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Executive Summary

The concept of a sealed container (or canister) for the disposal of high-level radioactive waste (HLW) and
spent fuels (SF) is intended for use in applied in all deep geological repository programmes in nations that
operate nuclear power plants. The container constitutes one of the main barriers in the overall multi-barrier
disposal system which provides a complete confinement of radionuclides. Therefore, attention is frequently
focused on the performance of the canister, especially concerning the length of time during which the material
stability and thus the barrier function can be guaranteed. This was the subject of the research carried out in
the multi-national EURAD project entitled ‘Container Corrosion under Disposal conditions (ConCorD)’. The
work programme was divided into a set of separate tasks as described below. The aim of the current synthesis
report was to draw together a summary of the work carried out in the various tasks of the project and to identify
the key aspects and outcomes that may be applied in the preparation of future performance assessments and
safety cases by the national waste management organisations.

Task 1 encompassed the overall management and review of the project, including scientific-technical
coordination and integration, and preparation of a State-of-the-Art report (SotA), which was published
separately.

Novel materials: The understanding of degradation mechanisms and the resulting container durability
estimates is well developed and has been demonstrated for already existing disposal concepts envisaging the
use of copper and carbon steel in clay-based environments. These are the archetypal ‘corrosion allowance’
materials (i.e. materials that corrode slowly and in a uniform and predictable manner). The second type of
materials under consideration are the ‘novel materials’, which are typically subject to very low corrosion rates
(e.g. stainless steel, nickel- and titanium-based alloys). This category also includes ceramic materials. This
topic was investigated under Task 2 of the project.

Despite the significant knowledge base on traditional materials, which is thought to be sufficient to support
license applications, several uncertainties that are linked to coupled processes remain and these may impact
the preparation of safety cases, as described below.

Radiation: In general, it is assumed that one of the specific driving forces for any acceleration of corrosion of
radioactive waste containers is likely to be the presence of radiolysis products, either dissolved in solution or
in the gas phase. From the point of view of long-term safety, it is important to know to what extent the lifetime
of the container and the properties of bentonite will be affected by radiation. This was the subject of the work
carried out in Task 3.

Influence of microbial activity: Microbially influenced corrosion (MIC) entails the acceleration of corrosion as a
consequence of microbial metabolism. MIC often results from the establishment of microbial communities that
utilise electrons from the metal (directly or via H2) to reduce electron acceptors, such as sulphate, which leads
to the production of sulphide. Often, a safety function of the bentonite buffer is to minimise microbial activity
(e.g. dry density, adsorbed O2). In Task 4, the microbial activity in highly compacted bentonite was evaluated
and the potential for MIC was assessed.

Corrosion during transients: The evolution of the repository environment after its closure will depend on a
number of factors including the properties of the engineered barriers, the composition of the groundwater, the
thermal profile, the saturation rate of the bentonite barrier leading to swelling and the development of
mechanical stresses on the container. The corrosion of container materials has generally been studied under
constant conditions and the application of the experimental results obtained to assessing the time-dependent
chemical, mechanical and redox conditions of the early post-closure period needs to be verified and
complemented. The effect of transients on corrosion behaviour was the subject of the work performed under
Task 5.

Predictive modelling: An additional important aspect of disposal container development is the ability to
confidently evaluate and predict their long-term performance. The research programme therefore included a
task to extend the development of predictive models (Task 6).
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The output from Tasks 2 to 5 above was presented in a series of detailed deliverables, which are referenced
from the current report, but the work undertaken from Task 6, is included in the present synthesis report. An
overview of the outcomes from each task is given below.

Task 2 — Novel materials

Task 2 of the ConCorD project aimed to explore the potential of novel materials and processes for the
optimisation of long-term container performance for high-level waste disposal. The task focused on the
experimental work on ceramic and metallic materials for bulk containers and coatings. The main achievements
of the project include the development of new alumina-based materials for sealing bulk ceramic containers by
microwave heating, the determination of the optimal parameters for sintering high-density silicon carbide, the
comparison of the performance of different copper grades in simulated groundwater, and the production and
testing of various ceramic and metallic coatings by cathodic arc evaporation and cold spray processes.

The task also outlined future research directions for the development of novel materials for containers. Ceramic
materials have high corrosion resistance and low gas formation, but their mechanical strength and sealing
processes need to be improved. Metallic materials can offer corrosion resistance depending on the alloy
composition and the coating technology, but the overall understanding of their degradation mechanisms under
repository conditions requires further work. Alumina-based ceramics can be sealed by microwave heating with
specially designed sealing materials, and hetero-aggregation can be used to improve the microwave coupling
of the sealing material via a nano-structuration process. SiC-based ceramics can be doped with Cr to increase
their fracture toughness and corrosion resistance and can be joined by laser or glass-ceramic methods. CrN-
based and TiO2-based coatings, whose properties can be tailored by varying the deposition parameters, can
provide high corrosion protection for steel substrates. The participants in Task 2 were KIPT, IRCER, ANDRA,
VTT and EMSE.

Task 3 — Corrosion under radiation

Task 3 focused on the effects of radiation on corrosion behaviour. The experiments were designed to represent
the conditions expected in the repository with the inclusion of tests in representative bulk solutions and buffer
materials at different saturation levels, groundwater compositions, temperatures, and redox conditions. The
experiments were conducted using carbon steel and copper.

The results from tests conducted in bulk solutions (Jacobs) demonstrated that for copper, the presence of
radiation results in an increase in corrosion rate measured under all dose rates investigated (0.1 to 10 Gy hr?),
with an increasing effect at higher dose rates. The increase in corrosion rate due to the presence of radiation
varied from 0.03 to 1.15 um yr?, for dose rates from 0.1 to 10 Gy hrl, respectively. However, due to the very
low corrosion rate of copper in the absence of radiation of 0.02 um yr1, the additional corrosion loss due to
radiation, reflected a large relative increase compared to unirradiated conditions. For carbon steel, the
influence of radiation on corrosion rate was less substantial than for copper. A significant increase in corrosion
rate was only detected above 10 Gy hr'. At 10 Gy hr! the presence of radiation led to an increase in corrosion
rate by 0.90 and 1.41 um yr%, following exposure durations of 10,000 and 5,000 hours respectively. However,
since the corrosion rate of carbon steel in the absence of radiation was between 1.57 and 3.51 pym yr?, the
increase in corrosion loss due to radiation was modest relative to the corrosion rate in unirradiated conditions.

It was found that at 150°C, the presence of radiation resulted in a significant inhibition of the corrosion rate for
all durations tested and in both types of bentonite. A more modest inhibition was also observed for tests
performed in BCV (Bentonite Cerny Vrch ) bentonite at 90°C, but in MX-80 bentonite the influence of radiation
on corrosion rate was negligible.

The work undertaken provided additional information on the potential influence of the type of bentonite used,
the nature of the irradiation source (Co-60, Cs-137), the effect of water saturation (63%-100% relative
humidity), and the dose rate (0.4-657 Gy hr1).

Contrasting results were obtained about the effect of y-irradiation on steel corrosion, where the corrosion was
enhanced in experiments conducted by SUBATECH and CIEMAT while the steel corrosion decreased under
irradiation at high temperature (150°C) in experiments conducted by UJV. Experiments conducted under
controlled water saturation at 25°C (SUBATECH) showed a strong effect of radiation, which enhanced steel
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corrosion compared to reference non-irradiated samples. Nevertheless, the lowest percentage of relative
humidity (63% RH) showed the highest corrosion rate (as high as 250 um yr-1), which then decreased with
increasing water saturation (100%). In the case of experiments using carbon steel contacting compacted
MX-80 bentonite at different saturation levels (60% and 100%) (CIEMAT), the corrosion rate of carbon steel
was higher in the presence of gamma irradiation relative to reference samples and increased with increasing
saturation from 60% to 100% (in contrast to experiments conducted by SUBATECH). Similar experiments by
CIEMAT using copper showed only minor corrosion under irradiation. Experiments with steel and fully
saturated MX-80 or BCV bentonite conducted by UJV showed lower corrosion rates under irradiation
compared to reference experiments at 150°C, while gamma radiation had no significant effect on steel
corrosion at lower temperatures (90°C and room temperature). The lower corrosion rate of carbon steel heated
at 150°C and irradiated in the BCV bentonite was explained mainly by temperature and possibly lower
saturation considerations. The effect of irradiation was minor due to low dose rates. Nevertheless, similarities
were found for all experimental configurations such as the decrease of corrosion rate with increasing time or
typical corrosion products such as siderite, magnetite or iron hydroxides. Furthermore, no clear impact of the
dose rate or the type of irradiation (Co-60 vs Cs-137) on the steel corrosion was found. Finally, it is concluded
that the radiation effect on steel corrosion should be investigated further to elucidate the mechanisms
governing the corrosion process (corrosion rate and corrosion products) under the anticipated repository
conditions. Among the subjects to be developed, the work highlighted the role of humid air radiolysis, in
particular the yield of radiolysis products as a function of relative humidity, which impacts the corrosion kinetics.
This could be achieved both experimentally and by modelling. Also, the combined effect of temperature and
radiolysis on steel corrosion needs to be better understood.

Task 4 — Microbial effects

The work performed in WP ConCorD’s Subtasks 4.1 and 4.2 focused on the effect of irradiation and other
repository-relevant stressors, such as heat and bentonite density, on indigenous microorganisms in bentonite,
and their effect on the corrosion of canister materials. The results obtained demonstrated that the initially high
temperature and y-radiation have the potential to exhaust most microbial activity in the bentonite zones
subjected to temperatures of at least 90°C. As a consequence of the suppression of microbial activity in the
buffer, biofilm formation on the canister surface does not need to be considered. However, further
microbiological studies combined with mathematical modelling of temperature evolution in a DGR are
necessary to predict the size and spatial distribution as well as the long-term persistence of such microbially
depleted zones in the bentonite buffer around the metal canisters. When full saturation is reached, microbial
activity will be further suppressed by compacted bentonite where the threshold dry density depends on the
bentonite (their physical-chemical properties and the indigenous microbial communities). The current results
indicate that the methodologies and experimental setups developed within ConCorD can be used as a
standard method for investigating threshold densities for buffer candidates. It was shown by batch microcosm
experiments that the Calcigel bentonite is a good candidate for studying the impact of dry density on microbial
activity and corrosion because this bentonite has a low sulphate content and contains natural sulphate-
reducing bacteria that have the potential to contribute to corrosion.

It is expected that the only form of microbially influenced corrosion that needs to be considered is that due to
the diffusion of aggressive metabolic by-products (invariably sulphide) to the canister surface from locations
at which microbial activity is deemed to be possible. In accordance with this assumption, the compacted
bentonite samples from UGR that were supplemented with SRB and IRB showed the highest alteration of the
metal surface (at 1.6 g cm-3). This shows that introduced microorganisms can affect the corrosion even in
bentonite compacted at a high dry density. The non-irradiated compacted bentonite samples without additional
bacteria showed that the metal surface was covered with copper oxides and the coupons had a low corrosion
rate (as studied in detail in Task 3). Results from UGR/CIEMAT also showed that the porewater used and the
method of compaction (first saturated then compacted, or first compacted then saturated) can have an
influence on the corrosion behaviour.

One of the objectives of this project was to enable cross-comparison between the results obtained, in order to
optimise future research methods. This is important as it is known that DNA extraction plays a crucial role in
determining the variability of results obtained through 16S rRNA amplicon sequencing. In particular, bentonite
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and other clay samples can impede the efficiency of standard cultivation-independent techniques. These
samples often contain low biomass, further complicating the extraction process. To address these concerns,
an inter-laboratory comparison study was conducted to thoroughly assess the efficacy of two published DNA
extraction methods specifically designed for bentonite samples. Notably, our findings indicate that the selection
of one or other method is not critical, but rather depends on the specific analysis requirements. However, it is
crucial to maintain consistency in the chosen method, as comparing results becomes challenging, particularly
in the presence of bentonite. Additionally, we discovered that slight modifications to one of the extraction
methods can enhance its efficiency. In summary, the study emphasises the importance of standardised DNA
extraction methods and underscores the importance of validating these methods using appropriate controls
when studying microbial communities with 16S rRNA amplicon sequencing, particularly in environments
characterized by low biomass and clay-rich compositions.

Task 5 — Corrosion under transients

Task 5 aimed to identify the role of transient conditions on the corrosion of materials selected for disposal
canisters in deep geological repositories for high-level radioactive waste. Experimental work was carried out
by four separate organisations, namely CIEMAT, GRS, KIT-INE and UJV-SURAO.

CIEMAT analysed the impact of redox, hydraulic and thermal near-field transients on the corrosion and
bentonite interactions, simulating the canister / bentonite interface of a deep geological repository. Both
laboratory scale and in situ experiments, carried out at the Aspé Underground laboratory (Sweden), were
analysed. The samples from the Asp6-ABMS5 in situ experiment were hydrated for 4.4 years with Aspé granitic
groundwater at temperatures up to 250°C. Thus, these samples were representative of coupled hydration,
temperature, redox and chemical transients. Analyses of different bentonite samples revealed that all
bentonites analysed preserved their hydro-geochemical properties after being subjected to saline groundwater
infiltration, heating and interaction with corroding metals for 4.4 years. The main changes observed in all the
bentonite samples were the modification of exchangeable cation composition and an increase in the iron in
the bentonite as a function of the distance to the contact point with the heater, due to corrosion of the heater.
The main corrosion products were goethite, haematite and siderite.

CIEMAT laboratory experiments were representative of coupled thermo-hydraulic gradients and thermo-
hydraulic-chemical interactions. CIEMAT’s activities covered a range of transient conditions affecting corrosion
of metals, such as resaturation of compacted bentonite, convective water vapour saturation fluxes, ambient
and high temperature (80°C), different salinity of the infiltrating waters and variations in oxic/anoxic conditions.
The corrosion rates measured for all carbon steel coupons in contact with the bentonite, hydrated with different
waters and subjected to 80°C, ranged between 28 um yrt and 413 um yr1, with the highest corrosion rate
observed for the Nagra carbon steel coupon tested with FEBEX bentonite compacted at 1.4 g cm3. The
corrosion rates of Cu-OFP coupons subjected to the same conditions were significantly lower, ranging from 3
to 9 um yri,

GRS analysed the effects of the consumption of oxygen enclosed in saturated bentonite on the first stages of
corrosion. Electrochemical techniques, such as polarisation curves (current-voltage curves) and
electrochemical impedance, were used to monitor the evolution of the corrosion rate for a period of about
3 months. The electrochemical experiments were performed in a dedicated cell containing the oversaturated
Wyoming bentonite slurry (Na-bentonite like the MX-80) prepared with artificial Opalinus Clay water with a ratio
of 1:10 w/w. The experiments were complemented using surface analysis techniques, including SEM-EDX and
localised XPS to identify the nature of the corrosion products formed. Electrochemical experiments in Opalinus
Clay water with different oxygen contents at different temperatures were performed in order to obtain additional
information on the corrosion kinetics. The middle-term runs were performed at temperatures of 30°C and 50°C.
A miniaturised Pt-sensor was tested to follow pH-changes in close proximity to the corroding surfaces by
running cyclic voltammetry measurements from time to time. Comparative experiments were carried out under
y-irradiation conditions.

The corrosion rates measured by GRS for GGG40 cast iron in contact with a slurry of bentonite hydrated with
synthetic Opalinus clay were 6 um yrt and 13 um yr* for 30°C and 50°C, respectively. The electrochemical
investigations showed that at the corrosion potential, oxygen reduction was mass-transport controlled, the
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diffusion of oxygen being restrained by the slurry, indicating that kinetically controlled water reduction seemed
to predominate. A y-radiation dose 130 Gy hr'! on GGG40 in the same bentonite slurry at 50°C increased the
mean corrosion rate to 52 um yr=.

KIT-INE performed corrosion experiments with spheroidal graphite cast iron (SGI) and cupronickel alloy (CuNi)
in contact with a bentonite slurry hydrated with granitic groundwater. Ex situ experiments were carried out in
the laboratory under anoxic conditions in a N2- or Ar-filled glovebox, under static and dynamic conditions, and
for contact times lasting up to 12 months. The purpose of these experiments was to provide information about
the effect of porewater renewal on the investigated processes and performed experiments in closed vessels
at 25°C and at 50°C. Experiments under dynamic conditions were carried out using cylindrical vessels and the
flow rate was applied by using a peristaltic pump. The applied transient conditions were specific for each
selected material. In the case of spheroidal graphite cast iron (SGI), a layer of a ferric compound was inserted
between the metallic coupon and the bentonite. In experiments involving cupronickel coupons, the porewater
was spiked with sulphide once corrosion processes had already started. Reference experiments were
performed separately in the absence of ferric compounds or added sulphide, in order to identify the effect of
these parameters on the corrosion behaviour of the metallic materials.

The KIT results showed that SGI corroded upon exposure to the bentonite suspension hydrated with low saline
granitic water, where the redox potential decreased in all experiments, suggesting the formation of Fe(ll)-
bearing secondary phases. Comparative experiments performed in the presence of haematite did not
significantly alter the steel degradation mechanism. After 3 months at 25°C in contact with the bentonite
suspension, the corrosion rate was 4.8 um yr-1, favoured by the larger amount of water available. Increasing
the temperature to 50°C significantly increased the corrosion rate to 10.6 um yr-1. Corrosion rates decreased
systematically with increasing reaction time. In comparison, CuNi corrosion was significantly lower, with the
highest value being 2.7 um yrt at 50°C. The presence of added sulphide had no significant effect on corrosion
but may have had an effect at longer exposure times, or higher sulphide concentrations.

UJV-SURAO studied the effect of increased temperature and y-irradiation on the acceleration of corrosion of
carbon steel in compacted Ca-Mg bentonite, including MX-80 in a limited number of tests, to gain an insight
into the chemical evolution and its influence on the development of the carbon steel canister / bentonite
interface. Results showed that the carbon steel samples heated at 150°C in the BCV bentonite had lower
corrosion rates when irradiated compared to unirradiated samples, ranging from around 2 pmyr! to
24.3 um yrt at 150°C with irradiation. Unirradiated samples heated to 150°C showed the highest corrosion
rate after 6 months but they decreased when the loading period was prolonged to 18 months. A decreasing
corrosion rate was observed in both irradiated and unirradiated steel samples heated at 90°C with increasing
exposure period.

Task 6 — modelling

Three modelling tasks were undertaken to cover (i) reactive transport modelling of the corrosion behaviour of
steel in bentonite, (ii) the inclusion of microbial activity in geochemical models of repository behaviour, and
(iii) repository scale modelling of sulphide in a repository. The report describes how the models were set up
and provides some preliminary results from the modelling activities. Sub-task 6.1 focused on creating a
numerical tool that can take account of modelling water and chloride radiolysis and their consequent effect on
corrosion behaviour based on their effect on electrochemical processes. The results of the modelling were
compared to experimental results from a radiation-corrosion experiment for steel in bentonite.

Sub-task 6.2 outlines a mathematical description of microbial activity based on treating microbes as colloid-
like chemically reactive particles. Some examples of applying the model to a common sulphate-reducing
bacteria system are given.

Sub-task 6.3 involved development of a previous 1D model for the sulphide evolution in the near-field and
sulphide corrosion on copper canisters in the Swiss DGR to create a 2D model. It was also extended to
estimate sulphide corrosion on both copper and steel canisters under different repository settings, including
the effect of badly-emplaced” buffer and high pH plumes from a concrete liner. The model was used to predict
the corrosion depth after 1 Myr for copper and steel canisters in various scenarios.
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For each task, as a section is included which reflects on the significance of the results obtained and how they
might be applied to future performance assessments. The report concludes with an overview of the significance
of the results from the various tasks and their relevance to the preparation of future performance assessments.
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1. Introduction to the ConCorD project

1.1 Overview of the ConCorD project

The state of the art of the corrosion behaviour of candidate container materials for the disposal of SF and HLW
was summarised in a joint IGD-TP activity (Padovani et al., 2017), which also identified areas in which further
collaborative R&D may be beneficial. Development of models to predict container failure times and the
development of a thorough mechanistic understanding of the corrosion processes involved have progressed
significantly over the past 40 years. The understanding of degradation mechanisms and the resulting container
durability estimates (as well as other issues like manufacturing, sealing/welding, handling, etc.) is mature and
has been demonstrated for existing disposal concepts that envisage the use of copper containers (e.g.
Sweden, Finland, Canada) and carbon steel containers (e.g. France, Switzerland, Japan, Czech Republic) in
a clay environment. These materials are commonly called “traditional materials” on which “corrosion
allowance” designs are based (i.e. they are metals that corrode slowly in a uniform and predictable manner).
The second group of materials under consideration for radioactive waste containers are commonly referred to
as “novel materials”. Examples of such materials are stainless steels and nickel- and titanium-based alloys,
which typically experience very low corrosion rates. Leaching of ceramics is also a form of corrosion that can
lead to the degradation of mechanical properties, which is a primary concern for a ceramic container. Such
novel materials have the potential to lead to optimisation of container performance and interest in such
materials has been expressed by the radwaste community. Nevertheless, several open questions remain,
related to, for example, deposition of coatings, sealing of ceramics and their long-term properties.

Despite the significant knowledge base for traditional materials, which is thought to be sufficient to support
license applications, several uncertainties linked to coupled processes remain, which can influence
performance assessments, namely:

Radiation: In general, it is assumed that one of the specific driving forces for any acceleration of corrosion of
radioactive waste containers is likely to be the presence of radiolysis products, either dissolved in solution or
in the gas phase. From the point of view of long-term safety, it is important to know to what extent the lifetime
of the container and the properties of bentonite will be affected by radiation. To achieve this, experiments need
to be conducted that reconstruct repository conditions (i.e. chemistry, presence of buffer, dose rate or total
dose) as closely as possible. However, a fundamental open question relating to such experiments is whether
dose rate or total dose is the critical irradiation parameter controlling the acceleration of corrosion.

Influence of microbial activity: Microbiologically influenced corrosion (MIC) entails the acceleration of
corrosion as a consequence of microbial metabolism. MIC often results from the establishment of microbial
communities that utilise electrons from the metal (either directly or via Hz resulting from the anaerobic corrosion
of metals, such as iron) to reduce electron acceptors, such as sulphate. The resulting sulphide production by
sulphate reducing bacteria (SRB) can greatly impact the corrosion rate of several metals. One safety function
of the bentonite buffer used in many radioactive waste disposal concepts is to minimise microbial activity.
There are a few studies that have attempted to establish the dry density threshold that would reliably inhibit
microbial activity but it is unclear whether dry density is the key parameter or whether other considerations
may also contribute to inhibiting microbial metabolism. However, a complicating factor is that there is mounting
evidence for the persistence of Oz within bentonite buffer material, perhaps as an adsorbed gas. Thus, the fact
that Oz could inhibit SRB, which are strict anaerobes, for extended experimental periods could complicate
understanding of the findings.

Corrosion during transients: The evolution of the repository environment in the period after its closure will
depend mainly on two factors, namely the nature of the engineered barriers and the composition of the
groundwater. After facility closure, the thermal phase of the evolution of the repository is important, for a
number of reasons. For example, an important parameter during this phase is the rate of saturation of the
bentonite barrier, since saturation leads to swelling of the bentonite and hence the development of mechanical
stresses on the container. Such transients can be further influenced by attempts at repository footprint
optimisation (e.g., increased container heat production). The corrosion of container materials has usually been
studied experimentally under constant environmental conditions and the application of such experimental
results to the evolving chemical, mechanical and redox conditions of the early post-closure period need to be
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further developed and verified. It is important to be able to confidently evaluate and demonstrate the long-term
performance of disposal containers. Based on the knowledge gaps summarised above the main objectives of
the ConCorD work package were to:

e Explore the potential for using novel and advanced container materials and processes to optimise
container performance within the engineered barrier system.

e Increase/extend the understanding of complex/coupled interfacial processes influencing container
performance under repository relevant conditions, with a focus on irradiation-accelerated
corrosion, microbial activity and MIC, and the effect of nearfield environmental transients on
container degradation.

e Demonstrate advances in mechanistic understanding and develop predictive models, which
incorporate system variability and lead to more focused performance assessments that can be
applied in safety cases.

