions CS systems (3 and 6 months)

(a) 3months 25°C (b)3months 25°C+scratch (c)3months 50°C+scratch

(d) 6months 25°C (e)6months 25°C+scratched

Figure A9 Scanning electron micrographs (in SE mode) of all CS coupons corroded for 3 and 6 months under dynamic
conditions at different temperature (exact conditions are indicated above the micrographs).
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Static conditions CS in GMZ bentonite systems (3, 6, 9 and 12 months)

(a) 3months 25°C (b) 6months 25°C (c) 9months 25°C

Figure A10 Scanning electron micrographs (in SE mode) of all CS coupons in GMZ bentonite corroded for 3, 6, 9 and 12
months under static conditions at different temperature (exact conditions are indicated above the micrographs).
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Figure A16 Images of corroded metallic coupons of all four investigated materials (CuNi, SGI, SS and CS) in MX-80 bentonite
under 6 months dynamic conditions at room and elevated temperature (exact conditions are indicated above image: details of
conditions are indicated above image: details of condition can be found in Table A 2 appendix).
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