The main overall aim of the ConCorD work package was to enable various national programs to evaluate
cooperatively the long-term behaviour of container materials to such an extent as to be able to increase
confidence in the safe performance of engineered barriers for different regulatory and geological environments,
and for typical European SF/HLW disposal concepts. This aspect was viewed as being particularly beneficial
for early-stage programmes and those with small inventories, while allowing more advanced programs to
consider various options to further optimise their disposal concepts.

The main body of the work conducted in ConCorD was divided into six main tasks, as follows:

e Task 1: Management and coordination.

e Task 2: Novel materials

Task 3: Corrosion under irradiation

Task 4: Microbial effects

Task 5: Corrosion under transients

Task 6: Modelling and integration into performance assessments.

At the start of the ConCorD project a State-of-the-Art report (SotA, Abdelouas et al., 2022) was prepared within
Task 1, to summarise the current scientific understanding in relation to the main topics under consideration in
the project. At the end of the project, the SotA was updated to include developments made during the course
of the ConCorD project (Abdelouas, 2024).

1.2 Background to synthesis report

The aim of the current synthesis report is to introduce the activities performed within the ConCorD project and
to summarise the resulting research outcomes, whilst providing details of the deliverables produced for each
of the tasks within the project, where further detailed information about each individual task can be found. The
report is divided into separate self-contained sections for each of the main tasks, and each main section is
sub-divided as follows (although the exact nomenclature for the headings may be slightly different in each

case):
e Introduction to task
e Scope of task
e Progress against task description (i.e. the original task description in the ConCorD proposal)
e Summary of key outputs from task
e Application of task output in performance assessments, where the topic studied in the task was

relevant to performance assessments.

The material included in the report was taken from documentation prepared by the individual task leaders and
task teams and merged by the report editor. The report gives the key information and a high-level overview
about how the experimental work was carried out but details are only given in the main deliverable(s) for each
of the tasks. These are referenced from the current report and the reader is referred to those documents for
further information. Where several different research groups were working on the same task, the relevant
sections of the report are further subdivided, so that the work from each contributor is self-contained but a
section for each task is devoted to comparing, contrasting and summarising the overall output from each task.
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Section 6 includes a summary of the results of the modelling activities as well as a holistic overview of the
output from the ConCorD project and how the new results may be incorporated into performance assessments
of geological disposal facilities by the waste producers.
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2. Task 2: Novel materials

2.1 Introduction to task

Currently, carbon steel and copper are the main materials proposed for adoption worldwide as nuclear waste
disposal canister materials. Prediction of the lifetime of the waste container represents an important input to
the safety assessment of the disposal system. This requires a good understanding of the corrosion/leaching
behaviour of the canister material over periods of thousands to hundreds of thousands of years. This
mechanistic understanding may come from existing information in the literature, from new experimental studies
or from numerical models. Advanced material options are of interest due to their potential for optimisation of
disposal concepts. For example, they could offer longer canister lifetimes, more accurate and robust long-term
prediction of lifetimes, advantages related to a reduced impact on the engineered and geological barriers or
related to manufacturing. For example, optimised welding/joining techniques could result in better long-term
performance of the welds/joints (e.g. with respect to corrosion/leaching resistance).

The main goal of Task 2 was to explore the potential for using novel materials and processes for the
optimisation of long-term container performance. Within the ConCorD project, a number of novel ceramic and
metallic materials were considered for containers, both for the production of single material containers or for
coated containers. The activities performed in the ConCorD programme included:

e Process optimisation

e Materials characterisation

e Understanding the corrosion/degradation processes of novel ceramic and metallic materials, both for
single material container applications and for coating applications.

For containers made of bulk ceramics, the key properties for long-term performance are fracture toughness
and leaching/alteration, while for thin coatings a primary concern is the presence of porosity or flaws. Alumina-
silica-based ceramics and silicon carbide (SiC) are the most promising ceramic solutions considered within
Task 2 for single material container applications. With regard to the silicon carbide solution, the addition of
chromium seems to improve the corrosion properties of the ceramic. The sintering process of the Cr-doped
SiC ceramics was optimised and its long-term corrosion behaviour was studied.

The sealing process is also a technological issue for ceramic canisters. As far as silicon carbide is concerned,
the necessary temperature still seems too high for practical applications but this point was not studied within
ConCorD. For alumina-silica-based materials, microwave heating is a promising technique, particularly for
microwave-responsive sealing materials. This technology is proven on a laboratory scale for sealing glasses.
The development of specific larger scale furnaces was not addressed in the current programme as it would
need industrial partnership. Within Task 2, the composition of the sealing glasses was optimised using core-
shell technology?, in order to increase the coupling of the material with microwaves and to reinforce the
mechanical properties of the seal. The mechanical properties of the assemblies produced were characterised.

For containers made of bulk metallic materials, the key properties for long-term performance are good
mechanical properties and favourable corrosion behaviour under repository conditions. Copper is considered
to be the most promising material in several countries’ programs. The work performed within Task 2 focused
on testing improved oxygen-free phosphorus-doped copper (Cu-OFP) alloys, especially considering the effect
of impurities on their corrosion properties. A number of aspects were considered in the study, such as:

e The uptake and diffusion of hydrogen and its interactions with the copper matrix

e The possibility of micro-galvanic corrosion due to the presence of impurities

e The relationship between hydrogen diffusion into the matrix, creep rate and SCC crack growth in
ammonia-containing ground water.

Nickel alloys, titanium alloys and ceramics were also studied within Task 2 as coatings for SF/HLW disposal
canisters, especially for cases where microbial activity is likely in the near-field, and thus the risk of microbially

1 This technology is applied in the production of ceramic particles in which the core and the shell materials differ in their ability to couple
microwaves. In the ConCorD project, alumina particles homogenously covered with silica nanoparticles were studied.
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influenced corrosion (MIC), cannot be excluded. These coating solutions are achieved using physical vapour
deposition (PVD) methods. This work is dedicated to the enhancement of the process for obtaining ceramic
(TiO2, CrN) coatings on steel substrates using the PVD method and the preparation of a batch of samples for
corrosion tests. Processes for manufacturing metallic (Ti, Cu) coatings on various steel substrates by PVD are
also proposed.

In addition to this, copper/alumina composite coatings produced by cold spray technology were investigated.
The metallic / ceramic composite allows the use of nitrogen as a carrier gas and leads to decreased porosity
and improved adhesion. After optimisation of the cold spray technology parameters for the copper/alumina
composite coatings, corrosion studies were performed. The results are compared to those of both wrought
copper alloys, and electrodeposited and cold spray copper coatings. This work also focused on the synergy
between material deformation and the corrosion of the coatings, particularly in the vicinity of porosity defects.

2.2 Scope of task

For the most promising novel materials, experimental studies were designed to contribute to the goal of
understanding of corrosion/degradation processes. The work within this task was organised according to the
two main types of materials: ceramic and metallic materials. In the case of ceramic materials, the experimental
work was focused on studying materials and processes (deposition, sealing) for innovative solutions of ceramic
containers and ceramic coatings. For containers made of bulk ceramics, the key properties for long-term
performance are fracture toughness and leaching/alteration. For thin coatings, a primary concern is the
presence of porosity or flaws. For metallic materials, the main aim of the experimental work was to study and
consider the implementation of innovative solutions for metallic anti-corrosion coatings or optimised bulk
metallic options. Studies focused on material development (alloy composition, coating technology) and initial
corrosion tests to identify the benefit of these new solutions.

2.3 Progress against task description

The details of the experiments undertaken within this task and the full set of results are presented in Gaggiano
et al. (2024). The following section summarise the key features of the results obtained.

2.3.1 Subtask 2.1 Ceramic Materials and Coatings

2.3.1.1 Sealing technologies for ceramic containers

IRCER-EMSE worked together on the development of new sealing formulations, for alumina-based (i.e. silico-
aluminate materials with a high content of alumina) ceramic canisters and the test of their performance when
sealing was performed using microwaves (MW). The major achievement was the unprecedented improvement
of the microwave coupling allowing for a fast sintering which, as a result, will allow in real conditions to limit
the increase of the temperature during the sealing process in the core of the container containing the nuclear
waste “parcel’. The new sealing formulations had also to satisfy the mechanical and leaching resistance
specifications.

More specifically, in a first approach, the research was focused on the exploitation of the hetero-aggregation
phenomenon in water-based suspensions between an alumina micropowder and a silica nanopowder carrying
opposite surface charges. The generation of surface charges was linked to the zeta potential resulting from
the acido-basic equilibria arising in water. Following this processing route made it possible to prepare very
homogeneous and intimate blends of the two materials at the nanoscale. Knowing that blends were composed
of two materials exhibiting different MW coupling efficiencies, the idea was actually to derive benefit locally
(i.e. at the powder grain level) of the best-coupling material to get a localised, efficient, homogeneous and fast
heating process which is key for the application.

The first MW sealing tests of these hetero-aggregated alumina-silica blends showed an increased MW
coupling validating the overall strategy followed. In order to go a step further, silicon carbide was added to the
alumina-silica formulations in low quantities (maximum of 2 vol.%). SiC is well-known as one the best ceramics
in terms of MW coupling. Contrary to previous studies performed with the addition of SiC micro-powders which
showed no improvement, in our case we added nano-SiC (typical size of 20 nm). This SiC was covered with
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a native silica layer allowing to implement hetero-aggregation the same way as with nano-silica and in a very
homogeneous way. Consequently, we observe a strong boost of the MW coupling as illustrated in the figure

below.
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Figure 1. (a) Comparison of microwave coupling for samples containing different amounts of nano-SiC,
(b) Corresponding forward power input during the microwave tests necessary to reach 400°C.

Concerning the very positive effect of nano-SiC on MW coupling, we believe that this is not only due to the
material itself and to its very homogeneous distribution throughout the volume thanks to the hetero-
aggregation. There might also be a “kind of pinning” of the electromagnetic field on nano-SiC. but, at this stage,
it remains an assumption that has still to be confirmed. Another issue that has to be studied is the fact that the
oxidation of SiC during the sealing produces bubbles that may degrade the mechanical properties (to be
studied in the future) and the leaching resistance if bubbles percolate.

Finally, based upon the determination of the permittivity of materials as a function of temperature at the working
frequencies, modelling of the MW heating would help to understand MW heating selectivity and the
determination of compatible materials (ceramics vs sealing materials) for an efficient and selective heating of
the sealing area.

2.3.1.1 Silicon carbide ceramic composite

Research conducted at KIPT was devoted to optimizing the sintering process for the manufacture of composite
materials based on SiC doped with Cr. The process of synthesis of SiC-based ceramic composites was
performed using hot pressing.

The optimal parameters of the high-pressure sintering process for obtaining the high-density SiC samples were
determined (T = 2050 °C; t = 30 min; P = 40 MPa; heating rate of 200 °C/min). SiC ceramic composites with
Cr additives (from 0.3 to 0.9 wt%) were prepared and investigated. Structural studies have shown that the
obtained SiC(Cr) samples belong to the 6H-SIC polytype with high density. Silicon carbide samples with
chromium concentration from 0.3 to 0.5 wt% have higher microhardness (25.5 GPa) and nanohardness (37.8
GPa) than pure SiC (22.8 and 31 GPa, respectively).

Samples of pure SiC and chromium doped (0.3 wt% and 0.5 wt%) SiC were tested for long-term (4,200 hours)
corrosion resistance in distilled water at 90°C. The corrosion test results show that pure SiC samples are
soluble in water. Chromium alloyed (0.3 wt%) samples dissolve two times slower than pure SiC after 3,500
hours of testing.
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2.3.1.1 Chromium nitride and titanium dioxide ceramic coatings

The study of the ceramic coatings performed by KIPT investigated the effect of cathodic arc evaporation (PVD
method) parameters (bias potential) on the structure and properties of ceramic coatings CrN and TiO-.

The CrN coatings of 30 um thickness have a crystalline structure, the crystallite sizes depend on the bias
potential, the smallest crystallite size of 43 nm was obtained at a potential of -150 V. These coatings have high
mechanical properties (H=23? and E=320 GPa) and high adhesion (HF13) to steel substrate.

TiOz coatings with a thickness of 30 um, deposited at a bias potential of -150V, have an anatase structure and
acceptable mechanical properties: hardness of 12 GPa and good adhesion to the steel substrate (HF2).

The CrN coating deposited under bias -150 V with the smallest crystallite size of 43 nm has the best protective
properties: after 296 hours of testing at 20°C in 3% NaCl solution, no traces of corrosion were found.
Electrochemical studies have shown that in this solution, the potential and corrosion current of the coating
(Ecorr = -187 mV vs Ag/AgCI (3M), lcorr = 0.85 pAcm?) are much lower than those of steel (Ecor = -548 mV vs
Ag/AgCI (BM) lecorr = 29.6 pAcm2), and no traces of pitting corrosion were found. For the TiO2 coating on steel
substrate the corrosion current is 0.0815 pAcm2 and Ecor = -33 mV. After subjecting steel samples with CrN
and TiO2 coatings to near-disposal tests in water at 90°C for 4200 hours, it was observed that the steel
corroded intensely with rust formation and dissolution. The TiO2 coatings showed weight loss and pitting, while
the CrN coatings exhibited minimal weight loss and no pitting on the surface, indicating the best corrosion
resistance.

2.3.1.2 New copper/alumina ceramic composite coatings

The study of Cu+32vol.%Al.0z composite coatings deposited by the cold spray process was perfromed by
EMSE and focused on the microstructure of the deposits, their mechanical properties, corrosion resistance,
and creep resistance. Microstructure analysis, for a given set of process parameters (gas temperature of
500°C, nitrogen gas nature, spray distance of 40 mm, gas pressure of 35 bar, deposition line spacing of 4 mm),
and two deposition speeds (20 mm st and 40 mm s) investigated, showed little effect of this speed on
porosity. A low porosity is observed within the deposition lines, around 0.37% regardless of the deposition
speed, while the overlap zones of the deposition lines exhibit significantly higher porosity, ranging from 1.68%
to 2.52%. The EBSD analysis revealed a gradient of plastic deformation within the copper particles between
the peripheral zones and the core of the particles. This results from both an increased effect of hammering by
the ceramic particles and the phenomenon of recrystallisation of the copper matrix. However, no
crystallographic deformation texture is induced by this process.

Mechanical properties evaluated under uniaxial compression show a behaviour similar to that of cold-worked
solid copper, with a vyield strength close to approximately 300 MPa. Nevertheless, the apparent strain
hardening rate is significantly lower, and the maximum strength exhibits dispersion among the different tests
conducted. This result arises from the presence of porosities, which tend to close during compression and
contribute to reducing the strain hardening rate. Damage to the deposits beyond the ultimate tensile strength
results in the fracture of specimens along zones of high porosity density, namely, the overlap of deposition
lines. Ultimately, these defects govern the mechanical strength of the deposits beyond a loading exceeding
the yield stress.

The electrochemical behaviour characterised at 90°C in a synthetic medium representative of groundwater at
the Bure site (France), through dynamic polarisation tests, shows no significant difference between tests on
solid copper and composite cold spray deposits. The corrosion rates extracted from the curves using the Tafel
method are in the range of 10 to 15 um yr. However, these corrosion rates are relatively high compared to
those expected in anoxic environments for copper. The anodic branches of the polarisation curves indicate

2 The microhardness of the samples was measured by microhardness tester LECO LM700AT at a load of 200 g, with a holding time of
14 s.The pure silicon carbide sample had a microhardness of 22.8 GPa.

8 The adhesion of CrN coatings was determined using the Daimler-Benz test under 1500 N load. In this test, a six-grade scale (HF1-
HF6) indicates the level of adhesion of a coating: HF1-HF4 indicates good adhesion with small cracking or delamination of the coating
in the surrounding of the crater, whereas HF5 and HF6 represent a poor adhesion with large coating delamination around the indented
zone.
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that the materials are in an active state, although there is a pseudo-passivation plateau over a potential range
of 200 mV beyond the corrosion potential. Subsequent measurement of the oxygen content in the medium
revealed a residual content of about 50 to 100 ppb, contrary to the targeted anoxic test conditions. The results
obtained are therefore representative not of the long-term anoxic conditions of underground disposal, but
rather of the transitional phase in the first years of disposal.

The corrosion rate measurements by mass loss during immersion tests under these same test conditions for
a maximum duration of 6 months show values in the range of 30 to 50 um yr. Examination of the sample
surfaces by X-ray diffraction and Raman analysis mainly reveals the predominant presence of copper oxide
Cu20, along with some islands of carbonates and silica.

The creep tests at 90°C intended for tensile loading could not be conducted due to very low mechanical
strength in this mode of loading. Failure occurs rapidly by decohesion along the strings of porosities in the
overlap zones of deposition lines. Consequently, these tests were carried out in compression under air at 90°C.
The creep behaviour was characterised for three stress levels: 85%, 100%, and 115% of the yield strength.
For the two highest loadings, the three phases of primary creep, steady-state creep, followed by final rupture,
are observed. The steady-state creep rate is greater with higher stress levels. Creep at 85% of the yield
strength shows, after the primary creep phase, a stable level of deformation as long as the deformation does
not exceed 4% plastic strain.

2.3.2 Subtask 2.2 Metallic Materials and Coatings

2.3.2.1 Metallic materials

VTT’s work aimed to explore the viability of alternative materials for copper canisters, considering factors such
as improved availability, corrosion resistance and lower cost. The research focused on investigating the impact
of impurities on corrosion properties in the Finnish disposal concept using commercial copper alloys.

VTT evaluated the absorption and diffusion of hydrogen, as well as susceptibility to stress corrosion cracking
(SCCQ), through experiments utilising simulated groundwater with ammonia as an aggressive species. Two
copper grades, Cu-OFP and high conductivity phosphorous-doped copper (HCP), were studied in two
deformation states (flat and curved) and with different rolling parameters (hot and cold), resulting in a total of
six test materials. Immersion tests on U-bend, flat mass loss and electrochemical specimens were conducted
in autoclaves, providing sufficient data to (i) calculate uniform corrosion rates, (ii) investigate the microstructure
of the samples, (iii) analyse the chemical composition of the samples, and (iv) assess the presence of any
SCC.

Immersion tests were performed under conditions that were representative of the fourth phase of repository
evolution as defined in a simulation prepared by Nagra (Landolt et al., 2009), and summarised below, in which
anoxic conditions prevail. The expected evolution of the environmental conditions can be broken down into the
following phases:

e Phase 1: dry air oxidation of the canister, with temperature ranging between 110°C and 140°C for
about 0 to 40 years.

o Phase 2: aerobic unsaturated. The surface temperature decreases to about 100°C and lasts for 20 to
30 years.

e Phase 3: aerobic-anaerobic transition, which is expected to last for about 50 years with temperature
decreasing to about 90°C.

e Phase 4: long-term saturated, anoxic conditions, which occur after about 100 years of emplacement,
and the temperature continually decreases to approximately 40°C after approximately 10,000 years

Two copper grades were studied, namely, Cu-OFP and high conductivity phosphorous-doped copper (HCP),
which were obtained in two different deformation states (flat and curved) and with different applied rolling
parameters (hot and cold), giving a total of six different test materials.
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Based on earlier electrochemical tests, the pH value (approx. 10) and concentration of ammonia hydroxide
(100 mg I') were chosen to achieve pitting corrosion in an anoxic solution. In order to accelerate SCC, three
different potentials were constantly applied to the Cu U-bend specimens (-200, -125 and -50 mV vs SCE) using
potentiostats.

The results showed similar electrochemical behaviour for all the alloys after one month of immersion. While
Cu-OFP initially exhibited higher corrosion resistance, the average corrosion rates for the 3-month immersion
test showed very similar behaviour for HCP. Hydrogen content measurements showed that the copper grain
size (ranging from 85 to 152 um) did not correlate with the hydrogen uptake, and, in fact, hydrogen intake was
not detected in this environment unlike expected. Applying different potentials to the U-bends resulted in
various oxidation states, with the highest anodic potential (-50 mV vs SCE) leading to the highest oxidation of
copper (Cu(OH)2) with a distinctive blueish layer (Figure 2). Although small features suggesting intergranular
corrosion were observed, they were either cracks in the oxide film (Figure 1b) or the features were relatively
blunt leaving the underlying metal mainly intact (Figure 1c).

c)

Figure 2. a) Copper U-bend sample before immersion; three sets of six alloys after 3 months immersed in
simulated groundwater with 100 mg/l NH4OH having constant potential applied (-200 mV, -125 mV and -50
mV vs. SCE, respectively); b) Cross-sectional images of Cu U-bends after immersion with application of -50
mV (AP, 1A, 1B: Cu-HCP and 1D, 1D4, 1D5: Cu-OFE+P); c¢) FIB micro cross sections of both alloys imaged
by FEG-SEM.

2.3.2.2 Metallic coatings

The study of the metallic coatings performed by KIPT investigated the effect of bias potential on the structure
and properties of copper, titanium, and chromium coatings deposited by cathodic arc evaporation (PVD). The
coatings deposited at the optimum bias potential showed good mechanical properties and a high degree of
adhesion to the steel substrates. Coatings of Ti, Cu, and Cr with a minimum thickness of 30 pm exhibit
exceptional corrosion resistance without pitting when subjected to potentiodynamic testing in a 3% NacCl
solution.

Long-term corrosion testing (4,200 hours) of Ti, Cr, and Cu coatings on steel substrates under disposal
conditions (water, T = 90°C) showed weight loss and small pits in the Cr coating. The Ti and Cu coatings show
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high corrosion resistance as evidenced by their minimal weight change during the test period. However, after
3,000 hours of testing, some pitting and rusting was observed on the surface of the Ti coating.

2.4 Key outputs from Task 2

The ambition of Task 2 of ConCorD was to explore the potential of novel materials and processes for the
optimisation of long-term container performance. For the most promising novel materials, the experimental
studies were designed to contribute to the understanding of corrosion/degradation processes. The work within
this task was organised according to the two main types of materials: ceramic and metallic materials. In the
case of ceramic materials, the experimental work was focused on studying materials and processes
(deposition, sealing) for innovative solutions of ceramic containers and ceramic coatings. For containers made
of bulk ceramics, the key properties for long-term performance are fracture toughness and leaching/alteration.
For thin coatings, a primary concern is the presence of porosity or flaws. For metallic materials, the main aim
of the experimental work was to study and consider the implementation of innovative solutions for metallic anti-
corrosion coatings or optimised bulk metallic options. Studies focused on material development (alloy
composition, coating technology) and initial corrosion tests to identify the benefit of these new solutions. The
main objectives of Task 2 were fulfilled, and the main project achievements can be summarised as follows:

1. New silico-aluminate materials were developed for the sealing of bulk ceramic (alumina) containers
by means of microwave heating. The main result was the unprecedented improvement in microwave
coupling, enabling rapid sealing. This will allow limitation of the increase in temperature at the inner
side of the container during the sealing process in real conditions. The new sealing formulations also
satisfied the required mechanical and leaching resistance specifications.

2. The optimal parameters for the sintering of high-density silicon carbide were determined. Silicon
carbide showed good mechanical and corrosion resistance properties for its potential use as bulk
ceramic container. In particular, the addition of 0.3% Cr in the material formulation was found to further
improve the corrosion resistance of silicon carbide, under the tested conditions.

3. Experiments performed in ammonia-containing simulated groundwater under anaerobic conditions
yielded relevant data about the corrosion behaviour of Cu-OFP and high conductivity phosphorous-
doped copper (HCP) as bulk materials for containers. The electrochemical behavior of the alloys was
elucidated, along with their corrosion rate, hydrogen uptake, and information on the SCC of U-bends
at different oxidation states. The results showed similar electrochemical behaviour for all the alloys
after one month of immersion. These outcomes of these experiments highlight the fact that HCP
copper may be able to safely replace the more traditional oxygen-free copper (Cu-OFP) for use as
canister materials, with better availability, lower cost, and sustainable sources, such as recycled
materials.

4. Several ceramic (CrN and TiO2) and metallic (Ti, Cu, and Cr) coatings were produced by means of
cathodic arc evaporation with thicknesses up to 30 um. Among the ceramic coatings, CrN showed
the best result in terms of corrosion resistance, with minimal weight loss and no pitting on the surface.
Among the metallic coatings, Ti and Cu coatings showed the best corrosion performances under the
tested conditions, with minimal weight change throughout the test period, indicating high corrosion
resistance, even though some traces of pitting or rusting were observed on the surface of the Ti coating
after 3000 hours of testing.

5. The study of novel Cu + 32vol.% Al203 composite coatings deposited by the cold spray process
focused on the microstructure of the deposits, their mechanical properties, corrosion resistance, and
creep resistance. Mechanical properties evaluated under uniaxial compression show a behaviour
similar to that of cold-worked solid copper. The electrochemical behaviour of this coating, studied at
90°C in a synthetic medium representative of groundwater at the Bure site (France), shows no
significant difference between tests on solid copper and composite cold spray deposits. The creep
tests at 90°C intended for tensile loading could not be conducted due to very low mechanical strength
in this mode of loading (failure occurred rapidly by decohesion of the coating along the strings of
porosities in the overlap zones of deposition lines). Consequently, these tests were carried out in
compression under air at 90°C. No test in a corrosive environment could be conducted under
compression to study the effect of dissolution on the creep rates. For this kind of tests, a specific setup
needs to be developed.
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3. Task 3: Corrosion under irradiation

3.1 Introduction to task

The main goal of Task 3 was to experimentally assess whether irradiation influences the corrosion of canister
materials under disposal conditions, with the aim of acquiring the necessary scientific understanding and
relevant experimental data to allow the incorporation of radiation-induced phenomena into performance
assessment models (see Section 6.2.2.1). To achieve this goal, it is necessary to identify the critical
parameters that determine the extent of any irradiation-induced material degradation. This topic was
addressed in Subtask 3.1. As described in the initial State-of-the-Art (SotA) report (Abdelouas et al., 2022),
one of the main outstanding questions regarding the effect of radiation on corrosion is whether dose rate or
total accumulated dose, or some combination of the two parameters, is the critical factor determining the extent
of radiation-assisted corrosion (RAC). At present there is no consensus on whether an additional allowance is
required to take account of any possible effects of radiation emitted by the waste package on the corrosion
rate. The experiments carried out in Subtask 3.1 were designed to address this question (Subtask 3.1). This
approach was combined with another set of irradiated corrosion experiments that were conducted under
representative disposal conditions that mimicked different periods during the typical repository evolution
(Subtask 3.2). The irradiation studies included bulk copper and carbon steel samples, the most commonly
used container materials, but also copper-coated samples and other novel canister material.

The details of the experiments undertaken within Task 3 and the full set of results are presented in Bevas et
al. (2024) and Sarrasin et al. (2024).

3.2 Scope of task

3.21 Subtask 3.1: Critical irradiation parameter

3.2.1.1 Jacobs experimental set up

In this Subtask, Jacobs set up experiments in simplified model systems covered four orders of magnitude of
dose rate, leading to total doses spanning two orders of magnitude. The experiments included unirradiated
controls using carbon steel and copper. The testing program in Task 3.1 involved corrosion testing by exposure
to a simulated bentonite porewater solution for different durations over a wider range of dose rates, some of
which far exceed those anticipated at a container surface in a GDF. The reason for selecting such conditions
was to attempt to discern the underlying mechanisms that govern the key corrosion processes that affect
container materials under radiation, rather than to try to quantify specific corrosion rates for repository
conditions. The key objective was to elicit the overall trends in the data, which are easier to resolve when using
a model solution and a very wide range of test conditions, rather than focussing on a precise range of highly
representative environments.

A summary of the experimental conditions examined in the whole of Task 3, including Task 3.1, is shown in
Table 1 and full details of the experimental set up for Task 3.1 are given in Bevas et al. (2024).
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Table 1. High-level summary of the experiments carried out in Task 3 on radiation-assisted corrosion.

Responsible Task number Type of Environment Material Durations

experiment

organisation

Dose rates

Total doses

Deliverable

Jacobs

3.1

exposure
testing

(NaCl/NaHCO:3)

ambient temperature

copper
carbon steel

0 to 10,000
hours

(Gy hr)

0to 1,000

(kGy)

0to 100

simulated porewater

D15.7, Bevas
etal., (2024)

uJv

3.1

exposure
testing

Compacted bentonite
(MX-80 bentonite and
Bentonite Cerny Vrch,
BCV)

Various degrees of
saturation

Room temperature to
150°C.

Anoxic conditions.

carbon steel
(grade
S355J2H)

6,9, 12 or
18 months

0.4

Not given.

D15.7, Bevas
etal., (2024)

Subatech
(CNRS)

3.2

exposure
testing

Coupons in contact
with MX-80
compacted bentonite,
or in humid
atmosphere only.

Anoxic conditions at
25°C.

carbon steel
grade P235GH

7 and 39 days

400

Not given.

D15.8, Sarrasin
et al., (2024)

CIEMAT

3.2

exposure
testing

Compacted bentonite.
Dry density 1.4 or

1.6 g cm3. Saturation
level 60% to 100%.

Copper or
carbon steel

12 days

14, 66, 697

14 and 140

D15.8, Sarrasin
et al., (2024)




The specimens were tested in the form of ribbons measuring 50 x 2 x 1.2 mm. They were fabricated from
carbon steel (CS), wrought copper (WC) or cold-sprayed copper (CSC), using electrical discharge machining
(EDM). To remove any extraneous surface material, all ribbons were ground using a rotary polisher with silicon
carbide papers (P320 and P1200) then ultrasonically cleaned in acetone. The test solution was deaerated
0.1 M NaCl/0.2 M NaHCOg, with a pH value of 8.0+0.05. The test specimens were mounted in specially
designed ampoules fabricated from quartz glass, as shown in Figure 3. Solid state oxygen sensors were placed
in two modules to check for any air ingress. An inner carousel was used to hold the prepared metal ribbon
samples.

Outer ampoule

Inner carousel

Figure 3. Ampoule Design 1: (a) empty ampoule front view with Oz sensor spots shown, (b) empty ampoule
side view, (c) empty ampoule with inner carousel highlighted.

After the ribbons were placed in the carousel, the buffer solution was added until all the ribbons were
submerged. Approximately 45 ml of buffer solution was added to all ampoules of Design 1 and approximately
60 ml to ampoules of Design 2 (not shown). Five ampoules only containing the buffer solution were also
prepared and used as blank control samples.

Ampoules were irradiated with y-radiation from a %°Co source at the Harwell Irradiation Facility, Harwell,
Oxfordshire. Dosimetry measurements were taken to identify appropriate separation distances away from the
source to give dose rates ranging from 0.1 to 1,000 Gy hrl. A variety of different dose rates and exposure
durations were calculated to achieve total doses of 1 kGy, 10 kGy and 100 kGy. A matrix detailing all dose
rates, exposure durations and total doses is given in Table 2.
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Table 2. Matrix detailing combination of dose rates and exposure durations for all ampoules. Numbers 0, 1, 10 and 100 in bold denote total radiation dosage
received by ampoules containing carbon steel (CS), wrought copper (WC) or cold-sprayed copper (CSC) ribbons. Note. Where cold-sprayed copper (CSC) is
listed, cold-sprayed copper ribbons replaced two out of the six wrought copper ribbons in the same ampoule. Ampoules labelled with Ben had samples encased
in bentonite instead of the sodium bicarbonate buffer solution.

Exposure Dose Rate (Gy hr1)
Duration
(Hrs) 0.0 0.1 0.2 1 2 10 20 100 1,000
1 0 (CS, WC) 1(S)
1 (Blank
Solution)
10 0 (CSs, WC) 1(CS) 10 (CS)
100 0 (CS, WC, 1 (CS, WC, 10 (CS, WC, | 100 (CS)
CSC) CSC) CSC) 100 (Blank
Solution)
1,000 0 (CSs, WC, 1(CS, WC, 10 (CS, WC, 100 (CS, WC)
CSC) CSC) CSC)
0 Ben (CS
S 10 Ben (CS
5,000 0 (CS, WC) 1 (CS, WC, 10 (CS) 100 (CS)
CSC)
10,000 0 (CS, WC) 1 (CS, WC) 10 (CS, WC) 100 (CS, WC)
0 (Blank 1 (Blank 100 (Blank
Solution) Solution) Solution)




3.2.1.2 Disassembly and analysis of Jacobs tests

After the test samples had reached their target immersion durations and/or radiation doses, the test
ampoules were transferred to an argon-purged glovebox where they were photographed before being
dismantled. The pH of the buffer solution inside was recorded. Once removed from the buffer solution,
ribbons were individually rinsed in deionised water and methanol, then dried. The following observations
and analyses were subsequently carried out on the metal ribbons:

e Photography and visual inspection

e Mass loss measurements to determine the average anaerobic corrosion rate, in accordance
with ASTM G1-03 [ASTM, 2003]].

e SEM-EDX of surface of cross-section through corrosion product

e Raman spectroscopy

e X-ray photoelectron spectroscopy (XPS)

o Profilometry

3.2.1.3 UJV experimental set up

The simple bulk solution environments described above, were complemented by irradiation studies
carried out by UJV at dose rates of 10 to 100 Gy hr?, for exposure periods up to 18 months, giving a
total absorbed dose of up to 900 kGy. These experiments were conducted in compacted bentonite, with
different degrees of saturation, over a temperature range room temperature to 150°C. Carbon steel
corrosion coupons were used.

The degree of corrosion was investigated as a function of different dose rates, temperatures and
degrees of saturation. The experimental design consisted of carbon steel coupons embedded in two
types of bentonite (MX-80 bentonite and Bentonite Cerny Vrch, BCV) that were compacted and
saturated under anoxic conditions in stainless steel modules. These were then inserted into sealed
chambers using an anoxic glovebox, then irradiated using a %°Co radiation source and heated to a
temperature of 90°C or 150 °C for 6, 9, 12 or 18 months.

The applied dose rate (0.4 Gy hrt) was chosen based on the calculated radiation field to represent the
conditions that have been calculated to exist close to the fuel assemblies at the defined temperature
(Pospiskova et al., 2017). The modules were sealed to ensure that anoxic conditions were maintained
internally. Corresponding unirradiated control tests were set up to determine the influence of radiation
on corrosion.

Additional, complementary modules were designed and used to enable an estimation of microbial
survivability after exposure under the given conditions.

The test specimens were in the form of discs (10 mm diameter; 1 mm thick) composed of carbon steel,
grade S355J2H. They were cut from an outer casing tube of the type used for the Czech canister
concept and had a ground finish (46K grit). The initial masses were recorded to a resolution of 0.1 mg.

A synthetic granitic water (SGW3, Table 6) was used as the saturation medium in all experiments
conducted by UJV. The chemical composition of the water was calculated as representing waters that
are typical of the Rozna mine formation (the Bohemian Massif) layers located at 1,000 m to 1200 m
below the surface (Cervinka et al., 2018).

Table 6. Chemical composition of synthetic granitic water (Cervinka et al. 2018).

Concentration

(mg I)

SGW3 89.4 0.7 13 0.1 9.9 18.7 - 10.5 163.5
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The experimental matrix consisted of 23 cells, each containing compacted bentonite holding embedded
steel coupons. In accordance with the DGR concept (Pospiskova et al., 2017), the initial bentonite
moisture content was adjusted to 15%, for the cells heated to 150°C, and 20%, for the cells heated to
90°C. The dry density of the compacted bentonite was 1,600 kg m=3. In each corrosion cell, there were
12 carbon steel samples, divided into three layers, each of which contained four steel samples.

The cells were connected to capillaries and saturated under a pressure of 5 MPa for the whole loading
period. The synthetic granitic water was deaerated in the glovebox prior to use. All the experimental
cells were either loaded in an argon atmosphere in a glovebox or placed in steel vessels then filled with
argon prior to their welding. Nine cells were subjected to °Co irradiation at a surface dose rate of
~0.4 Gy hr! and nine other cells were heated without irradiation. The nominal test temperatures were
90°C or 150°C. The remaining five unirradiated reference cells were saturated under an argon
atmosphere in the glovebox and stored at ambient temperature (~21°C). A summary of the experimental
cell conditions for UJV’s programme is given in Table 3.
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Table 3. Summary of the experimental cells and loading conditions in the UJV experiments.

Bentonite w initial (%) = w final (%) Loading T (°C) Radiation
period (Gy.hrt)
(months)
1 BCV 15 21.14 6 150 0.4
2 BCV 15 21.28 6 150 -
3 BCV 15 25.06 9 150 0.4
4 BCV 15 21.96 9 150 -
5 BCV 15 20.54 12 150 0.4
6 BCV 15 9.29 12 150 -
7 BCV 15 22.61 18 150 0.4
8 BCV 15 22.33 18 150 -
9 MX-80 15 16.57 18 150 0.4
10 MX-80 15 20.00 18 150 -
11 MX-80 15 19.58 18 RT -
12 BCV 20 20.86 9 90 0.4
13 BCV 20 24.55 9 90 -
14 BCV 20 23.24 12 90 0.4
15 BCV 20 23.93 12 90 -
16 BCV 20 18.34 18 90 0.4
17 BCV 20 21.78 18 90 -
18 MX-80 20 20.57 18 90 0.4
19 MX-80 20 20.42 18 90 -
20 BCV 20 22.58 6 RT -
21 BCV 20 24.54 9 RT -
22 BCV 20 23.77 12 RT -
23 BCV 20 23.94 18 RT -

3.2.1.4 Disassembly and analysis of UJV tests

After the required exposure time of 6, 9, 12 or 18 months, the experiments were disassembled and the

test coupons were analysed using the following techniques:

ey

European Joint Programme
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Photography and visual inspection

Mass loss measurements to determine the average anaerobic corrosion rate, in accordance

with CSN EN 10210-1.

SEM-EDX of surface of cross-section through corrosion product
Raman spectroscopy

X-ray diffraction (XRD)
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e Profilometry

In addition, the bentonite removed from the test cells was analysed using the following techniques:
e X-ray fluorescence (XRF), to obtain the overall chemical composition of the bentonite.
e Spectrophotometric analysis of the total carbon content (Ctt) and the total sulphur content
(Stot), Using a naturally wet sample.
e Analysis of water leachate from bentonite dried at 105°C into pure water by AAS (atomic
absorption spectroscopy), capillary zone electrophoresis (CZE) and alkalimetric titration.
e SEM-EDX analysis using a low vacuum system.

3.2.2 Subtask 3.2: Irradiation under repository conditions

3.2.2.1 Subatech experimental set up

A series of irradiation corrosion experiments was set up by Subatech using coupons fabricated from
carbon steel grade P235GH, whose composition is given in Table 4. The coupons measuring
10 x 10 x 2 mm were polished to a 3 um diamond finish. The MX-80 bentonite used for the experiments
was pre-equilibrated with water vapour at the required relative humidity (63%, 76% or 99%) in a humidity
chamber using standard salt solutions to control the humidity. The dry density for the bentonite was
1.4gcm3to 1.6 g cm=. Each steel coupon was placed on top of the pellet with one side in contact with
the clay and the other side exposed to the atmosphere using the experimental arrangement shown in
Figure 4. Some coupons were tested without contact with the bentonite and were exposed to a humid
atmosphere, in which case the coupons were irradiated in the vertical position. The test cells had their
head spaces purged for 10 minutes with argon with the aim of producing anoxic conditions and then
sealed before they were put inside the irradiator.

The atmosphere in the gamma irradiation facility was purged with argon for a short period before the
irradiation started but the test environment was not expected to be fully anoxic. The corrosion tests
were exposed to gamma irradiation experiments using a GSM D1 Gamma ¥Cs (120 TBq;
Eg = 0.66MeV) source located in the Arronax Cyclotron facility (France) at a dose rate* of 400 Gy hr?
and at room temperature (25°C).

Table 4. Composition of the P235GH steel (wt%).

C Mn Si P S Cr Mo Ni Al Cu
<0.16 0.60- <0.35 | <0.025 | <0.015 | <0.30 <0.08 0.0 >0.02 <0.3
1.20
Nb Ti \% N

<0.02 <0.03 <0.02 | <0.012

4 This dose rate was chosen to exaggerate the effect of radiolysis on steel corrosion to allow as many experiments to be
conducted as possible.
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Steel+clay Steel
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Figure 4 Cell and samples setup (a) steel+clay, (b) steel alone.

3.2.2.2 Disassembly and analysis of Subatech tests

After exposure the samples were transferred to a glovebox for storage prior to analysis using a
combination of XRD, mass loss (using 15% HCI inhibited with 5g/L hexamethyltetramine as the
descaling agent), visual inspection, SEM-EDX and Raman spectroscopy. The gas composition in the
headspace of the test cells was analysed for hydrogen and oxygen using gas chromatography. It was
not possible to derive accurate corrosion rates from the measured hydrogen production rates due to
the complexity of the system and the possibility of their being other sources of hydrogen than corrosion.
The corrosion rate information was therefore derived from the mass loss measurements only.

3.2.2.3 Ciemat experimental set up

The studies conducted by CIEMAT focused on investigating the role of gamma radiation at the canister
/bentonite barrier. Two main sets of laboratory experiments were carried out:

1. Experiments to simulate the expected conditions at the canister / bentonite interface at the
early stage of a DGR (Phase 2 — see Section 2.2 for definition).

2. Experiments to analyse the evolution and impact of radiation on corrosion products previously
released at this interface.

In the first type of experiment, a natural bentonite was used to prepare compacted samples at different
dry densities (1.4 g cm=2and 1.6 g cm3), which were then pre-hydrated with porewater to give saturation
levels of 60% or 100%. To analyse the impact of accumulated y-dose on container corrosion at the
bentonite barrier, custom-built sealed cells were prepared containing thin copper or carbon steel
coupons placed on a surface of compacted bentonite.

The second type of experiment simulated the canister / bentonite surface where pre-existing oxides on
the steel or copper were placed in contact with the bentonite. Selected samples of bulk corrosion
products for copper and iron were irradiated and analysed to investigate the effect of radiation on them.
Compacted bentonite samples covered with a thin layer of magnetite were also irradiated under the
same conditions to analyse their behaviour.

Samples were prepared in triplicate to enable comparison of unirradiated conditions with y-radiation at
accumulated doses of 14 kGy and 140 kGy. These values were chosen as for the current NAGRA
repository design, 14 kGy of accumulated dose is within the range of y-radiation expected at the
canister/bentonite interface in the early stage of the repository. The accumulated dose of 140 kGy is
above the anticipated dose, but it was selected to give a factor of x10 higher radiation level, for
comparison purposes. After irradiation, the test samples were characterised to evaluate metal corrosion
rates, the identity of corrosion products and to characterise any changes induced in the bentonite.
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The material for fabricating the carbon steel coupons used for the experiments was provided by Jacobs;
it was cut from a prototype canister prepared for Nagra (Patel, 2012). The carbon steel discs were
1.9 cm in diameter with an average thickness of 1.5 mm. Copper samples were obtained from SKB in
the form of round bars of Cu-OFP, with the composition given in Table 5. Following manufacture, the
samples were cleaned and dried. The surfaces were used in their ‘as-machined’ condition (i.e. not
polished).

Table 5. Composition of Cu-OFP sample reference provided by SKB.

Trace elements (ppm)

Cu Ag Al As Bi Cd Co Cr | Fe H Mn Ni
99.99 15.075 | 0.09 |0.39 |0.72 |<03 |032 |02 [040 |04 |<0.11 | 058
% 5 5 5 8 5 7
(@] P Pb S Sb Se Si Sn Te | Zn Zr
1.9 583 | 166 |465 |127 |<06 |12 |0.87 |<2. <11 <0.090
5 5 5 6 7

The bulk corrosion products selected for testing, as being representative of the corrosion products that
will be formed on steel and copper, were as follows:

e CuO: Copper (Il) oxide nanopowder < 50 nm

e Cu20: Copper () oxide >99.99 % trace metal basis

e Fe20s: Fe(lll) oxide nanopowder <50 nm particle size

o Fes30a: Fe(ll, 1ll) oxide nanopowder 50-100 nm particle size (SEM), 97% trace metals basis
o a-Fe(ll)OOH: Goethite, laboratory prepared as described in (Missana et al. 2009).

The materials, which were obtained as commercial nano-powder oxide, were fully characterised before
and after irradiation to analyse their main characteristics, mainly oxide phase, particle size and surface
properties.

The bentonite used in the experiments was FEBEX bentonite from the Cortijo de Archidona deposit
(Almeria) (Huertas et al., 2000), which has a montmorillonite content greater than 90%, with quartz,
plagioclase, potassic feldspar, calcite and trydimite as accessory minerals and a cation exchange
capacity of 100 meq 100g* (42% Ca, 33% Mg, 23% Na and 2% K). Prior to compaction, the FEBEX
clay was ground and sieved to a fraction <0.5 mm. Raw FEBEX clay was used in these experiments
without any additional treatment or purification. Complete mineralogical, physical, chemical and
microbial characterisation of this clay was carried out before and after experiments.

The waters used to saturate the compacted bentonite samples were the respective FEBEX porewaters,
corresponding to each compaction density (1.4 and 1.6 g cm3). These synthetic waters were prepared
following the recipes proposed by Fernandez & Rivas, 2005 (see Table 6).

Table 6. Chemical composition (M) of synthetic porewaters respectively prepared for FEBEX bentonite
samples compacted at 1.4 (PW-1.4) and 1.6 g cm= (PW-1.6). Recipes from (Fernandez & Rivas, 2005).
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Reference KCI CaClz:2H,0 MgCl,-6H,O  NaxSO4 (M) NaCl NaHCO3 pH
Densit M M
) M) M) M) M)

PW-1.4 1.01-103 1.36-102 1.48-102 4.87-10? 5.79-103 1.10-1073 7.56

PW-1.6 1.09-103 1.50-102 1.66-102 4.59-10? 2.161072 1.01103 7.55

Reference powder samples of FEBEX bentonite and selected iron and copper oxides were separately
placed in high-density polyethylene (HDPE) tubes, without any additional preparation, to be subjected
to y-irradiation under the same conditions applied for samples simulating the canister / bentonite
interface. Copper and carbon steel discs were separately placed in polypropylene isotactic tubes with
5 ml of the required porewater simulant. Table 7 lists the 18 metal samples and their respective test

conditions.

Table 7. List of metal samples immersed in waters for irradiation. In these experiments there was no
bentonite, the conditions were oxic, the temperature was ambient and the samples were immersed in
5 ml of water and a polypropylene reaction vessel.

Radiation level

Reference

Test details

Metal

Water type

Unirradiated T3-19* Cu-OFP PW-1.4
T3-20* Cu-OFP PW-1.6
T3-21* carbon steel PW-1.4
T3-22* carbon steel PW-1.6
T3-23* Cu-OFP DW
T3-24* Cu-OFP DW

Gamma Irradiated 14 kGy T3-19 Cu-OFP PW-1.4

total dose

(dose rate 66 Gy hr) T3-20 Cu-OFP PW-1.6
T3-21 carbon steel PW-1.4
T3-22 carbon steel PW-1.6
T3-23 Cu-OFP DW
T3-24 Cu-OFP DW

Gamma Irradiated 140 kGy T3-33 Cu-OFP PW-1.4

total dose

(dose rate 697 Gy hr?) T3-34 Cu-OFP PW-1.6
T3-35 carbon steel PW-1.4
T3-36 carbon steel PW-1.6
T3-37 Cu-OFP DW
T3-38 Cu-OFP DW

* unirradiated

The pieces, materials and installation procedure of the closed cells designed for samples simulating
metal canister / bentonite interface at different experimental conditions are shown in Figure 5 and the
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details of the test conditions are summarised in Table 8. Porewater corresponding to the chosen density
of the bentonite was added to each compacted sample. In summary, a total of 16 separate samples
was set up with bentonite at two compaction densities (1.4 gcm= or 1.6 g cm=3), two degrees of
saturation (60% and 100%), with four experiments each with no metal (i.e. irradiated clay only), copper
coupons, carbon steel coupons and magnetite. Three gamma irradiation conditions were used: (1)
unirradiated (Table 9) (2) gamma-irradiated at 14 kGy with a dose of 66 Gy hr! (Table 10) and (3)
gamma- irradiated at 140 kGy with a dose of 697 Gy hr! (Table 11). Not all samples were irradiated at
higher doses. The metal samples were all irradiated in air. The samples were irradiated by sealing them
in a watertight metal container then placed in an irradiation pool facility containing 8°Co sources. After
irradiation, samples were put into a jar that was purged with nitrogen then transferred to the appropriate
analytical laboratory.

.(a)

Figure 5. Closed cell designed for samples simulating metal canister/bentonite interface: (a) PVC open
cylinder, (b) compacted bentonite sample. (c) bentonite inserted in the PVC ring, (d) copper metal disc
(e) copper disc placed on the surface of the clay tablet, (f) closed cell.
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Table 8. Dimensions and characteristics of compacted bentonite samples prepared at different
compaction densities, with different water saturation degree (w.c. in %).

Compacted bentonite samples 1.4 g/lcm? 1.4 g/lcm? 1.6 g/cm® 1.6 g/lcm?
w.c. 60 % w.c. 100 % w.c. 60 % w.c. 100
%
Radius (cm) 0.95 0.95 0.95 0.95
Thickness (cm) 1 1 1 1
Compaction density (g cm) 1.4 1.4 1.6 1.6
Clay initial humidity (%) 13 13 13 13
Weighed clay (9) 4.5 4.5 5.1 5.1
Clay specific weight (g/cm) 2.7 2.7 2.7 2.7
Desired saturation degree (%) 60 100 60 100
Necessary water for saturation (ml) 0.8 1.4 0.7 1.2
Initial water (humidity) (ml) 0.5 0.5 0.6 0.6
Added Porewater (ml) 0.3 0.9 0.1 0.6
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Table 9. Metal / FEBEX bentonite samples tested unirradiated under aerobic conditions at ambient
temperature in a closed cell, showing the sample reference, the type of metal coupon or oxide included,
the compaction dry density, the type of added water, the degree of saturation and the water volume

added.
T3-01* none 1.4 PW-1.4 60% 0.8
T3-02* none 1.4 PW-1.4 100% 1.4
T3-03* none 1.6 PW-1.6 60% 0.7
T3-04* none 1.6 PW-1.6 100% 1.2
T3-05* Cu 1.4 PW-1.4 60% 0.8
T3-06* Cu 1.4 PW-1.4 100% 1.4
T3-07* Cu 1.6 PW-1.6 60% 0.7
T3-08* Cu 1.6 PW-1.6 100% 1.2
T3-09* carbon steel 1.4 PW-1.4 60% 0.8
T3-10* carbon steel 1.4 PW-1.4 100% 1.4
T3-11* carbon steel 1.6 PW-1.6 60% 0.7
T3-12* carbon steel 1.6 PW-1.6 100% 1.2
T3-13* magnetite 1.4 PW-1.4 60% 0.8
T3-14* magnetite 1.4 PW-1.4 100% 1.4
T315* magnetite 1.6 PW-1.6 60% 0.7
T3-16* magnetite 1.4 PW-1.6 100% 1.2
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Table 10. Metal / FEBEX bentonite samples prepared for gamma irradiation at 14 kGy at a dose rate of
66 Gy hr-1 under aerobic conditions at ambient temperature in a closed cell, showing the sample
reference, the type of metal coupon or oxide included, the compaction dry density, the type of added
water, the degree of saturation and the water volume added.

T3-01 none 14 PW-1.4 60% 0.8
T3-02 none 1.4 PW-1.4 100% 1.4
T3-03 none 1.6 PW-1.6 60% 0.7
T3-04 none 1.6 PW-1.6 100% 1.2
T3-05 Cu-OFP 1.4 PW-1.4 60% 0.8
T3-06 Cu-OFP 1.4 PW-1.4 100% 1.4
T3-07 Cu-OFP 1.6 PW-1.6 60% 0.7
T3-08 Cu-OFP 1.6 PW-1.6 100% 1.2
T3-09 carbon steel 14 PW-1.4 60% 0.8
T3-10 carbon steel 14 PW-1.4 100% 14
T3-11 carbon steel 1.6 PW-1.6 60% 0.7
T3-12 carbon steel 1.6 PW-1.6 100% 1.2
T3-13 magnetite 1.4 PW-1.4 60% 0.8
T3-14 magnetite 1.4 PW-1.4 100% 1.4
T315 magnetite 1.6 PW-1.6 60% 0.7
T3-16 magnetite 1.4 PW-1.6 100% 1.2
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Table 11. Metal / FEBEX bentonite samples prepared for gamma irradiation at 140 kGy at a dose rate
of 697 Gy h--1 under aerobic conditions at ambient temperature in a closed cell, showing the sample
reference, the type of metal coupon or oxide included, the compaction dry density, the type of added
water, the degree of saturation and the water volume added.

T3-25 Cu-OFP 1.4 PW-1.4 60% 0.8
T3-26 Cu-OFP 1.4 PW-1.4 100% 1.4
T3-27 Cu-OFP 1.6 PW-1.6 60% 0.7
T3-28 Cu-OFP 1.6 PW-1.6 100% 1.2
T3-29 carbon steel 14 PW-1.4 60% 0.8
T3-30 carbon steel 14 PW-1.4 100% 14
T3-31 carbon steel 1.6 PW-1.6 60% 0.7
T3-32 carbon steel 1.6 PW-1.6 100% 1.2

3.2.2.4 Disassembly and analysis of Ciemat tests

Powder materials were analysed before and after irradiation to a total dose of 14 kGy or 140 kGy to
determine whether phase changes had occurred as a result of irradiation. For metals that were
immersed in selected waters the post-irradiation analysis concentrated on assessing the corrosion and
guantifying the concentration of dissolved copper or iron in the aqueous phase. For samples simulating
the canister / bentonite interface the analyses were focused on determining the corrosion rates by mass
loss, identifying the main corrosion products and characterising the neighbouring bentonite. The
techniques applied included to the metal samples and the bentonite:

e Corrosion rate from mass loss measurements

¢ Water analysis to determine the concentrations of iron and copper using ICO-OES

o X-ray diffraction (XRD)

e Fourier transform IR spectroscopy (FT-IR)

e SEM-EDX

¢ Raman spectroscopy

e Zeta potential measurements to analyse the impact of y-radiation on surface characteristics of
oxide and bentonite particles

e Point of zero charge, pHrzc by electrolyte titration

e Potentiometric acid-base titration.
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3.3 Progress against task description

The full set of results from this Subtask are given in Bevas et al. (2024). This section contains a
summary of the key results from the work performed in this task by Jacobs and UJV.

3.3.1  Subtask 3.1: Critical irradiation parameter

3.3.1.1 Results of Jacobs’ test programme

An outline of the spectroscopic analyses carried out on carbon steel and wrought copper samples is
detailed in Table 12 and Table 13, respectively. Note that only visual inspections were carried out on
cold-sprayed copper samples. Mass loss measurements were carried out on all carbon steel samples
and all wrought copper samples exposed for 10,000 hr.
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Table 12. Outline of the spectroscopic analysis carried out on carbon steel specimens presented in Bevas et al. (2024). The total dose received in each condition
is highlighted in bold. Note, X-SEM = cross-section SEM analysis.

Exposure Duration

Dose Rate (Gy hr1)

(hr)

1,000
1 kGy
X-SEM
14 1 kGy 10 kGy
X-SEM X-SEM
100 0 kGy 1 kGy 10 kGy 100 kGy
X-SEM X-SEM X-SEM X-SEM
SEM SEM SEM
Raman Raman Raman
XPS XPS XPS
1,000
5,000 0 kGy 1 kGy 10 kGy 100 kGy
X-SEM X-SEM X-SEM X-SEM
SEM SEM
Raman Raman
10,000




Table 13. Outline of the spectroscopic analysis carried out on wrought copper specimens presented in Bevas et al., 2024. The total dose received in each
condition is highlighted in bold. Note, X-SEM = cross-section SEM analysis.

Exposure Duration Dose Rate (Gy hr?)
(hr)
1
10
100 0 kGy 1 kGy
X-SEM X-SEM
SEM
Raman
XPS
1,000
5,000 0 kGy 1 kGy
X-SEM X-SEM
SEM
Raman
10,000




Copper corrosion rate measurements

The results of the corrosion rate measurements for copper derived from mass loss measurements are
shown in Figure 6. The corrosion rates for copper were determined from tests that were operated for
10,000 hours, from triplicate specimens (the results for the unirradiated control test were acquired from
guadruplet specimens).

Average corrosion rates are listed in Table 14. In unirradiated conditions the average corrosion rate
was just 0.02 um yr-1, which is consistent with the expectation that copper is largely immune to corrosion
in unirradiated, anoxic solution at slightly alkaline pH.

The average corrosion rate of irradiated samples exhibited a strong dose rate/total dose dependence
from 0.1 to 10 Gy hr! (1-100 kGy) as shown in Figure 6. Since the corrosion rates were only determined
from tests conducted for 10,000 hours, there is no indication of the trend in corrosion rate as a function
of time. From Figure 6, although the average corrosion rate exhibits a strong dose rate/total dose
dependence increasing from ~0.05 to 1.2 pum yr! from 0.1 to 10 Gy hr, this effect is sub-linear and
decreases at the higher dose rates/total doses.

Total dose (kGy)
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Figure 6. Copper average corrosion rate versus dose rate/total dose for tests operated for a duration of
10,000 hours. Error bars indicate the standard deviation between different specimens within the same
test.
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Table 14. Average corrosion rate of wrought copper exposed for 10,000 hr. Standard deviation of repeat
measurements in brackets.

Dose rate Average corrosion rate
(Gy hr) (um yr)

0 0.02 (0.02)

0.1 0.05 (<0.01)

1.0 0.27 (0.02)

10 1.17 (0.09)

Carbon steel corrosion rate measurements

Carbon steel corrosion rates were determined from triplicate specimens except for the results from the
unirradiated control test that was operated for 1 hour, and the test performed at a dose rate of
100 Gy hr? that was operated for 14 hours, which had duplicate specimens. In unirradiated conditions,
the magnitude of the thickness loss due to corrosion increased with time up to 5,000 hours, after which
no increase in thickness loss was observed (see dark red bars in Figure 7). From Figure 7, it can be
seen that a smaller average thickness loss was observed on unirradiated specimens (dark red bar) after
10,000 hours of exposure compared with 5,000 hours. In practice, this is probably due to experimental
error as there is no feasible way that the thickness loss could be lower after a longer duration. This
perspective is supported by the large error on the measurements made at 10,000 hours that indicate a
maximum thickness loss comparable to that observed after 5,000 hours. In most likelihood, these
results indicate a high attenuation in instantaneous corrosion rate with time that reduces to below the
uncertainty of measurement after 5,000 hours of exposure.

Thickness loss due to corrosion was converted into average corrosion rate as shown on a log scale in
Figure 9. In the absence of radiation, the corrosion rate decreases substantially with time, from an initial
average corrosion rate of ~180 um yr? in the first hour to less than 2 um yr! after 10,000 hours. The
attenuation in corrosion rate approximately exhibits a power law decay but a good fit of the data could
not be obtained for a simple decay equation of the form At® where t is time and A and B are constants.
A rapid attenuation in corrosion rate was also observed in tests exposed to gamma radiation, except
for results obtained at 1,000 Gy hr! between 14 and 100 hours of exposure, which indicated a possible
increase in corrosion rate. For durations of exposure between 1,000 and 10,000 hours, the relative rate
of attenuation in corrosion rate was similar between unirradiated samples and those irradiated at 1 and
10 Gy hr?, with slightly lower rates of attenuation observed with increasing dose rates. Nevertheless,
at 0, 1 and 10 Gy hr the increase in corrosion loss between 1,000 and 10,000 hours was less than 1
um (Figure 7) indicating an average corrosion rate in this period of < 1 mm yr?.

For tests performed for durations of 5,000 hours and longer, gamma radiation at dose rates greater
than or equal to 10 Gy hr? significantly increased the amount of corrosion that took place. Whilst it
appears that the average corrosion loss exhibits a monotonic dose rate dependence in the 10,000 hour
tests, this apparent trend is most likely attributable to random variation in the data. This is more evident
when comparing the data from the tests performed for 5,000 and 10,000 hours. Whilst the mean
corrosion loss at 1 Gy hr! is greater than at 0 and 0.1 Gy hr! after 10,000 hours of exposure, the
corrosion loss at 0 Gy hr'* measured after 5,000 hours exposure is greater than all the losses measured
at 10,000 hours with the exception of the test at 10 Gy hr. For tests performed for a duration of 1,000
hour, the corrosion loss was significantly greater at a dose rate of 100 Gy hr1; at 10 Gy hr! the mean
corrosion loss was greater than in the absence of radiation, but the difference was within the
repeatability of the measurements. Following 100 hours of exposure, a significant increase in corrosion
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rate was observed at 100 and 1,000 Gy hr! compared to the unirradiated control test. Whereas, at
shorter durations there is no clear trend in the data, which could be partly due to the very low corrosion
losses observed at short durations. Hence, we have placed a greater importance in the trends of the
mass loss data obtained from the longer duration tests. The average corrosion rate is plotted versus
dose rate as shown in Figure 10 for the full range of test conditions. The same data are shown over the
range of dose rates anticipated at the external surface of canisters in a GDF, see Figure 10.

mOGyhr

m0.1Gyhr!’

25 0.2 Gy hr™'
1 Gy hr’

W2 Gyhr!

m 10 Gy hr'

W20 Gy hr!

W 100 Gy hr™'

W 1000 Gy hr™'

1.5

Corrosion loss (um)

0.5

Duration (h)

Figure 7. Thickness loss of carbon steel due to corrosion shown for each test duration (from 1 hour to
10,000 hours) with dose rate increasing from left to right between 0 and 1,000 Gy hr-L. Error bars indicate
the standard deviation between different specimens within the same test.

One can also compare the increases in corrosion relative to unirradiated controls as a function of total
dose, as shown in Figure 8. Doing so for total dosages of 100 kGy showed dose rates of 10 Gy hr! and
above lead to a significant increase in corrosion loss compared to corresponding 0 Gy hr control
samples. This corrosion loss threshold increased to a dose rate of 100 Gy hr! when exposed to a total
dose of 10 kGy. The difference in corrosion loss between controls and irradiated samples of the same
dose rate increases with increasing total dose/exposure duration. The figure implies that the impact of
radiation is greater for higher total doses. However, it must be noted that this impact could be related
to the increased test duration, particularly since the corrosion rate is observed to show rapid attenuation
over time.

Compared with the amount of corrosion that takes place in unirradiated conditions the increase in
corrosion due to radiation was fairly modest, with the exception of the results measured at 100 Gy hr?
for 14 hours. Even at a comparatively high dose rate of 10 Gy hr! the average corrosion rate after
10,000 hours was only 2.2 um yrt, compared with an unirradiated rate over the same time period of
1.5 mm yri. Furthermore, the results indicate that the corrosion rate is expected to decrease further
over longer durations of exposure. In some tests a lower corrosion rate was observed in the presence
of radiation than in the corresponding control test. However, where this was observed the difference
between the corrosion losses from irradiated tests and the unirradiated control test were within the
range of repeatability of the measurement. The largest reduction in corrosion rate compared to the
unirradiated control was observed at 1 Gy hr! after 1,000 hour duration of exposure, but at the same
dose rate and a longer duration of 10,000 hours this apparent inhibiting effect was not observed,
indicating it was possibly due to random variation.
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Figure 8. Thickness loss of carbon steel due to corrosion shown for each total dose (from 1 kGy to
100 kGy) with dose rate increasing from left to right between 0 and 1,000 Gy hr. Error bars indicate
the standard deviation of irradiated samples between different specimens within the same test
condition. Dotted columns indicate corrosion loss of corresponding control sample (0 Gy hr1) at the
same duration. Note, these results are from tests operated for durations between 1 and 10,000 hours.
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Figure 9. Carbon steel average corrosion rate versus time for dose rates between 0 to 1,000 Gy hr?
expressed on a log scale. Error bars indicate the standard deviation between different specimens within
the same test.
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Figure 10. Carbon steel average corrosion rate expressed on a log scale versus dose rate for tests
operated for durations of 1 to 10,000 hours. Error bars indicate the standard deviation between different
specimens within the same test.
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Figure 11. Carbon steel average corrosion rate expressed on a log scale versus dose rate for tests
operated for durations of 1 to 10,000 hours. Data is repeated from Figure 10 but with the x-axis limited

to 25 Gy hr! to better display the trend at lower dose rates. Error bars indicate the standard deviation
between different specimens within the same test.

Post test analysis

A summary of the post-test visual appearance of the copper test coupons is given in Table 15 and
example photographs of the test specimens are given in Bevas et al. (2024). In unirradiated conditions
the coupons remained largely pristine for all test durations with only two exceptions. The first exception
was specimen WC4-1#2, tested for 1,000 hours, which had one dark spot on the edge of the coupon
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approximately 0.5 mm in diameter. The second exception was specimen WC6-1#5, which exhibited
patches of black corrosion product on the surface after 10,000 hours. In both cases, the duplicate
specimens that were also present in the test did not exhibit any visible corrosion products. Visual
assessment of the extent of corrosion product on the surface of irradiated specimens indicated that it
broadly correlated with the total dose received (i.e. it increased with both dose rate and duration of
exposure to a similar extent). However, individual repeat specimens within a single test tended to show
a wide variation in the extent of corrosion product present on the surface. Wrought and cold-sprayed
copper generally exhibited a similar amount of corrosion, with the only exception being the results
observed after 100 hours of testing at a dose rate of 10 Gy hr1, which showed the presence of black
patchy corrosion product on the two cold-sprayed copper coupons but not on the four wrought copper
coupons.

In general, the presence of radiation did not have a big impact on the visual appearance of the carbon
steel specimens. The appearance of corrosion product on the surface of the specimens appeared to be
dominated by the test duration, with all specimens exhibiting a complete coverage of black corrosion
product at durations exceeding 1,000 hours irrespective of the degree of radiation exposure. At shorter
durations the corrosion presented as either discontinuous patches of corrosion product or light
tarnishing. Additionally, the extent of corrosion appeared to increase with increasing dose rate/total
dose, but the effect was minimal.
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Table 15. Overview of the visual observation of copper specimens exposed to radiation dose rates between 0.1 and 100 Gy hr! for total doses of 1, 10 and
100 kGy.

Dose Rate Total dose (kGy)
(Gy hr)
1 10 100

0.1 Majority of specimen surface appears pristine,
some small black/brown corrosion product on
some specimens

0.2 Majority of specimen surface appears pristine,
some small black/brown corrosion product on
some specimens

1 Majority of specimen surface appears pristine, | Specimens covered in a significant fraction of

some small black/brown corrosion product on | black/brown corrosion product
some specimens

10 CSC coupons exhibiting small amount of | Specimens covered in a significant fraction of | Specimens  covered in  brown/black
black/brown corrosion, WC coupons appear | black/brown corrosion product corrosion product with small green sections
pristine on ends of samples

100 Specimens covered in a significant fraction of | Specimens covered in green corrosion

black corrosion product

product with some areas covered in
brown/black corrosion product




Surface SEM-EDX showed that none of the copper samples exhibited any evidence of corrosion
products in cross-section. A summary of observations made for carbon steel is shown in Table 16.

Table 16. Summary of results from cross-section SEM/EDX analysis spectroscopy analysis of carbon
steel samples analysed. The total dose received in each condition is highlighted in bold.

Exposure Dose Rate (Gy hr?)
Duration
(hr)
1 1 kGy
No
oxide
14 1kGy | 10kGy
No One
oxide. oxide
particle
observe
don
one
analysis
area.
100 0 kGy 1 kGy 10 kGy 100
~1um ~2um ~2um kGy
thick thick thick No
patchy patchy patchy oxide
oxide. oxide. oxide.
Carbon Carbon Carbon
found in found in found in
corrosio corrosio corrosio
n layer. n layer. n layer.
1,000
5,000 0 kGy 1 kGy 10 kGy 100
~6um ~6um ~6um kGy
thick thick thick ~6um
continuo continuo continuo thick
us oxide us oxide us oxide continuo
layer. layer. layer. us oxide
layer.
10,000
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Raman spectroscopy was conducted on two wrought copper samples, one exposed for 100 hr at a dose
rate of 10 Gy hr'1 and another for 5,000 hr at 0.2 Gy hr1. Both samples were exposed to a total dose of
1 kGy and Raman spectra of the 5,000 hr sample can be found in Bevas et al. (2024). The only
identifiable peaks on wrought copper corresponded to cuprite, Cu20.

For carbon steel Raman spectra were obtained for samples exposed for 100h to a dose rate of 10, 100,
and 1,000 Gy hr! (total doses of 1 kGy, 10 kGy, and 100 kGy respectively) in addition to 5,000h
exposure samples exposed to 0.2 and 2 Gy hr! (1 kGy and 10 kGy respectively). It was found that
siderite and goethite were present on all the samples analysed by Raman spectroscopy, but maghemite
was also observed on the sample tested at 1,000 Gy hr* for 100 hr.

The XPS analysis was focused on wrought copper and carbon steel samples exposed for 100 hr.
Wrought copper was only exposed to a dose rate of 10 Gy hr at this duration and a mixture of copper
metal and Cu20 were identified on the surface indicating a thin copper (I) oxide film on the surface in
the region of nanometres thick. A mixture of Fe(ll) and Fe(lll) oxidation state species were identified on
all carbon steel samples. FesO4 was identified as the likely source of Fe(ll) species however it could not
be determined whether Fe2O3 or Fe(O)OH was the main source of Fe(lll) species. Comparison of the
Fe(ll):Fe(ll) ratios found Fe(lll) species increased in proportion to Fe(ll) species at higher dose rates.

For copper, XPS analysis of wrought copper exposed for 100 hr at a dose rate of 10 Gy hr! (WC3-6)
was performed before and after depth profiling (DP). From analysis of the Cu XPS and peak shapes, it
was concluded that there was a thin layer of Cu20 on the copper substrate, only a few nm thick, which
may have been pre-existing. There was also a small component of sulphide on the surface.

Carbon steel samples exposed for 100 hr at 10 (CS3-6), 100 (CS3-8) and 1,000 (CS3-9) Gy hr! were
analysed with XPS including depth profiling. Table 17 shows the elemental composition of the samples’
surface before and after depth profiling. A mixture of FesO4 and either Fe2Os or Fe(O)OH were the
dominant components in the Fe2p spectra of samples exposed to 10 Gy hr! (CS3-6#5B) and
1,000 Gy hrt (CS3-9#4B). The Fe(lll):Fe(ll) ratios of 10 Gy hrt and 1,000 Gy hr! samples were 1.4 and
3.3 respectively, indicating proportionately more Fe(lll) species were formed at 1,000 Gy hr* compared
to 10 Gy hrt.
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Table 17. Surface composition for carbon steel specimens CS3-6#5B (100 hr exposure, 10 Gy hr! dose rate), CS3-8#4B (100 hr exposure, 100 Gy hr! dose
rate), and CS3-9#4B (100 hr exposure, 1,000 Gy hr! dose rate), pre- and post-depth profile (DP).

Sample Concentration at.%

C O] Fe Cu N Cl Mn Na S Ca Ni
cS3- Pre-DP 70.3 23.1 3.2 1.2 16 0.3 0.1 0.1 0.1 0.1 -
6#5B

Post-DP 19.2 47.0 31.6 0.3 0.1 - 0.6 0.7 0.1 0.3 0.1
cS3- Pre-DP 49.9 41.2 6.3 1.3 0.1 0.1 0.1 0.2 0.4 0.3 -
8#4B

Post-DP 8.3 54.0 35.4 0.7 - - 0.2 0.8 - 0.6 -
cS3- Pre-DP 56.0 32.1 5.6 3.6 11 - 0.3 - 1.0 0.1 0.1
9#4B

Post-DP 13.9 34.6 49.8 1.2 - - 0.4 - - 0.1 -




General overview

For copper, which is typically immune (or very close to immunity) to corrosion under anoxic conditions
due to its thermodynamic stability, the corrosion rate was significantly enhanced by gamma radiation
even at low dose rates. When comparing the corrosion rate under radiation to the values obtained in
unirradiated control tests (after 10,000 hr), gamma radiation led to an increase in corrosion rate from
around 2 to 60 times when the dose rate was increased from 0.1 to 10 Gy hrl. Considering the range
of dose rates anticipated for copper canisters of 0.2 to 0.8 Gy hrl in a GDF, the present data showed
that corrosion rate depends on dose rate®®4 in this range. However, it is anticipated that this dependence
could differ significantly when the buffer material is present and for different geometries (e.g. that of a
canister in a repository). When converted into an absolute rate, the increase in corrosion rate due to
radiation was approximately 0.03 to 1.15 um yr* for dose rates of 0.1 to 10 Gy hr. Based on the
relationship between dose rate and corrosion rate, if the corrosion rate in the presence of radiation does
not attenuate appreciably with time, then it is expected that for a given total dose, a greater amount of
RIC will occur if the dose is applied at a lower dose rate, within the range of dose rates investigated.

For carbon steel, an increase in the corrosion rate due to radiation could only be observed above a
dose rate of 10 Gy hr? in the current test configuration. There may be an effect at lower dose rates that
can’'t be resolved from the present data, owing to the higher corrosion rates and larger relative
uncertainty of the carbon steel corrosion rates compared to copper. At a dose rate of 10 Gy hr! and an
equivalent exposure duration, the increase in corrosion rate of carbon steel due to radiation was similar
to that observed for copper, 0.90 um yrtcompared to 1.15 um yr?, respectively. However, since carbon
steel exhibits a considerably higher corrosion rate in unirradiated conditions compared to copper, the
relative increase in corrosion rate due to radiation is much smaller, hence the lower enhancement factor
observed for carbon steel. A further consideration is that the corrosion rate of carbon steel exhibits a
high rate of attenuation that did not appear to occur for copper. The impact of longer exposure durations
(leading to substantially lower average corrosion rates) is that it severely hinders the ability to directly
compare the effect of applying the same dose at different dose rates on the corrosion rate.

Implications for accelerated testing

Testing the corrosion resistance of candidate canister materials in simulated repository environments
is a complex issue. Due to the inherently long design life of the various canister designs, testing either
has to be performed under realistic conditions for a duration that comprises a very small fraction of the
design life, or under accelerated conditions in an attempt to capture the impact of processes that act
over a longer timescale. A key facet of this is the impact of radiation on corrosion processes, hamely
the impact of radiation dose and dose rate. A strategy to attempt to simulate the influence of radiation-
induced corrosion is to irradiate test specimens to a total dose that is close to the dose that would be
received by a canister over its design life, but delivered at a greatly increased dose rate to enable the
total dose to be delivered over a practical timeline. This approach invites a number of critical questions
that must be answered in order to make use of these data when making corrosion assessments for
canister materials in a GDF, namely:

¢ Willaltering the dose rate at which a total dose is delivered alter the amount of radiation-induced
corrosion that takes place, and if so in what way?

¢ Willaltering the dose rate at which a total dose is delivered have an influence on other corrosion
processes (e.g. oxide formation, water reduction)?

Based on the experimental results obtained in the present study, it is clear that the influence of dose
rate on the magnitude of both the corrosion rate and the magnitude of the increase in corrosion rate
that occurs in the presence of radiation is sub-linear over the range of conditions investigated. A
minimum value of the dose rate at which an increase in corrosion rate was observed was 0.1 Gy hr?
for copper and 10 Gy hr? for steel, respectively. If we consider a system where the corrosion rate is at
a steady state, then there are several direct implications of this. Firstly, if the dose rate of interest is one
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in which no effect of radiation on corrosion is observed, or there is an inhibiting effect, then performing
a test at a higher dose rate that accelerates corrosion will produce an exaggeration in the extent of
radiation-induced corrosion, even if the dose rates are applied to the same total dose. Secondly, if the
dose rate of interest is at a level where an increase in corrosion is observed, then performing a test at
a higher dose rate will diminish the increase in corrosion than is observed under radiation for a fixed
dose. However, it should be noted that at dose rates higher than those studied here (i.e. 10 Gy hr for
copper), this trend may not hold due to other effects not considered (i.e. the influence of short-lived
highly oxidising radicals at the metal surface). For a system that is not at steady state, such as for
carbon steel, the situation is more complex and the influence of radiation on the rate of attenuation of
corrosion must also be considered. If radiation does not influence the rate of attenuation in corrosion,
then the above statements are also true for an unsteady system. However, if the presence of radiation
increases or decreases the rate of attenuation in corrosion rate, then it is impossible to determine what
the effect of accelerating the dose rate would be without detailed knowledge of how that influences the
subsequent change in corrosion rate and or the chemistry of the system. From the surface analysis
presented here, and elsewhere, there is evidence that the dose rate influences the chemistry of the
corrosion product, particularly for carbon steel. If the latter was true, since in this system the corrosion
resistance is partly derived by formation of a protective or semi-protective film, varying the dose rate
will impact the corrosion rate in a complex way.

3.3.1.2 Results of the UJV test programme

Corrosion rate measurements

The corrosion rates derived from mass loss measurements indicated small variations in corrosion rate
in the steel samples embedded in BCV (Bentonite Cerny Vrch) bentonite heated to 150°C and irradiated
for 6, 9, 12 and 18 months (10.1+2.0 to 12.3+2.1 um yr!) (Table 18). Unirradiated samples exhibited
the highest corrosion rate after 6 months of thermal loading (24.3+2.2 um yr-!) and the corrosion rate
decreased with loading time (13.3£1.6 to 18.0£1.9 um yr-1). The samples embedded in BCV bentonite
heated to 90 °C (both irradiated and unirradiated) exhibited the highest corrosion rates after 6 months’
exposure (14.9+1.7 to 17.4+4.1 umyr-1 (Figure 12). The lowest corrosion rates were observed in
samples stored at laboratory temperature without any irradiation (Figure 12).
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Table 18. Corrosion rates of steel samples. AVG — average, * L — confidence interval of the Student’s
distribution at the significance level o = 0.05.

Cell no. Bentonite Cell no. Bentonite

1 BCV 12.0 15 15 BCV 13.1 2.1
3 BCV 111 1.9 17 BCV 12.9 2.3
5 BCV 12.3 2.1 20 BCV 6.0 0.8
7 BCV 10.1 2.0 21 BCV 4.7 0.2
2 BCV 24.3 3.2 22 BCV 3.6 0.6
4 BCV 18.0 1.9 23 BCV 2.6 0.1
6 BCV 13.3 1.6 9 MX-80 17.2 0.3
8 BCV 175 1.1 10 MX-80 18.9 0.3
12 BCV 14.9 1.7 11 MX-80 2.2 0.1
14 BCV 11.7 1.8 18 MX-80 4.7 0.1
16 BCV 9.3 1.4 19 MX-80 4.5 0.7
13 BCV 17.4 4.1

Different corrosion rates were observed when steel samples were embedded in MX-80 bentonite
(Figure 13). The highest corrosion rates were observed when steel samples were embedded in MX-80
bentonite and heated to 150°C for 18 months (17.2+0.3 um yr? and 18.9+0.3 um yr! for irradiated and
unirradiated samples, respectively). The steel samples embedded at MX-80 bentonite heated to 90°C
for 18 months had lower corrosion rates (4.7£0.1 umyr? and 2.2+0.1 umyr?! for irradiated and
unirradiated cells, respectively), which are comparable to those of unheated samples (4.5 + 0.7 um yr-
1) (Figure 13).
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Figure 12. Corrosion rate of steel samples heated in BCV bentonite at 150°C (red — irradiated, dark
yellow — unirradiated), 90°C (blue — irradiated, green — unirradiated) and at laboratory temperature
(black). The exposure period is indicated by last 1-2 digits in the title of the samples (6, 9, 12 or 18).
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Figure 13. Corrosion rate of steel samples embedded in MX-80 bentonite heated to 150°C (red —
irradiated, dark yellow — unirradiated), 90°C (blue — irradiated, green — unirradiated) and at laboratory
temperature (black). The exposure period was 18 months.

The steel samples were embedded in bentonite in three layers in each cell and homogeneous saturation
was targeted. Fully saturated cells exhibited very low confidence intervals (e.g. 0.1 pm yr1) but some
cells (e.g. 2,3,15 and 17) exhibited higher corrosion rates in the two layers closest to the source of water
and the samples located in the third outermost layer experienced the lowest corrosion rates and the
largest confidence intervals. This behaviour is probably a reflection of the inhomogeneity of saturation.

Post test analysis

Light optical microscopy (LOM) analysis revealed the presence of surface depressions, which were
approximately 25 to 30 um deep and filled with corrosion products. The thickness of the corrosion layer
varied from 10 to 45 um and it was directly correlated with the exposure period. Irradiation and heating
at 150°C led to the formation of thinner corrosion layers, typically ranging from 10 to 20 um. A corrosion
layer of a similar thickness (5 to 20 um) was found in the unirradiated steel samples. More extensive
corrosion layers (20 to 45 pm thick) were observed in the steel samples heated to 90°C and were
unaffected by irradiation.

SEM-EDX analysis showed different compositions of corrosion products depending on the experimental
temperature. At 90°C layers of Fe-oxide (Fe-oxy-hydroxide) and carbonates mixed with minerals
originating in the bentonite were observed. On the other hand, the steel samples heated to 150°C
contained: a layer composed of Fe-Si-O(OH) and a layer of carbonates mixed with minerals coming
from bentonite. The formation of an Fe-Si-O(OH) layer was more obvious in samples heated to 150°C
and irradiated.

Profilometry confirmed the occurrence of surface corrosion of the steel samples embedded in the BCV
bentonite, based on the mean value and variation relative to the reference plane (Table 19). The mean
value of the BLANK sample (Table 19) reflects the roughness of the surface related to the steel
preparation and grinding prior to the experiment. Lower mean values of some steel samples (e.g., cells
no. 1 to 5) compared to the BLANK steel sample reflect limitations of the profilometry analysis as well
as surface smoothing due to corrosion (Table 19).
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Table 19. Deviation from the reference mean value and variance from reference point based on
profilometry.

Cell Side A ‘ Side B
no.
Mean value Standard Variation Mean value Standard Variation
(um) mean (Lm?) (um) mean (Lm?)
deviation deviation
(um) (Lm)
1 0.00 3.35 11.24 n.a. n.a. n.a.
3 0.00 3.72 13.85 -0.02 4.21 17.74
5 0.16 4.95 24.46 0.18 4.54 20.61
2 0.02 3.29 10.85 n.a. n.a. n.a.
4 -0.03 4.43 19.59 0.08 4.21 17.71
6 0.36 4,76 22.63 0.03 5.51 30.33
12 0.28 5.54 30.66 1.15 8.64 74.65
14 -2.00 9.71 94.3 -0.64 6.73 45.25
13 -1.35 11.08 122.72 -0.46 8.13 66.07
15 -2.39 10.59 112.23 -1.11 9.31 86.67
22 0.24 4.01 16.05 0.49 3.98 15.82
BLANK 0.27 3.76 14.15 0.04 2.19 4.8

Corrosion of the steel sample embedded in BCV bentonite at laboratory temperature exhibited minor
corrosion propagating along the initial surface inhomogeneities. Continuous corrosion was observed for
all steel samples heated to 150°C and 90°C. After 12 months corrosion completely affected the steel
surfaces. The most extensive corrosion occurred near the edges of the steel samples.

XRD analysis identified Magnetite and Fe-rich carbonates as the main corrosion products on steel
samples embedded in BCV bentonite that were heated to 90°C and 150°C. Chukanovite and siderite
were identified in all samples, confirming that anoxic conditions existed in the experiments. In all
analyses, iron and minerals coming from the bentonite (i.e. montmorillonite, illite, quartz and calcite)
were detected.

Bentonite characterisation

Analysis of BCV bentonite (Table 20) indicated an increased Fe203 content in all the samples and an
increased content of MnO in heated samples. The main source of both species is believed to be the
steel samples. The CaO content decreased rapidly after 6 months in all heated samples and returned
to its original values after 12 months of heating up at 150°C. A continuous decrease of CaO content
was observed in bentonite heated to 90°C. The MgO content decreased in all heated samples for the
whole exposure period. An increase in K20 content indicated possible smectite illitisation.

The chemical composition of water leachates of BCV_input bentonite and bentonite heated to 90°C and
150°C indicates prevailing Na-HCOs type (Table 21). The concentration is dependent on the solid-to-
liquid (s:I) ratio. A significant effect of both temperature and irradiation on the concentration of water
leachable species was observed.

Thermal loading at 150°C decreased the concentration of water leachable Na*, K* and Mg?* and slightly
increased the concentration of Ca?* and CI-. Only a minor effect was observed for SO4% in unirradiated
BCV bentonite. Thermal loading at 90°C decreased the concentration of water leachable Na* and Mg?*
and slightly increased the concentration of K*, Ca?*, Cl- and SO4+%. Only a minor effect was observed
on Mg?* and the concentration of HCOs  decreased in all heated samples. Irradiation was found to
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decrease the concentration of water leachable Na*, Ca?*, CI- and SO4%. No effect of irradiation was
observed on K*, Mg?* and HCOs.
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Table 20. Chemical composition of BCV bentonite heated to 150°C (150), 90°C (90) and at ambient temperature (RT), irradiated (IR) or unirradiated (NIR) (in
wt%). The data were recalculated to give 0.00 wt% of loss of ignition.

Bentonite BCV_IN BCV- BCV- BCV- BCV- BCV- BCV- BCV-90- BCV-90- BCV-90- BCV- BCV-
no. 150-IR-6  150-IR-9  150-IR- 150-NIR- | 150-NIR- | 150-NIR- IR-12 NIR-12 RT-NIR-  RT-NIR-

12 6 9 12
NaO 0.35 0.42 0.40 0.35 0.42 0.39 0.42 0.33 0.33 0.35 0.33 0.32 0.31 0.28
MgO 3.34 3.24 3.27 3.02 3.32 3.20 3.13 3.27 3.22 3.29 3.23 3.30 3.28 3.25
Al,O3 20.31 19.47 19.00 18.80 19.05 19.08 18.73 19.10 18.92 19.18 18.93 19.31 19.38 19.01
SiO; 54.44 55.13 54.99 54.34 54.64 54.54 54.19 54.22 54.42 54.09 54.47 54.60 54.91 54.82
P20s 0.56 0.58 0.56 0.62 0.57 0.58 0.60 0.54 0.58 0.55 0.57 0.54 0.54 0.59
SOs 0.04 0.07 0.06 0.08 0.06 0.06 0.12 0.07 0.09 0.08 0.10 0.07 0.07 0.08
K20 1.04 1.12 1.18 1.18 1.14 1.20 1.17 1.15 1.15 1.14 1.15 1.19 1.18 117
CaO 3.29 3.15 3.18 3.28 3.16 3.20 3.32 3.17 3.09 3.12 3.09 3.17 3.14 3.18
TiO; 2.92 2.64 2.71 3.02 2.61 2.86 3.00 2.96 3.03 3.07 2.94 2.93 2.83 3.05
V205 0.05 0.04 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr,03 0.07 0.08 0.08 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
MnO 0.21 0.23 0.22 0.24 0.24 0.25 0.26 0.23 0.23 0.22 0.23 0.20 0.20 0.26
Fez03 13.19 13.46 13.97 14.78 14.16 14.41 14.83 14.42 14.71 14.48 14.72 14.14 13.91 14.04
C0,03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NiO 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
BaO 0.08 0.23 0.24 0.05 0.31 0.00 0.00 0.13 0.00 0.19 0.00 0.00 0.00 0.04
Others 0.08 0.10 0.12 0.11 0.16 0.12 0.11 0.30 0.11 0.12 0.12 0.12 0.12 0.12




Bentonite
no.

Total

BCV_IN

100

100.

100

BCV-
150-IR-
12

100

100

100

BCV-
150-NIR-
12

100

BCV-90-
IR-9

100

100

100

100

100

100

100

LOI

15.95

23.50

20.70

8.02

20.20

18.70

10.30

19.20

9.37

19.20

9.66

18.70

19.50

9.51




Table 21. Concentration of water leachates in BCV_input and BCV heated to 150°C (150), 90°C (90),

ambient temperature (RT), irradiated (IR) and unirradiated (NIR).

ep 0

_

BCV_ inp | 25.18 1.41 0.13 0.06 0.03 1.73
ut 114.03 | 3.80 0.26 0.10 0.23 bdl 0.03 0.25 bdl 0.09 419

201.94 | 4.95 0.33 0.13 0.29 bdl 0.05 0.44 bdl 0.10 5.17
BCV150 | 23.82 151 0.12 0.04 0.03 bdl 0.04 0.09 bdl bdl 1.54
IR6 115.97 | 3.14 0.16 0.06 0.04 bdl 0.10 0.29 bdl bdl 2.81

209.18 | 4.09 0.20 0.10 0.05 bdl 0.16 0.45 bdl bdl 3.52
BCV150 | 23.55 1.56 0.12 0.05 0.02 bdl 0.04 0.11 bdl bdl 157
NIR® 113.39 | 3.36 0.18 0.08 0.03 bdl 0.12 0.28 bdl bdl 3.06

203.69 | 4.47 0.22 0.12 0.03 bdl 0.20 0.43 bdl bdl 3.93
BCV150 | 118.10 | 2.73 0.22 0.06 0.04 bdl 0.06 0.28 bdl bdl 2.56
:3Rgv1so 22.67 131 0.14 0.04 0.02 bdl 0.05 0.10 bdl bdl 1.32
NIR9 11322 | 2.64 0.19 0.07 0.02 bdl 0.11 0.27 bdl bdl 2.36

203.12 | 3.50 0.22 0.11 0.02 bdl 0.13 0.38 bdl bdl 3.09
BCV150 | 21.82 1.17 0.15 0.07 0.03 bdl 0.01 0.08 bdl bdl 1.36
IR12 109.75 | 2.76 0.22 0.11 0.04 bdl 0.03 0.21 bdl bdl 2.82

196.70 | 3.41 0.23 0.13 0.04 bdl 0.06 0.30 bdl bdl 331
BCV150 | 21.93 150 0.14 0.07 0.02 bdl 0.08 0.11 0.04 bdl 1.48
NIR12 109.47 | 3.46 0.21 0.10 0.03 bdl 0.07 0.28 bdl bdl 3.28

196.60 | 4.64 0.25 0.16 0.04 bdl 0.16 0.42 bdl bdl 430
BCV90l | 11754 | 3.20 0.29 0.11 0.21 bdl 0.11 0.31 bdl bdl 3.39
EgVQON 119.87 | 3.19 0.26 0.11 0.19 bdl 0.14 0.42 bdl bdl 3.06
:BR(?VQOI 22.81 1.29 0.20 0.08 0.13 bdl 0.02 0.09 bdl bdl 1.72
Ri2 107.29 | 3.16 0.25 0.11 0.19 bdl 0.13 0.29 bdl bdl 3.29

19458 | 4.05 0.38 0.15 0.27 bdl 0.19 0.45 bdl bl 4.16
BCVOON | 22.89 1.18 0.20 0.08 0.14 bdl 0.07 0.12 bdl bdl 153
IR12 108.48 | 3.04 0.33 0.11 0.21 bdl 0.18 0.33 bdl bdl 3.18

194.33 | 4.30 0.40 0.17 0.29 bdl 0.30 0.52 bdl bdl 427
BCVRT | 116.32 | 201 0.39 0.11 0.27 bdl 0.05 0.26 bdl bdl 3.49
gg\?m 22.77 1.19 0.25 0.10 0.22 bdl 0.04 0.11 bdl bdl 1.83
NIR9 11212 | 2.86 0.39 0.11 0.29 bdl 0.05 0.26 bdl bdl 351
BCVRT 22.03 111 0.28 0.12 0.24 bdl 0.02 0.10 bdl bdl 1.88
NIR12 107.87 | 3.03 0.49 0.16 0.37 bdl 0.01 0.19 bdl bdl 418

19491 | 4.26 0.53 0.20 0.50 bdl 0.02 0.28 bdl bdl 5.64

General Overview

Irradiation was found to decrease the corrosion rate of steel samples in BCV bentonite at both test
temperatures (150°C and 90°C), based on both mass loss measurements and profilometry analysis. A
similar trend was observed in MX-80 bentonite heated to 150°C. A very minor effect of irradiation on

steel corrosion was observed in MX-80 bentonite heated to 90°C.
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Fe-oxy-hydroxide and Fe-carbonates were identified on steel-BCV bentonite surfaces heated to 90°C.
An Fe-Si-O(OH) layer was found on samples heated to 150°C. Minimal effect of radiation on the
composition of corrosion products was found.

The thickness of the corrosion layer correlated well with the duration of the exposure period. More
extensive and thicker layers were identified on steel samples heated to 90°C and this cab attributed to
the higher degree of saturation and the higher water content of the bentonite, which can facilitate
formation of corrosion products. With regard to the BCV bentonite parameters, irradiation decreased
the content of CaO and MgO, and the concentration of water leachable Na*, Ca?*, CI- and SO4%. No
effect of irradiation was observed on water leachable K*, Mg?* and HCOs'.

Summary and conclusions of UJV testing

The steel samples embedded in the BCV bentonite heated to 150°C suffered a lower corrosion rate
when irradiated, compared to unirradiated. The thickness of the surface corrosion products identified
on irradiated samples heated to 150°C indicated an almost constant corrosion rate for the whole testing
period. Unirradiated samples heated to 150°C showed the highest corrosion rate after 6 months with a
decreasing corrosion rate after 18 months’ exposure. The decreasing corrosion rate observed in both
irradiated and unirradiated steel samples heated to 90°C correlated with an increasing exposure period.
Particularly low corrosion rates were found on steel samples embedded in water-saturated BCV
bentonite stored at laboratory temperature without irradiation. An inhibiting effect of irradiation on steel
corrosion was observed when the steel samples were embedded in MX-80 bentonite heated to 150°C.
Almost no effect was observed when the MX-80 bentonite was heated to 90°C.

Longer exposure periods led to the formation of a larger amount of corrosion products, which facilitated
their identification. Haematite and Fe-rich carbonates (chukanovite, Fe2(CO3)(OH)2 and siderite,
FeCOz) were identified in the corrosion layers on the steel surface. The thickness of the corrosion layer
varied, ranging from 10 to 45 um, and was directly correlated with the exposure period. Unirradiated
steel samples heated to 90°C developed corrosion product layers up to 45 um thick after 12 months. In
contrast, irradiation and heating at 150°C led to the formation of thinner corrosion layers, typically
ranging from 10 to 20 um thick. A corrosion layer composed of amorphous or poorly crystalline Fe-Si-
O was identified on the surface of steel heated at 150 °C. The origin of the Fe-Si-rich layers needs to
be confirmed by future research.

3.3.2 Subtask 3.2: Irradiation under repository conditions

3.3.2.1 Results of the Subatech test programme

Corrosion rate measurements and surface analysis

The detailed results from this task are presented in Sarrasin et al. (2024). Although measurements were
made of the amount of hydrogen generated in the test cells it was not possible to derive reliable
corrosion rate data form these experiments. However, corrosion rates were derived from mass loss
measurements and the results are summarised in Table 22 for the experiments with steel only and no
bentonite. The results from the reference sample experiments (i.e. without irradiation) are shown in
Table 23. The results of the steel corrosion experiments (i.e. without bentonite) under irradiation are
plotted in Figure 14.

The results of steel corrosion in contact with bentonite as a function of RH and time (and hence total
dose) are given in Table 24. The experiments were conducted between 7 and 39 days at room
temperature. The total dose was between 50 and 400 kGy. As with the experiments using steel alone,
it is noticeable that the highest corrosion rate was encountered for experiments at the lowest RH of
63%. Also, the corrosion rate decreased with increasing time for all the experiments (Figure 15 and
Figure 16). Figure 16 clearly shows that, as with the experiments using the steel alone, the corrosion
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rate at the lowest RH value of 63% was very high compared to experiments at the highest RH value
(i.e. 100%).

SEM analysis found a thick layer of corrosion product. For the experiments conducted at ambient
atmosphere without RH control, XRD analysis identified the major corrosion products as being
magnetite (Fes0a), siderite (FeCO3s), goethite (FeOOH) and akaganeite (beta B-Fe3*O(OH,Cl)), and to
a lesser extent chukanovite (Fe2(COz)(OH)2), under near saturation conditions (99%) together with
haematite. The XRD results for steel coupons in atmospheric conditions, and for steel In contact with
bentonite, are summarised in Table 25 and Table 26 respectively.

Table 22. Corrosion experiments of steel coupons without bentonite under different experimental
conditions (RH, time, and dose).

Relative Corrosion Error of
- Total Dose | Irradiation Corrosion Error in
Sample Humidity : rate
(%) (kGy) time (days) (um yr ) Rate Percentage
(um yrt)
L 19 50 7 24.2 2.3 10%
Ambient

F 46 100 10 23.2 2.3 10%
F 33 50 7 426.9 2.4 1%
F 40 100 10 290.9 4.0 1%

63
F 18 200 21 247.3 1.8 1%
F 23 400 39 232.5 0.5 0%
F 37 50 7 32.2 3.8 12%
F 42 6 100 10 35.0 3.8 11%

7
F 20 200 21 33.7 1.1 3%
F 72 400 39 16.2 0.6 4%
F 38 50 7 170.3 2.3 1%
F 45 99 100 10 14.1 2.3 16%
F 21 200 21 1.5 1.7 119%
F 74 400 36 10.6 0.7 6%
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Table 23. Reference corrosion experiments of steel.

F| o2 25 99 26 1.02 0.90 88%

450

400 - ¢ ® 63% RH
= ® 76% RH
= 3501 99; RH

[ ]

£ 300 - . °
[J] .
g 250 ° S
= 200 -
§ 150 - d
5 100 -
(©]

50 -

® [ 4 ®
0 ! L ’ L
0 1 2 3 4 5
Days

Figure 14. Corrosion rate of steel coupons, in the absence of bentonite and hydrated at 25°C and
different RH values as a function of time. In the presence of radiation at a dose rate of 400 Gy hr?.
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Table 24. Corrosion experiments of steel coupons in contact with bentonite under different experimental
conditions (RH, time, and dose).

Total Corrosion Error of
Relative Humidity Irradiation Corrosion Error in
Sample Dose | .. rate
(%) (KGy) time (days) (umiyear) Rate Percentage
y Hmiy (uml/year)
F 10 50 7 107.3 5.1 5%
F 1 100 12 129.0 3.1 2%
63
F 48 200 215 52.3 1.7 3%
F 31 400 39 29.5 0.9 3%
F 12 50 7 21.0 5.5 26%
F 58 100 14 59.0 2.7 5%
F 50 76 200 |[215 18.2 1.7 9%
F 27 400 39 6.4 0.9 8%
F 15 50 7 39.4 5.5 14%
F 60 100 14 58.0 2.7 11%
99
F 54 200 21.5 10.1 1.8 18%
F 29 400 39 28.0 1.0 2%
F 76 H20 (~100%) 200 21 2.6 17 67%
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Figure 15. Corrosion rate of steel coupons in contact with bentonite hydrated at 25°C and different RH
as a function of time.
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Figure 16. Corrosion rate of steel coupons in contact with bentonite hydrated at 25°C for 21 days and

different RH.
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Table 25. Corrosion products formed in experiments with steel coupons under different experimental
conditions (RH, time, and dose).

Phases
M: Major phase (> 5%)
m: minor phase (< 5%)

tr: trace (<1%)

Sample | Relative Humidity (%) | Total Dose (kGy)

L| 19 Ambient 50 Undetected
F | 46 Ambient 100 Undetected
Siderite 12.9% (M), Goethite: 7.1% (M),
m & — Magnetite: 8.4% (M), Iron: 71.6% (M)
Akaganeite: 13.1% (M), Goethite: 19.1%
(M), Fougerite: 10.8 (M), Magnetite: 12.9%
F| 40 63 100 (M), Siderite: 6.7% (M), Ferrihydrite:
24.8% (M), Fe0.8Mn0.2 4.6% (m), Iron:
8.1% (M)
Goethite: 12.6% (M), Siderite: 15.5% (M),
F| 18 63 200 CSi: 49.3% (M), Ferohyxyte: 16.2% (M),

Iron: 6.4% (M)

Goethite: 14.1% (M), Siderite: 16.6% (M),
F| 23 63 400 Magnetite: 8.4% (M), CSi: 54% (M),
Fe0.8Mn0.2: 5.2% (M), Iron: 1.7% (m)

Akaganeite: 5.7% (M), Goethite: 2.4% (m),

N 73 3 Magnetite: 1.3% (m), Iron: 90.6% (M)
Goethite: 4.7% (m), Magnetite: 6.8% (M),
Pl 42 76 100 Siderite: 8.1% (M), Iron: 80.3% (M)
Akaganeite: 17.4% (M), Calcite: 3.7 (m),
Al 0o AN Iron: 78.9% (M)
Goethite: 16.9% (M), Magnetite: 3.1% (m),
B 0o Gl Iron: 79.9% (M)
F| 38 99 50 Not detected any phases
Akaganeite: 1.5% (m), Siderite: 1.1% (m),
m| o o — Iron: 97.4%
Goethite: 1.6% (m), Hematite: 0.4 (tr), Iron:
F| 21 99 200 97.9% (M)
Chukanovite: 6.8% (M), Magnetite: 1.3%
F| 74 99 400 (m), Siderite: 0.9% (tr), Goethite: 2.1%

(m), Iron: 88.9% (M)

Table 26. Corrosion products formed in experiments with steel coupons in contact with bentonite
under different experimental conditions (RH, time, and dose).

- - EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report
e U Dissemination level: Public

B |
European Joint Programme

on Radioactive Waste Management Date of issue of this report: 31/05/2024 Page 54




Sample

Relative
Humidity (%)

Total
Dose

(kGy)

Phases
M: Major phase (> 5%)
m: minor phase (< 5%)
tr: trace (<1%)
Atm: atmospheric side

Clay: side in contact with bentonite

63

50

Atm: Magnetite: 4.8% (m), Siderite: 3.0% (m), Calcite: 23.1% (M),
Xifengite?: 2.2% (m), Iron: 66.9% (M)

Clay: Magnetite: 0.5% (tr), Calcite: 0.4% (tr), Montmorillonite: 1.3%
(m), Iron: 97.7% (M)

63

100

Atm: Goethite: 12.3% (M), Siderite: 11% (M), Magnetite: 7.2% (M)

Clay: Goethite: 1.2% (m), Magnetite: 0.4% (tr), Calcite: 0.6% (tr),
Montmorillonite: 1.8% (m), knife: 29.2% (M), Iron: 66.9% (M)

63

100

Atm: Siderite: 5.8% (M), Magnetite: 5.4% (M), Xifengite?: 5.6% (M),
Lepidocrocite: 5.1% (M), CSi: 34.3% (M), Ringwoodite?: 6.2% (M),
Iron: 37.5% (M)

Clay: Magnetite: 1.1% (m), Montmorillonite: 2.7% (m), Magnesium
Calcite: 31% (M), Iron: 65.2% (M)

63

200

Atm: Magnetite: 1.4% (m), Iron: 98.6% (M)

Clay: Magnetite: 1.2% (m), Magnesium Calcite: 6.2% (M),
Montmorillonite: 2.2% (m), Fe0.5Mg1.505: 2.3% (m), Iron: 88.1%
(M)

63

400

Atm: Calcite: 7.2% (M), Goethite: 16% (M), Siderite: 34.8% (M),
Akaganeite: 13.7% (M), Xifengite?: 4.5% (m), Iron: 23.8% (M)

Clay: Calcite: 2.4% (m), Iron: 97.6%

76

50

Atm: Magnetite: 0.7% (tr), Akaganeite: 2.3% (m), Magnesium
Calcite: 4.7% (m), Iron: 92.3% (M)

Clay: Almost nothing detected, Magnetite: 0.4% (tr), Iron: 99.6%
(M)

76

100

Clay: Magnetite: 0.5% (tr), Calcite: 1.9% (m), Iron: 97.6% (M)

76

100

Atm: Siderite: 8.6% (M), Magnesium Calcite: 30.2% (M),
Akaganeite: 8.7% (M), Montmorillonite: 1.4% (m), Iron: 51.1% (M)

Clay: Akaganeite: 6.8% (M), Calcite: 1.5% (m), Magnetite: 1.4%
(m), Akermanite: 9.2% (M), Pigeonite: 3.6% (m), Siderite: 2.8% (m),
Iron:74.8% (M)

76

200

Atm: Goethite: 3.3% (m), Calcite: 11.1% (M), Akaganeite: 6.2% (M),
Magnetite: 1.5% (m), Siderite: 0.8% (tr), Cronstedtite: 3.2% (m)
Iron: 73.9% (M)

Clay: Siderite: 3.7% (m), Akaganeite: 6.7% (M), Calcite: 0.9% (tr),
Montmorillonite: 2.1% (m), Iron: 86.5% (M)
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Sample

Relative
Humidity (%)

Total
Dose

(kGy)

Phases
M: Major phase (> 5%)
m: minor phase (< 5%)
tr: trace (<1%)
Atm: atmospheric side

Clay: side in contact with bentonite

76

400

Atm: Goethite: 5.4%, Calcite: 1.4% (m), Iron: 93.2% (M)

Clay: Siderite: 2.2% (m), Goethite: 0.8% (tr), Akaganeite: 2% (m),
Magnesium Calcite: 3.2% (m), Montmorillonite: 2% (m), Iron: 89.8%

(M)

76

400

Atm: Goethite: 6.6% (M), Iron: 93.4%
Clay: Nothing detected, unidentified peak at 31.518 (very small)

99

50

Atm: Goethite: 2% (m), Iron: 98% (M)

Clay: Goethite: 1.1% (m), Calcite: 1.6% (m), Montmorillonite: 1.1%
(m), lron: 95.1% (M)

99

100

Clay: Goethite: 3.2% (m), Calcite: 1.3% (m), Montmorillonite: 1.4%
(m), Iron: 94.1%

99

100

Clay: Goethite: 7.6% (M), Calcite: 2.1% (m), Montmorillonite: 1.7%
(m), Iron: 88.7% (M)

99

100

Atm: Goethite: 1.3% (m), Akaganeite: 3.1% (m), Lepidocrocite:
0.6% (tr), Montmorillonite: 3.1% (m), Calcite: 1.7% (m), Linzhiite?:
0.9% (tr), Chukanovite: 3.6% (m), lron: 85.8% (M)

Clay: Siderite: 5.2% (M), Akaganeite: 3.7% (m), Goethite: 1.1% (m),
Magnesium Calcite: 1.6% (m), Lepidocrocite: 1% (tr), Chukanovite:
3.6% (m), Linzhiite?: 0.8% (tr), Iron: 78.2% (M)

99

200

Atm: Siderite: 1.6% (m), Hematite: 0.5% (tr), Ulvospinel: 0.8% (tr),
Linzhiite: 0.5% (tr), Iron: 96.7% (M)

Clay: Magnesium Calcite: 3.4% (m), Siderite: 11.4% (M),
Lepidocrocite: 0.6% (tr), Goethite: 0.8% (tr), Chukanovite: 3.6% (m),
Linzhiite?: 1% (m), Iron: 72.1% (M)

99

400

Atm: Goethite: 1.1%, Siderite: 6.5% (M), Lepidocrocite: 1.4% (m),
Chukanovite: 8.6% (M), Magnetite: 0.5% (tr), Magnesium Calcite:
2.1% (m), lron: 79.8% (M)

Clay: Siderite: 14.5% (M), Linzhiite: 1.2% (m), Calcite: 5.3% (M),
Magnetite: 1.0% (tr), Lepidocrocite: 1.5% (m), Akaganeite: 3.3%
(m), Iron: 73.2% (M)

99

400

Atm: Siderite: 10.7% (M), Goethite: 5.0% (M), Lepidocrocite: 2%
(m), Magnetite: 2.8% (m), Iron: 79.4%

Clay: Siderite: 11.1% (M), Goethite: 4.5% (m), Calcite: 4.3% (m),
Iron: 80.1% (M)

99

400

Atm: Goethite: 1.5% (m), Calcite: 5.8% (M), Iron: 92.7%

Clay: Magnetite: 1.1% (m), Calcite: 6.2% (M), Siderite: 6.5% (M),
Montmorillonite: 2.8% (m), Quartz: 2.2% (m), Iron: 81.2 % (M)
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Phases
M: Major phase (> 5%)

Relative Total m: minor phase (< 5%)

Sample - Dose
Humidity (%) (kGy) tr: trace (<1%)
Atm: atmospheric side
Clay: side in contact with bentonite
Atm: Siderite: 2.4% (m), Montmorillonite: 1.4% (m), Ferrihydrite:
1.1% (m), Linzhiite: 0.8% (tr), Birnessite: 0.8% (tr), Iron: 93.4% (M)

F | 76 | H20 (~100%) | 200 Clay: Calcite: 3% (m), Siderite: 1.4% (m), Goethite: 0.6% (tr),

C6C00.7Fe0.3KN6Ni: 1.0% (tr), Montmorillonite: 2% (m), Iron:

92.1% (M)

Discussions and conclusions from Subatech test programme

Radiolysis of water leads to the formation of a number of oxidising species, such as OH* radicals or
H202 molecules, which can lead to iron oxidation to Fe?* and further to Fe3*. Hence, even under
deaerated conditions Fe3*-based corrosion products (e.g. goethite) were frequently identified on the
steel corroded at 63%, 76% and 99% RH. An important result to highlight is that the highest corrosion
rate was obtained at the lowest RH value of 63%. This can be explained by the enhanced release of H>
from the very thin layer of water at the steel (solid) interface, about 2-3 layers of H20 as indicated by
Ebert et al. (1991). Hydrogen fast release inhibits the reaction of its recombination with OH" radicals as
shown in the following equation:

2H2 + 20H + O2 - 2H20 + H202

The inhibition of the reaction consuming OH" radicals ensures that they remain available for interaction
with the steel surface and the formation of magnetite FesOa (containing Fe?*), and ultimately goethite
FeOOH (containing Fe®*). This hypothesis is supported by the results of the H2 production
measurements as a function of RH. In fact, the highest production rate of H2 was observed in the
experiments with the lowest humidity 63%, and decreased with increasing RH from 63% to 76% and
then to 99%.

3.3.2.2 Results from Ciemat Test programme

Irradiated powder materials

The XRD patterns measured on unirradiated samples confirmed the phase of all selected oxides: CuO,
Cu20, Fe203, Fes04 and a-FeOOH. After irradiation at 66 Gy hr! to give a cumulative dose of 14 kGy,
the oxide structure of all analysed Cu(l), Cu(ll), Fe(ll) and Fe(lll) materials was unaltered by radiation.
This result was also confirmed by FT-IR and Raman spectroscopies.

Measurements of zeta potential, the point of zero charge and potentiometric titrations found some
differences in the zeta potentials on the oxides irradiated to 14 kGy at 66 Gy hr! and to 140 kGy at
697 Gy hrt), which may affect the ability of irradiated oxides to retain different radionuclides, but this
aspect requires further research.

As for the irradiated powder oxides, XRD analysis, FTIR analysis and zeta potential measurements of
irradiated bentonite did not detect any change in the bentonite mineralogy. This indicates that the
FEBEX bentonite is very stable at the y-radiation doses applied.

Metal corrosion in different bentonite porewaters
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Table 27 shows the results of corrosion rates determined from mass loss measurements after cleaning
the specimens, after 12 days of experiment. The corrosion rates were much higher for the carbon steel
than the Cu-OFP. Cu-OFP experienced greater alteration when irradiated compared to unirradiated,
but the difference between samples irradiated to 14 kGy and 140 kGy were small, despite the 10x
higher dose, suggesting an inhibiting effect at higher radiation dose. After cleaning most of the copper
discs regained their initial appearance, indicating little corrosion damage.

In the absence of radiation, the corrosion rate of Cu-OFP was around ~3 um yr, but after y-irradiation
exposure to 14 kGy and 140 kGy, the corrosion rates were ~49 and 25 um yr?, respectively. This
substantial increase in corrosion rate in the presence of radiation is consistent with the general
observations reported in the tests performed by Jacobs (Bevas et al, 2024, Section 3.3.1).

Most of the carbon steel discs were covered by an orange layer, which is attributed to a mixture of
Fe(lll) oxides, mainly haematite. After cleaning, the surface of the carbon steel discs was still damaged
by corrosion. The corrosion rates of carbon steel immersed in porewater were higher in the PW-1.6,
which had a higher NaCl content (Table 17). Unirradiated sample corrosion rates were lower than
irradiated, but similar corrosion rates were measured for carbon steel immersed in porewaters after
gamma-irradiation exposure to 14 and 140 kGy.
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Table 27. Corrosion rate determined for Cu-OFP and carbon steel discs, immersed in 5 ml of various bentonite porewaters and deionised water. Samples were
unirradiated, or irradiated to a dose of 14 kGy or 140 kGy. Corrosion rates were derived from mass loss measurements after 12 days’ exposure.

Unirradiated T3-19* Cu-OFP PW1.4 0.0003 + 0.0003 0.109 3.3
T3-20* Cu-OFP PW1.6 0.0003 + 0.0003 0.103 3.1
T3-23* Cu-OFP DW 0.0005 + 0.0001 0.174 5.3

T3-21* carbon steel PW1.4 0.0112 + 0.0001 4.858 147.8

T3-22* carbon steel PW1.6 0.0247 + 0.0002 10.714 325.9

T3-24* C-Steel DW 0.0137 = 0.0002 5.943 180.8

14 kGy T3-19 Cu-OFP PW1.4 0.0040 = 0.0013 1.52 46.2
(Gdsoé?, rhartj_' T3-20 Cu-OFP PW1.6 0.0045 = 0.0003 1.71 51.9
T3-23 Cu-OFP DW 0.0000 + 0.0002 0.00 0.0

T3-21 carbon steel PW1.4 0.0176 + 0.0005 7.63 232.2

T3-22 carbon steel PW1.6 0.0262 + 0.0004 11.36 345.7

T3-24 C-Steel DW 0.0137 + 0.0003 5.94 180.8

140 kGy T3-33 Cu-OFP PW1.4 0.0017 = 0.0005 0.64 19.6

(dose rate

697 Gy hr?) T3-34 Cu-OFP PW1.6 0.0026 = 0.0006 0.99 30.0
T3-37 Cu-OFP DW 0.0006 = 0.0003 0.23 6.9

T3-35 carbon steel PW1.4 0.0237 = 0.0001 10.81 328.7

T3-36 carbon steel PW1.6 0.0224 + 0.0004 9.72 295.5

T3-38 C-Steel DW 0.0203 + 0.0003 8.81 267.8




The copper and iron concentrations measured in solution (unfiltered) after the different irradiation
experiments are shown in Figure 17. The concentration of copper in solution was low in all cases and
lower than that of iron, in agreement with the higher corrosion rates measured for carbon steel. In both
cases, higher iron and copper values were measured in solutions exposed to higher radiation doses,
but measured concentration values in solution were lower than the values expected on the basis of
mass loss measurements, which indicates that most of the oxidised copper or iron was precipitated. It
is also noteworthy that the iron and copper concentrations measured in solution after filtering the
samples with a 0.2 um filter were very low (>30 ppm in the case of Fe), which indicates that most of the
Fe present in solution was in particulate form.
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Figure 17. Metal concentrations measured in unfiltered solution after metal disc immersion in 5 ml of
different bentonite porewaters PW1.4 and PW1.6 and in deionised water (DW) irradiated at different
conditions (0, 14 kGy and 140 kGy). (a) Cu in solution in mg/l (Cu-OFP experiments) and (b) Fe in
solution in mg I'* (carbon steel experiments).

r - EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report
eu Dissemination level: Public

]
European Joint Programme
on Radioactive Waste Management

Date of issue of this report: 31/05/2024

Page 60



Magnetite / bentonite samples

XRD analysis of the closed cells containing a thin surface layer (1-2 mm) of magnetite (FesOas) over
compacted bentonite showed that irradiation did not cause any appreciable differences in the
unirradiated magnetite (Mag) or the magnetite / bentonite interface.

Metal canister /bentonite samples

The corrosion rates obtained by mass loss measurements are collected in Table 28. Once again, the
corrosion of Cu-OFP specimens was very limited compared to that of carbon steel samples. The highest
corrosion rates were measured for carbon steel discs in contact with bentonite at lower compaction
density (1.4 g cm3) and with the highest degree of water saturation. This indicates that the high salinity
of the porewater is the main corrosive agent in the system. In fact, higher corrosion rates were even
measured on the samples directly immersed in the porewater (Table 24). Higher corrosion rates were
measured on irradiated carbon steel samples, compared to unirradiated ones, but no differences were
measured between the two irradiation doses investigated (14 kGy and 140 kGy).

SEM, FTIR and Raman spectroscopy studies were carried out on both metal samples (uncleaned) and
on the bentonite contact surface to identify the alteration products. It was found that very little corrosion
product had developed on the Cu-OFP disc surfaces, but the main corrosion products were identified
as Cu(ll) oxides.

SEM examination of a carbon steel disc (T3-10), which corresponds to a sample contacted by
compacted bentonite at 1.4 g cm= and 100% water content, irradiated at 14 kGy showed a mixture of
Fe-rich phases and bentonite minerals, as well as precipitated salts. EDX analyses indicated the
presence of Fe-Cl phases, Ca-Fe phases, as well as Fe oxides, mixed with residual bentonite particles
(suggested by the presence of Si, Al, Mg and Ca).

The nature of alteration products was very similar on all carbon steel coupons in contact with compacted
bentonite under different conditions. The main Fe-rich phases identified by Raman spectroscopy where
haematite, goethite and ferrihydrite.
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Table 28. Corrosion rates determined for Cu-OFP and carbon steel discs in contact with compacted bentonite at two different compaction densities with two
degrees of saturation (w.c. %). Triplicate samples were unirradiated, irradiated at 14 kGy and irradiated at 140 kGy. Corrosion rates were based on mass loss
measurements after 12 days’ exposure.

Unirradiated T3-05* Cu-OFP 14 60% 0.0019 0.721 21.9
0.0003
T3-06* Cu-OFP 14 100 % 0.0006 + 0.228 6.9
0.0001
T3-07* Cu-OFP 1.6 60% 0.0001 £ 0.038 12
0.0002
T3-08* Cu-OFP 1.6 100 % 0.0000 + 0.000 0.0
0.0004
T3-09* carbon steel 14 60% 0.0071 3.080 93.7
0.0003
T3-10* carbon steel 1.4 100 % 0.0132 + 5.726 174.2
0.0004
T3-11* carbon steel 1.6 60% 0.0061 + 2.646 80.5
0.0005
T3-12* carbon steel 1.6 100 % 0.0111 £ 4.815 146.4
0.0006
y-irradiated T3-05 Cu-OFP 14 60% 0.0004 + 0.15 4.4
dose: 14 kGy 0.0007
dose rate: 66 Gy hr?
T3-06 Cu-OFP 14 100 % 0.0004 + 0.14 4.4
0.0002




T3-07 Cu-OFP 1.6 60% 0.0004 + 0.15 4.5
0.0001
T3-08 Cu-OFP 1.6 100 % 0.0004 + 0.14 4.1
0.0004
T3-09.1 carbon steel 1.4 60% 0.0078 3.38 102.9
0.0006
T3-10.1 carbon steel 1.4 100 % 0.0145 + 6.29 191.3
0.0002
T3-11.1 carbon steel 1.6 60% 0.0094 + 4.08 124.0
0.0003
T3-12.1 carbon steel 1.6 100 % 0.0145 + 6.29 191.3
0.0001
T3-25 Cu-OFP 1.4 60% 0.0000 + 0.00 0.0
. . 0.0003
y-irradiated
dose: 140 kGy
d te: 697 Gv hrt T3-26 Cu-OFP 1.4 100 % 0.0002 + 0.08 2.3
ose rate y hr 0.0006
T3-27 Cu-OFP 1.6 60% 0.0000 + 0.00 0.0
0.0006
T3-28 Cu-OFP 1.6 100 % 0.0000 + 0.00 0.0
0.0007
T3-29 carbon steel 1.4 60% 0.0084 + 3.64 110.8
0.0005




T3-30 carbon steel 1.4 100 % 0.0151 + 6.55 199.2
0.0002

T3-31 carbon steel 1.6 60% 0.0077 + 3.34 101.6
0.0007

T3-32 carbon steel 1.6 100 % 0.0116 + 5.03 153.0
0.0005




Irradiated compacted bentonite samples (no metal)

Finally, the state of the compacted bentonite samples without metal present after y-irradiation (14 kGy
or 140 kGy total dose was analysed by XRD and FTIR. No changes in bentonite mineralogy or structure
were detected.

Summary and conclusions of the CIEMAT test programme

The experiments carried out by CIEMAT were designed to simulate the conditions at the
canister / bentonite interface during the early stage of repository evolution in which the bentonite is not
fully water saturated, the y-irradiation accumulated dose is ~14 kGy and conditions are still oxic (i.e.
Phase 2: Aerobic unsaturated phase). The experiments were short-term (~12 days) and considered two
main cases:

(I) Copper and carbon steel coupons immersed in synthetic representative bentonite porewaters, and

(2) Copper and carbon steel coupons in compacted bentonite at two densities (1.4 g cm=2 and
1.6 g cm3), hydrated with the corresponding synthetic porewater at two water saturation levels (w.c.
60% or 100 %), for comparison.

With respect to the y-irradiation levels, the samples were tested (i) unirradiated, (ii) to an accumulated
dose of 14 kGy, or (iii) to an accumulated dose of 140 kGy.

In addition, compacted bentonite samples with a thin surface layer of iron oxide (FesOa4) were analysed
to investigate the impact of radiation on the release of corrosion products into the bentonite. In parallel,
reference samples of iron and copper powder oxides (simulating the relevant corrosion products), and
powdered bentonite, irradiated to determine whether there was any effect on them.

CIEMAT results corroborated the limited corrosion of copper specimens compared to that of carbon
steel ones. In general, higher corrosion rates were measured on gamma-irradiated carbon steel samples
contacting bentonite at lower compaction density where higher volume of porewater is available. Higher
corrosion rates were measured in irradiated than in unirradiated samples but no significant changes in
corrosion rates were detected for irradiated samples achieving 14 or 140 kGy of accumulated dose,
suggesting an inhibiting effect at higher doses.
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3.4 Overview of radiation-assisted corrosion studies within
ConCorD

Direct comparison of the UJV and Jacobs results is difficult owing to a large number of different variables
between the tests, however some inferences can be made by comparing the two data sets. The only
direct comparison that can be made is between the tests operated at ambient temperature in the
absence of radiation, which gives an indication of the inherent difference in corrosion rate caused by the
two test configurations. From the UJV tests in BCV bentonite, the corrosion rate in ambient conditions
varied from 6 pum yr! to 2.6 um yr! after being exposed for ~4,400 to ~13,000 hours, respectively. In
comparison, in the unirradiated Jacobs tests, the corrosion rate varied from 3.5 pm yr1 to 1.5 um yr?
after being exposed for 5,000 to 10,000 hours. This shows that despite the very different test
configurations, the magnitude of the corrosion rate due to water reduction and the rate of attenuation is
similar in UJV test and Jacobs tests.

UJV tests that were subjected to radiation, at 90°C and 150°C, received total doses between 1.8 and
5.3 kGy, which were applied at a dose rate of 0.4 Gy hrl. The closest conditions to these from the
Jacobs testing program were tests run at dose rates of between 0.1 and 1 Gy hr, which received total
doses of between 1 and 10 kGy, but were performed at ambient temperature. In the UJV tests, under
all conditions tested, radiation either conferred an inhibiting effect or had no significant influence on
corrosion rate. The magnitude of the inhibiting effect was greater at higher temperature, and from the
tests in BCV bentonite the effect appeared to be broadly greater at shorter durations. Comparing these
results with those of the Jacobs testing under the aforementioned exposure conditions shows that in the
Jacobs tests no inhibiting effect was observed; there was a slight increase in corrosion rate when
radiation was present but at 0.1 to 1 Gy hr! for total doses between 1 to 10 kGy the effect was not
significant. However, when the total dose of 1 to 10 kGy was applied at higher dose rates between 10
to 1000 Gy hrt, a significant increase in corrosion rate compared to unirradiated conditions was
observed for several of the tests. These results invite the question as to whether the inhibiting effect that
is observed in the UJV tests at high temperature would give way to a corrosion rate enhancement at
dose rates higher than the 0.4 Gy hr?! that was tested, as observed in the Jacobs tests, or whether the
inhibiting effect is solely related to the presence of bentonite and/or elevated temperature? Conversely,
if the Jacobs tests were performed at higher temperature would an inhibiting effect have been observed
at lower dose rates?

A key observation from the UJV tests was the substantial influence of temperature on corrosion rate,
both in the presence and absence of radiation. At 150°C, in the absence of radiation the corrosion rate
in BCV bentonite varied between 24 um yr! and 13 um yr! with an experimental repeatability of roughly
10 to 25 um yr! based on the ranges of corrosion rates reported. In the Jacobs tests, the increase in
corrosion rate due to the presence of radiation was less than 1 um yr?! at a dose rate of 10 Gy hr?
following exposure durations of between 5,000 and 10,000 hours. Hence, the same 1 pm yr?
enhancement would probably not be detectable if the unirradiated corrosion rate was as high as was
observed in the UJV tests performed at 150°C, as it is considerably lower than the repeatability.
Furthermore, where the unirradiated corrosion rate was higher (e.g. 24 um yr?) the increase in corrosion
rate associated with radiolytically generated oxidants could be offset by other effects such as a change
in the chemistry of the oxide.

The results of the tests performed in bentonite by Subatech (Sarrasin et al., 2024), indicated an increase
in corrosion rate due to radiation at lower RH (63% and 76%), with ranges of corrosion rates overlapping
those reported by Jacobs and UJV. However, at higher levels of saturation no significant influence of
radiation was observed at 25°C, which is consistent with the results of the UJV tests performed at 90 °C
in MX-80 bentonite. In the absence of clay, a similar increase in corrosion rate was observed in the
presence of radiation for tests performed at 76% RH. However, for tests performed at 63% RH, the
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corrosion rate in the presence of radiation was extremely high even after nearly 1000 hours of testing
(~230 um yr1) and was greater than the corrosion rate observed in the Jacobs tests performed in
porewater simulant for durations between 100 and 1,000 hours at dose rates between 100 Gy hr! and
1000 Gy hr, which are the closest comparable irradiation conditions.

A second set of tests, performed by CIEMAT (Sarrasin et al., 2024), comprised exposure tests on copper
and carbon steel in FEBEX bentonite at either full saturation or 60% water content, or in FEBEX
porewater with no bentonite present. The exposure conditions were irradiation at ambient temperature
at 66 Gy hrl and 697 Gy hr? to give total doses of 14 kGy and 140 kGy, respectively. Unirradiated
control tests were run under comparable conditions. For carbon steel tests performed in the presence
of bentonite, the average corrosion loss was greater under radiation than in unirradiated conditions, but
the differences were small compared to the variations associated with repeatability. Furthermore, there
was no significant difference in the measured corrosion rates between the two dose rates (and resulting
total doses — same test durations were used). For tests performed in porewater in the absence of
bentonite, there was an increase in average corrosion loss under radiation and the corrosion loss
increased with increasing dose/dose rate. As with the tests performed in bentonite, the difference in
corrosion rate under different radiation exposures (i.e. 0, 14 and 140 kGy) was smaller than the
differences observed between nominally identical repeat tests. For tests performed on copper in the
presence of bentonite, the corrosion rates were all below 10 um yr1, but there appeared to be an
inhibiting influence of radiation on corrosion with lower average corrosion rates observed at increasing
dose rates. Interestingly, for the copper tests that were performed in porewater without bentonite, there
was a substantial increase in corrosion rate in the presence of radiation compared to the unirradiated
control tests, broadly consistent with the general observations reported in the tests performed by Jacobs.
In the absence of radiation the corrosion rate was ~3 um yr1, but following irradiation exposure to 14
and 140 kGy, the corrosion rates were ~49 and 25 pm yr?, respectively.

From the CIEMAT results, the increase in corrosion rate of steel during exposure to bentonite contrasts
the results of the test performed by UJV, which were also performed in bentonite. The key differences
between the two test configurations are the dose rate, temperature and type of bentonite. Of these
parameters, the higher dose rate in the CIEMAT tests would be expected to result in an increased
corrosion rate, owing to the greater rate of formation of radiolytically generated oxidants. However, there
may also be an impact of bentonite type and temperature given that they appeared to have an influence
on the UJV results. The results for carbon steel performed in porewater without bentonite are broadly
similar to the results observed in the Jacobs tests; namely, there does appear to be an enhancement of
corrosion rate by radiation, however it is difficult to resolve above the noise of the measurement for short
duration tests.

The results of the tests on copper in porewater are in fair agreement with the Jacobs tests, showing an
increase in corrosion rate due to radiation. However, unlike in the Jacobs tests, which were performed
over the dose rate range 0.1 to 10 Gy hr, the CIEMAT tests showed that the corrosion loss with
radiation did not increase with increasing dose rate between 66 Gy hr! and 697 Gy hrl. This is an
important observation as it demonstrates that, whilst there is a dose rate effect at very low dose rates,
this influence cannot be accelerated linearly by increasing the dose rate up to very high dose rates
(697 Gy hr1). A further key observation was that the increase in corrosion rate due to radiation that was
observed in porewater did not occur in bentonite. In fact, in the latter, an inhibiting effect was possibly
observed. The reason for the difference in results between porewater tests and those performed in
bentonite is not yet certain, but it is anticipated that the reduced transport of oxidants in bentonite
compared to porewater, the reduced water density in bentonite, and the ability of bentonite to react with
radiolytically generated oxidants could all be contributing factors. These parameters may also explain
the inhibiting influence of radiation on the corrosion rate of carbon steel that was observed in the UJV
tests. Consequently, a key aspect for future work would be to assess the impact of bentonite on
mitigating RIC under a wider range of conditions e.g., different bentonites, temperatures, and saturation
levels. Additionally, it might be important to consider any effect of gamma radiation on the properties of
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the bentonite that may influence its ability to self-seal (e.g. a possible reduction in swelling pressure if
there is a shift from monovalent to divalent cations in the smectite interlayers of the montmoaorillonite).
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4. Task 4: Microbial effects

4.1 Introduction to task

Within this task, remaining uncertainties associated with the impact of microbial activity in buffer
materials on corrosion are addressed. Microbially influenced corrosion (MIC) can accelerate anaerobic
corrosion as a consequence of microbial metabolism. MIC can also play a role in the HLW and SF
repository environment, even if biofilm formation on the surface of canisters is not expected (owing to
the high initial thermal load and radiation field), nor yet observed in relevant experiments. However, it is
well established that Hz will be produced via anaerobic corrosion of some container materials (i.e. steel).
In thatcase, the Hz produced could drive microbial processes such as sulphate reduction and
methanogenesis. The associated sulphide production in the former could greatly affect the corrosion
rate, particularly for copper but also for steel containers.

It has already been demonstrated that sulphate-reducing bacteria (SRB) are present in the host rock at
most repository locations considered (Bagnoud et al., 2016; Bell et al., 2020) as well as in potential
backfill materials (e.g. in bentonite as shown in Matschiavelli et al., 2019; Martinez-Moreno et al., 2023;
Povedano-Priego et al., 2023). Thus, the question is not whether sulphate reduction can occur in the
repository, but whether it can be inhibited or controlled in a way that minimises the impact on the
corrosion rate of the container materials in the repository. The bentonite buffer is expected to play an
important role in precluding microbial activity for the purpose of limiting any negative microbial impact
on corrosion rates. Thus, it is critical to optimally select and design the bentonite buffer to inhibit or
control microbial activity.

The early phase of the repository will be characterised by elevated temperatures, peak radiation levels
and a low water saturation state. Therefore, in the multi-barrier concept, it is important to understand
the effect of radiation on the mineralogy and performance of the barrier material (i.e. bentonite).
Furthermore, the effect of radiation as well as elevated temperatures during the initial hot phase of the
DGR on microbial survivability and potential for future growth should be evaluated. As such conditions
are expected to create unfavourable physicochemical conditions for microorganisms, the evolution of a
zone of no microbial activity around the canister was predicted (Stroes-Gascoyne and West, 1997).
However, long-term experiments under realistic repository conditions are needed to provide
experimental evidence of this phenomenon. As part of the EU-project Microbiology in Nuclear waste
Disposal (MIND), deliverable D2.15, (Cerna et al., 2019) reported on the effect of gamma radiation and
pressure on the bentonite indigenous microbial community (type BaM, Keramost, Czech Republic) in a
granitic porewater (VITA from the Josef Underground Research Center, Czech Republic). The latter was
a natural source of sulphate-reducing bacteria. It was found that the microorganisms that grew in the
bentonite-porewater slurry were subjected to inhibition by gamma irradiation. Indeed, the exposure to
19,656 Gy at a constant dose rate of 13 Gy hr! resulted in a decrease in total microbial biomass, but
not species richness, and in small changes in the microbial community structure (Cerna et al., 2019).
However, it did not eliminate bacteria from the bentonite suspension. These results suggest that some
of the bacteria that are naturally present in bentonite are radiation resistant. Furthermore, past long-term
experiments suggested that bentonite microorganisms can survive long-term extreme heat treatment
(KaSpar et al., 2021) and the associated desiccation.

Therefore, Subtask 4.1 of ConCorD aimed to investigate the evolution of microbial communities in
bentonite under simulated repository conditions. It focused on studying the effect of irradiation,
temperature, water saturation, and bentonite compaction. Such experiments aim to increase our
knowledge about the microbial response to the condition expected during the hot repository phase.

In the past, a few studies have attempted to determine the dry density threshold that would reliably
inhibit microbial activity (e.g. Bengston and Pedersen et al., 2017; Stroes-Gascoyne, 2010). In the study
of Povedano-Priego et al. (2021), the bacterial community did not differ for two compaction dry densities
(1.5 and 1.7 g cm3). However, it is still unclear whether dry density is the key parameter or whether
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other considerations may contribute to inhibiting microbial metabolism. Microbial activity need not rely
solely on the presence of organic carbon, since autotrophic growth, with H2 as the electron donor,
sulphate as the electron acceptor and CO:2 as the carbon source, is also conceivable. In fact, such a
potential exists in specific host rocks, such as Opalinus Clay, and in the backfill material bentonite
(Matschiavelli et al., 2019). An in-situ experiment that was conducted in the Mont Terri underground
laboratory in Switzerland showed that SRB growth was stimulated by the addition of H2. These
organisms served as primary producers and they were the origin of a microbial food web that developed
in the borehole (Bagnoud et al., 2016). However, the absence of bentonite was a major limitation in this
experiment, and it would be more relevant to measure H> consumption in bentonite as a function of dry
density and swelling pressure.

Therefore, Subtask 4.2 examined the fundamental variables influencing the bentonite dry density
threshold at which microbial activity is inhibited for two different types of bentonite (MX-80 and Calcigel).

It is known that SRB are present in bentonite, but their number does not contribute significantly to the
total number of anaerobic microorganisms in the clay, as found in an experiment at Mont Terri (Burzan
et al., 2022) and in previous studies on Spanish clay (Martinez-Moreno et al., 2023; Povedano-Priego
etal., 2023). A complicating matter is that there is increasing evidence for the persistence of Oz (perhaps
as an adsorbed gas) in bentonite.

Therefore, in Subtask 4.3, the hypothesis that Oz bound in bentonite may inhibit SRB (which are strictly
anaerobic microorganisms) is evaluated. The impact of Oz would be relevant over relatively short-term
periods during which the clay has not fully swelled and there may be potential for microbial growth. While
02 may be depleted during the longer periods relevant to the repository, allowing SRB to grow if
conditions permit, the short-term effect was tested in a new in situ experiment at Mont Terri.

The details of the experiments undertaken within this task and the full set of results are presented in
Morales Hidalgo et al. (2024).

4.2 Scope of task

421 Comparison of DNA extraction protocols

In Task 4, we wanted to enable proper comparison of the results obtained across various experiments.
However, a known challenge of clay-rich samples is that they hamper the efficiency of several standard
cultivation-independent methods. Clay particles are known to tightly adsorb organic and inorganic
phosphorous compounds (Cai et al., 2007). A few DNA extraction methods have been published for clay;
however, they have either been validated by spiking a single strain or not validated at all (Chi Fru and
Athar, 2008, Engel et al. 2019a, Povedano-Priego et al., 2021). Validation using a mock community is
essential, as applying various DNA extraction methods to clay samples has resulted in significant
variation in the outcomes of 16S rRNA gene amplicon sequencing (Mijnendonckx, et al., 2021). Thus, a
more standardised research methodology is needed to study microbial communities in low biomass,
clay-rich environments. This is especially important if cross-comparison of the results obtained through
16S rRNA gene amplicon sequencing is needed. Therefore, within the ConCorD project, we compared
two distinct DNA extraction methods (Engel, et al. 2019; Povedano-Priego et al., 2021) that have shown
suitability for clay samples (Mijnendonckx et al. 2021).

We used two commercial microbial community standards consisting of DNA or intact cells of three Gram-
negative bacteria, five Gram-positive bacteria and two yeast species of varying size and cell wall stability
(ZymoBIOMICS Mock Community standards, Zymo Research Corporation, Irvine, USA) (Figure 18).
Mock 1 contained a total cell concentration of ca. 1.4 x 100 cells mI* and a linear distribution of the
strains, while Mock 2 contains ca. 1.5 x 10°cells mI'* with a logarithmic distribution of the strains. Two
grams of sterile MX-80 bentonite (sterilised by gamma irradiation with a total dose of 50 kGy) were
supplemented with 12.5 ml phosphate-buffered saline (PBS), and either 75 ul of Mock 1 or Mock 2, or
nothing (control). All experiments were performed in triplicate. Samples were thoroughly mixed by
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vortexing and incubated for 3 days at 4°C to enable water absorption into, and cell interaction with,
bentonite. After the incubation step, samples were centrifuged at 11,000 rpm for 10 min. The supernatant
was discarded and the pellet used for DNA extraction. To elucidate the possible bias introduced by the
presence of bentonite on DNA recovery, extractions were also performed directly on both mock
communities.
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Figure 18: Overview of the theoretical composition of both mock communities used in this study. The
right plot represents a focus on the 90-100% abundance from the middle plot.

A detailed description of all experimental procedures is available in Mijnendonckx et al. (2024).

4.2.2 Subtask 4.1: Impact of irradiation on microbial viability

The aim of this subtask was to investigate the effect of gamma radiation on the survival of microbial
populations, including SRB, in compacted bentonite. This aim was investigated in two ways: the first
was to add a known microbial community to compacted, saturated bentonite (designated ‘amended’)
and to assess its survival post-irradiation. The second was to vary the compaction state, the
temperature, and the saturation level of the bentonite in addition to the radiation exposure and to
characterise the microbial community before and after treatment. Both approaches were closely
connected to experiments conducted in Task 3 as they represent the analysis of the microbial
community from samples generated by the experiments described within that task.

Impact of radiation on the amended community: FEBEX bentonite was compacted into blocks with a
density of 1.6 gcm=. A custom consortium of SRB was assembled, which included the genera
Desulfovibrio, Desulfotomaculum, Desulfuromonas, and Desulfosporosinus along with a metal-reducing
bacterium from the genus Geobacter. Sodium acetate (1.5 mM) was added as an energy and carbon
source for the microorganisms. The consortium and sodium acetate solution were added prior to
compaction. In addition, unamended controls were also prepared. All the samples were saturated with
bentonite porewater (1.50-102 M CaClz, 1.66-102 M MgClz, 1.09-10° M KCI, 4.59-102 M Na2SOa,
2.16-102 M NacCl, 1.01-10-* M NaHCOs, pH=7.5) to achieve 100% saturation post-compaction. Small
copper coupons (diameter 10 mm, thickness 4 mm) simulating metal canisters used for confining
nuclear waste in deep geological repositories were included in the middle of each block to quantify their
corrosion under controlled conditions. One set of samples was irradiated at the beginning of the
experiment (total dose of 14 kGy), another only after 6 months (14 kGy), and a third both at the beginning
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and after 6 months of incubation (28 kGy). In all cases, the dose rate was 66 Gy hr! and the duration
8.8 days. All samples (whether irradiated or not) were incubated for up to one year at 28°C under anoxic
conditions.

Impact of environmental conditions on the native community: Four distinct experimental setups were
prepared using Czech bentonite BCV and reference bentonite MX-80. All experiments were conducted
under anoxic conditions. The first two sets consisted of bentonite compacted to a dry density of
1.6 g cm3 embedded with carbon steel coupons, and partially pre-saturated (relative humidity 15% for
samples heated to 150°C and 20% for those heated to 90°C). The prepared samples were connected
to the pressure saturation system (full saturation with synthetic granitic porewater) and continuously
exposed to heat (either at 90°C or 150°C) or heat and irradiation (=0.4 Gy hr?) for 6, 9, 12 or 18 months
(for BCV) or for 18 months (for MX-80) (Figure 19). The third set consisted of pre-saturated (relative
humidity 15% representing 60% saturation level) compacted bentonite (BCV or MX-80) with a dry
density of 1.6 g.cm- but, in contrast to above, lacking metal coupons and not connected to a porewater
reservoir. As above, the samples were continuously exposed to heat (90°C or 150°C) or heat and
irradiation (= 0.4 Gy.hr?) for 12 months. A subset of samples was re-saturated with sterile deionised
water for 6 months post-treatment to simulate rewetting after the hot repository phase. The last set of
bentonite samples (BCV or MX-80) consisted of bentonite in the naturally dry state or suspended in
sterile deionised water at a bentonite to water ratio of 1:3 w/w (BCV) or 1:6 w/w (MX-80). The samples
were continuously exposed to heat (90°C or 150°C) or heat and irradiation (=0.4 Gy hr1) for 12 months.
For all sets of experimental conditions, corresponding unheated and unirradiated controls were also
prepared.

Figure 19: Steel vessels containing steel cells connected by metal capillaries with saturation medium
situated in the irradiation area, steel cell with compacted bentonite and glass ampoules with bentonite
powder.

At the end of each experiment, the microbial community was characterised in bentonite sub-samples
through a combination of cultivation approaches (enrichment media, plate counts or natural incubations
in water suspended form without added nutrients), microscopy, and molecular methods (quantitative
PCR (gPCR) and 16S rRNA gene amplicon sequencing) to identify changes in the community and to
estimate microbial survival after the exposure to extreme conditions.

4.2.3 Subtask 4.2: Impact of bentonite dry density and particle size on
microbial activity

It is well established that dry density inversely correlates with microbial activity in bentonite but the
underlying mechanism constraining microbial activity in high density bentonite remains elusive. To
address this knowledge gap, a diffusion cell reactor that was adapted for working under sterile conditions
and high pressures was developed to conduct experiments that systematically varied dry density. A new
system is needed because investigating growth of microorganisms in bentonite is fraught with potential
bias and rarely includes sufficient statistical power in the form of experimental replicates.

Therefore, replicate (up to 12) small (10 cm high and 6 cm in diameter) diffusion reactors were designed
based on opposing diffusion gradients of electron donor and acceptor. The diffusion reactor design from
Luc Van Loon (Van Loon et al.,, 2003) was used and adapted to microbial applications (Figure 20).
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Reactors with inflow and outflow lines at the top and bottom respectively were manufactured at EPFL
and HZDR. Bentonite (MX-80 or Calcigel) was compacted under oxic conditions to reach selected dry
densities (e.g. 1.2, 1.4, or 1.6 g cm3). Titanium filter plates (1 pm pore size) were placed at both ends
of the cells to allow diffusive flow. To prevent microbial growth on the filters (a common experimental
artifact), a reservoir of artificial Opalinus clay porewater containing 14 mM of sulphate as the electron
acceptor, in equilibrium with a N2/C0O2:80/20 (v/v) gas phase, was injected from the bottom of the cell,
thus allowing continuous flow past the filter and diffusive transport into the bentonite. Simultaneously,
another reservoir of sulphate-free artificial Opalinus clay porewater equilibrated with H2 gas (as the
electron donor) was injected from the top of the cell. To maintain a fixed concentration of dissolved Hz
(~5.5 mM) in the porewater, the H2/CO2: 80/20 (v/v) gas phase pressure in the reservoir was maintained
at 1.5 bars. This set-up was designed to stimulate indigenous microbial growth in the middle part of the
compacted bentonite, where the solutions of electron acceptor and donor meet. The porewater flow rate
at each end of the cell was set at 0.1 ml min-! using a peristaltic pump.

Tubing

Swagelok fitting

Disc spring package

O-ring

Screw
Bentonite
Titanium fitter
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Figure 20. A. Diagram showing the reactor (modified from Van Loon et al., 2003). B. image of the reactor
showing the groove in the end plate with fingers for scale. C. Illustration of the gradient of electron donor
and acceptor. D. Solutions and waste vessel when connected to a reactor. The optode system sensor
is shown with a green dot.

However, because of the presence of gypsum (CaS04.2H20) in the MX-80 bentonite, the first phase of
the experiment involved the diffusion-controlled dissolution of gypsum. It entailed pumping a sulphate-
and bromide-free anoxic (equilibrated with 1.5 bar N2/COz2) APW past the bentonite on both sides of the
reactor and measuring the sulphate concentration in the effluent (Figure 20). Thus, the clay was
saturated through the recirculating flow of anoxic APW (sulphate-free) at both ends of the reactor while
the effluent went to a waste beaker.
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To identify the microorganisms that grow under each condition and to what extent, DNA was extracted
from the bentonite from the entire reactor, qPCR was applied to measure growth (16S rRNA gene
copies), and the diversity assessed using 16S rRNA gene amplicon sequencing. Because there were
many replicate reactors, duplicates were sacrificed at each time point and used to reconstruct the
temporal dependence of the community growth.

The extent to which microbial activity can affect corrosion in high-density bentonite remains unclear.
Therefore, an oedometer-based experimental setup developed at SCK CEN was used to study microbial
corrosion of carbon steel at a bentonite dry density of 1.6 g cm.

All preparations were performed in an anoxic glove box with a manually controlled atmosphere of 99%
argon and 1% hydrogen. Bentonite powder (MX-80) was added to the oedometers and four carbon steel
coupons (on average 17.9 mm and 0.35 mm thick) were placed in MX-80 such that all coupons were
completely covered with bentonite. Subsequently, the oedometers were closed and percolation was
initiated with sterile synthetic Opalinus Clay water with or without 1.5 bar of a H2:C0O2(80:20 v/v) mixture.
Full saturation of the first three oedometers that were setup was reached after 5 months. The water
continues to be collected to monitor the composition of the percolate over time. An additional three
oedometers were setup in which the bentonite was sterilised via irradiation with ca. 57 kGy
(6.4 kGy hr1). At the end of the project, the cells were dismantled, and corrosion of the carbon steel
plates studied by measuring weight loss and compared with SEM/EDX. Water activity of the bentonite
was measured, and bentonite mineralogy and microbial presence was visualised with SEM/EDX.
Moreover, the bentonite microbial community was investigated in detail by a combination of cultivation
independent (ATP, flow cytometry, 16S rRNA amplicon sequencing) and cultivation-dependent
techniques.

In total, five conditions of anaerobic microcosms consisting of serum bottles containing 30 ml of anoxic
artificial porewater (APW) (composition from Matschiavelli et al., 2019) were prepared in the glovebox.
In general, 15 g of as-received Calcigel bentonite (Cal) were added to each autoclaved serum bottle.
Two cast iron coupons (cast iron GGG40 measuring 1 x 1 x 0.5 cm, polished using fine-grit sandpaper,
one sputtered with gold and one without, all cleaned in an ultrasonic bath using acetone) were placed
into each bottle. The gas phase was defined by purging with a mixture of N2:CO2:H2/80:10:10 at 0.5 bar.
The condition of this microcosm was denoted HCalC (Hydrogen+Calcigel+Coupons). For microcosms
with the same component but without hydrogen gas, the gas phase was defined with a mixture of
N2:C02/90:10 at 0.5 bar and this condition was denoted CalC (Calcigel+Coupons). On the other hand,
microcosms containing hydrogen gas and Calcigel bentonite but no metal coupons were denoted HCal
(Hydrogen+Calcigel). Two conditions of microcosms with sterilised Calcigel bentonite were also set up,
these conditions were denoted SC (Sterilised Calcigel+Coupons) and HSC (Hydrogen+Sterilised
Calcigel+Coupons). The sterilisation of the bentonites was achieved by autoclaving bentonite in serum
bottles with APW twice prior to the addition of metal coupons or hydrogen gas. All the conditions of
microcosms were performed in triplicates at 37°C in the dark for one day, 3, 6 and 9 months.

The geochemistry of APW after incubation was analysed for sulphate, total inorganic carbon and cations
(e.g. total Fe, Ca?*, Mg?*, Na* and K*). The Hz gas concentration in the headspace of each microcosm
was also measured. The metal coupon surfaces were characterised by SEM before and after the
incubation. To determine the corrosion rates, the cleaned coupons before incubation were weighed
using a precision balance. DNA was extracted from as-received Calcigel bentonite, CalC microcosms
at 3 months, and 9 months, HCalC microcosms at 3 months, 6 months and 9 months using PowerMax
Soil Kit (QIAGEN, Germany) as previously described (Engel et al., 2019). Only slight modifications of
the protocol were used as described in EURAD Deliverable 15.9. (Morales Hidalgo et al., 2024).
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424 Subtask 4.3: Impact of bentonite-associated oxygen on microbial
activity and viability

It has been observed that bentonite deployed into an anoxic environment exhibits microbial growth, but
the microbial community is dominated by aerobes. Therefore, an in situ experiment was designed to
test the hypothesis that Oz adsorbed onto bentonite inhibited the growth of anaerobes. Mini reactors
(53 mm high and 38 mm in diameter) filled with bentonite and containing embedded copper and steel
coupons were placed in larger modules and lowered into an anoxic, Opalinus clay borehole in Mont
Terri, Switzerland. Some of the mini reactors contained untreated bentonite while others contained
sterile bentonite (sterilisation by gamma irradiation). Additionally, prior to deployment, the bentonite was
either exposed to an atmosphere of 100% Oz, 100% N2, or the ambient atmosphere (21% O3) for 12
months, allowing a direct evaluation of the impact of Oz on the microbial community that will develop
within the bentonite and the associated extent of corrosion. Each condition included six replicate
reactors that included coupons of carbon steel and copper, embedded in the bentonite. After 20 months,
duplicate reactors were retrieved, and the community and extent of corrosion analysed. Later time points
will be evaluated, such as 36 months and 60 months.

4.3 Progress against task description

4.3.1  Comparison of DNA extraction protocols

The most important differences between the methods and the labs were the quantity of the total DNA
that could be extracted from the samples and the purity of the DNA, which either facilitated or hindered
PCR amplification.

43.1.1 Total DNA

Each laboratory successfully obtained quantifiable DNA concentrations from all samples spiked with a
mock community, except for Lab 1 when analysing bentonite samples spiked with Mock 2. However,
results show that, even in the absence of bentonite, DNA yields were lower than half of the expected
amount. In the presence of bentonite, this discrepancy increased at least sevenfold (Figure 21). On the
one hand, large differences were observed between the two laboratories that employed the kit-based
extraction method for both conditions, with and without bentonite. Lab 3 obtained ten times more DNA
from Mock 1, and in the presence of bentonite, and for all samples spiked with Mock 2, an 80-fold
difference was observed in DNA extracted. The slight differences in the DNA extraction procedure could
result in the observed variability. On the other hand, these differences were not observed when using
the phenol-chloroform based method for mock-only sample extractions, but similarly high differences
were observed in spiked bentonite samples where Lab 3 achieved a notably higher total DNA yield than
Lab 2 (ca. 18 and 5 times more for samples spiked with Mock 1 and Mock 2, respectively). Notably, in
Lab 3, the presence of bentonite did not adversely affect the efficiency of DNA extraction when using
the phenol-chloroform extraction method, but large differences were observed among the replicates
(Figure 21). It is worth mentioning that the kit-based extraction method failed to yield any measurable
amount of DNA from the sterile unspiked bentonite samples, while the phenol-chloroform-based method
successfully extracted DNA from five out of six replicates those samples.
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Figure 21: Total amount of DNA obtained for samples with a) Mock 1 or bentonite spiked with Mock 1
and b) Mock 2 or bentonite spiked with Mock 2 and c) sterile unspiked samples. The theoretical DNA
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yield expected in all samples following the procedure recommended by the manufacturer is given by a
dotted line. Samples represent the average of three replicates except for L1_kit where two replicates
were tested and L3_kit which includes four replicates. Kit based methods are shown in green, while
phenol-chloroform based are shown in yellow.

4.3.1.2 16S rRNA gene amplicon sequencing

In total, we extracted DNA from 62 samples, including 48 samples spiked with a mock community, 12
sterile unspiked samples and two negative kit controls. Successful PCR was achieved for a total of 41
out of 48 samples spiked with a mock community, 6 of the 12 sterile bentonite samples and the 2 negative
kit controls. However, for numerous samples, additional purifications were needed to obtain a successful
PCR product. All the samples were sent for 16S rRNA gene amplicon sequencing along with PCR
reactions performed on three replicates of the Mockl community, and several controls.

As a first step, possible contaminants were identified and removed from the dataset. After eliminating
the ten Amplicon Species Variants (ASVs) that were identified as true contaminants, most samples
spiked with a mock community consisted of only the eight genera present in the mock. In the unspiked
sterile bentonite samples, contaminants constituted more than 96% of the total reads, reaching over
99% in four out of six samples. We confirmed that minimal PCR bias and only minor variation across the
different replicates was introduced by amplifying and sequencing DNA mock community standards
composed of DNA instead of intact cells.

In the analysis of samples spiked with Mock 1, both DNA extraction methods successfully captured all
species, with minimal variation among replicates (Figure 22). However, higher variability was observed
in samples extracted with the phenol-chloroform method (Figure 22). Notably, the variation in Lab 2 (L2)-
processed samples without bentonite decreased after applying an additional phenol chloroform
extraction according to the method from Lab 3 (Figure 22). The presence of bentonite did not adversely
affect the correlation with the theoretical composition. The samples spiked with Mock 2 also showed
minor variations among the replicates and Spearman’s correlation values above 0.6 (Figure 22).
However, higher contaminant ASV abundance, especially in the presence of bentonite was observed. It
is important to note that diluting the samples to mitigate the impact of PCR inhibitors could lead to a
significant increase in the presence of contaminants (Figure 23).

Nonmetric multidimensional scaling confirmed limited variability among replicates, with better grouping
in samples without bentonite. PERMANOVA analysis indicated a significant effect of the DNA extraction
method on both mock communities, but pairwise comparisons revealed no significant differences in
microbial composition. The only distinction was between the DNA mock and phenol-chloroform-extracted
samples spiked with Mock 1 and Mock 2. Bentonite had a significant effect on extraction methods, but
pairwise comparisons mostly showed insignificant differences, except for Mock 1 kit- based extraction
and Mock 2 phenol-chloroform extraction (Figure 23).
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Figure 22. a) Bar plot showing the relative abundance of the genera present in samples spiked with
Mock 1 or Mock 2 after removal of the contaminants; b) relative abundance of ASVs identified as
contaminants in samples with Mock 1 and Mock 2. Only ASVs with a relative abundance >0.1% are
shown; c) Spearman’s correlation coefficients compared to the theoretical distribution (T); L1 and L3a
represent results of the kit-based extraction and are shown in green and dotted green; L2 and L3b are
results from the phenol-chloroform extraction and are presented in yellow and dotted yellow. L2P
represent samples after an additional phenol chloroform extraction according to the method of Lab 3
and samples that are 40-times diluted as PCR template are designated with L2D. Samples diluted before
a successful PCR reaction was obtained are indicated with L3_PheD. Samples without bentonite are
shown in pink and samples with bentonite are coloured light green.

Overall, we conducted a comprehensive inter-laboratory comparison of two DNA extraction methods on
bentonite clay. We showed that minor modifications to the extraction method could improve the
extraction efficiency. Importantly, our findings indicate that the choice between the two methods is not
critical, and each has advantages. The phenol-chloroform based method appears to be the optimal
choice for bentonite samples, as it yields a higher amount of DNA. However, this method is more time-
consuming and may be more susceptible to impurities in the final DNA sample and technical variations.
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On the other hand, if highly pure DNA is required, the kit-based method is recommended. However,
pooling many samples might be necessary to obtain sufficient DNA using this method. Lastly, our
findings emphasise the importance of including appropriate controls when working with challenging
samples, particularly those with low biomass.
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Figure 23: NMDS of ASV-based bacterial community composition in samples spiked with a) Mock 1 and
b) Mock 2, using Bray-Curtis distances (stress = 0.13 and 0.02). Kit-based approaches performed by
Lab 1 are shown in blue, while those performed by Lab 3 are shown in green, with a green convex hull
encompassing the group. Phenol-Chloroform based methods carried out by Lab 2 are depicted in yellow,
and those performed by Lab 3 are shown in orange, grouped with a pink convex hull. Samples without
bentonite are represented as triangles, while samples with bentonite are shown as circles. The DNA
mock is depicted as purple squares, and the expected composition is represented by a red diamond.

4.3.2 Subtask 4.1 Impact of irradiation on microbial viability

Two independent experiments were performed within this subtask. In the first experiment, we
investigated the effect of gamma radiation on the microbiology of FEBEX bentonite. In the second, some
of the samples were amended with an SRB consortium to analyse the persistence of this bacterial group.
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In the original FEBEX bentonite powder, no difference in microbial diversity was found between
irradiated and unirradiated bentonite powder, but viability (by colony-forming units (CFUs) of aerobes
and Most-Probable Number (MPN) of SRB) was found to be zero in the irradiated bentonite powder
sample.

In the prepared compacted bentonite samples, the microbial diversity analysis revealed that unirradiated
samples and those irradiated with 14 kGy halfway through the incubation period showed similar
microbial communities after one year of incubation. However, the double-irradiated treatments (radiation
exposure at time zero and 6 months) exhibited a different microbial distribution with certain resilient
genera such as Massilia, Acinetobacter, Pseudomonas that could have persisted through mechanisms
like sporulation, which offers higher radiation tolerance (Laskowska and Kuczyhska-Wisnik, 2020; van
Gerwen et al., 1999).

In general, the most abundant genera in the samples (both with and without irradiation) at time zero and
after one year of incubation are bacteria known for their resistance to harsh conditions such as
Saccharopolyspora, Pseudomonas, Streptomyces, Acinetobacter, and Bacillus. Biomass abundance
(quantified by gPCR with the 16S rRNA gene) in samples irradiated at 6 months (14 kGy) was similar to
that for unirradiated samples, but lower for samples irradiated twice (cumulative dose 28 kGy). However,
no microbial growth was observed, neither at time 0 nor at 6 months of incubation, for treatments initially
irradiated with 14 kGy. In contrast, viable cells were detected in the year-long treatment irradiated at the
same dose but after 6 months of incubation, indicating that the impact of radiation differs depending on
the growth stage of the bacterial community. Pitonzo et al., (2019) observed a similar trend (total dose
of 9.34 kGy) where irradiated bacteria could be reactivated to a cultivable stage over time when
environmental conditions become favourable again. This corroborated previous diversity results and it
shows that when the total dose is reduced to 14 kGy and is preceded by a 6-month incubation period,
microbial survival was observed. Thus, 1l-year incubation results suggested possible recovery of
bacterial communities from irradiation.

No major differences were observed in the microbial composition (based on 16S rRNA gene amplicon
sequencing) of unamended and SRB-amended samples. Additionally, quantification of the abundance
of SRB (using marker genes apsA and dsrA) after 1 year of incubation (regardless of irradiation
treatment) revealed a very low or non-detectable signal in all unamended samples. In contrast, in the
treatments amended with an SRB consortium and irradiated, some resilience was observed.
Unfortunately, DNA-based tools such as this one, do not allow the probing of whether or not cells are
alive. However, the abundance of cultivable bacteria can be quantified by the assessing the Most
Probable Number, using specific media. In the SRB-amended treatments, the cultivable sulphate-
reducing cells were detected in unirradiated samples at two time points: 6 months and 1 year. In contrast,
irradiated treatments (both at 14 kGy and 28 kGy) showed no viable cells, except for a small signal in
the irradiated SRB-consortium sample at 6 months, which identified Desulfosporosinus and Bacillus as
survivors of irradiation. Both genera are spore-formers and hence have the capability to resist irradiation
and desiccation. In general, it can be concluded that gamma irradiation (i.e. for cumulative doses of 14
kGy and 28 kGy) negatively affects SRB viability.

Copper discs within the bentonite blocks were analysed after 6 months by microscopy and spectroscopy
(ESEM, XPS, and micro-FTIR; the latter two are pending). The results (Figure 24) show signs of
corrosion in unirradiated samples, especially in those samples amended with the SRB consortium,
revealing copper oxide, sulphur compounds, and chloride-containing precipitates (which may be related
to the presence of porewater). Moreover, irradiated samples (14 kGy) showed less corrosion, with
localised copper chloride precipitates. Only treatments with the SRB consortium showed signs of
possible copper sulphide precipitates. This finding could indicate the impact of microorganisms on
copper corrosion.
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Figure 24: Copper discs from different treatments (C6, CB6, R6, RB6) after 6 months of anoxic
incubation. Electron images from scanning electron microscopy of the surface of the Cu discs with yellow
marks in the areas of copper oxide precipitates and red marks in the areas of S signal (possible copper
sulphide).

From a mineralogical point of view, no significant changes were observed in the bentonite samples after
irradiation (14 or 28 kGy) after 6 and 12 months of incubation and/or with the addition of bacteria. The
bentonite samples maintained the main character of a dioctahedral two-layer hydrated Ca-Mg-
montmorillonite, with typical vibrational bands, and their expansibility or swelling behaviour, with no signs
of illitisation (Figure 25). In addition, no modifications were observed in the cation exchange properties
and ion inventories of the analysed samples with respect to the untreated FEBEX bentonite.
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Figure 25: XRD patterns of oriented aggregate samples after ethylene glycol treatment of the bentonite
samples after 1 year of anaerobic incubation (C: non-irradiated controls; B: SRB consortium; R: one-
time irradiated treatments in the middle of the incubation time (14 kGy); 2R: two-times irradiated
treatments (28 kGy)).

In the second experiment, we focused on examining the impact of four repository-relevant stressors
(temperature, radiation, water saturation, and compaction) on the viability of indigenous microorganisms
in bentonite. The cultivation results for heat/IR treated BCV and MX-80 samples showed microbial
proliferation in only a few culture samples across all three cultivation conditions, regardless of the
temperature (150°C or 90°C) or the presence of radiation (Table 29). The positive BCV cultures were
mostly dominated by single dominant genera such as Kocuria, Enhydrobacter or Nocardioides. The
spore-forming genus Kocuria was reported in soils contaminated with toxic metals or exposed to high
levels of ionising radiation (Timkina et al., 2022). Additionally, quantification of microorganisms (by
gPCR) in treated BCV and MX-80 bentonite samples did not reveal noticeable growth in any of the
samples and no microbial proliferation was detected, even in treated compacted bentonite incubated for
6 months after the heat treatment. The same result was obtained from all the incubations of all treated
samples in suspended form after the treatment (Table 29). Thus, our data thus demonstrated a strong
effect of long-term exposure at both temperatures tested (90°C and 150°C), leading to a dramatic loss
of viability and cultivability of indigenous bentonite microorganisms, with similar effects observed in both
BCV and MX-80 bentonite. The effect of temperature alone was sufficient to observe no viable
organisms; therefore, the effect of irradiation, bentonite state, or water availability could not be assessed
since they were combined with the heat treatment.

An additional experiment with heated BCV powder enabled us to unravel the effect of the duration of
heat exposure. Microbial proliferation was detected in several samples exposed to 90°C for 1 to
6 months (but much less after 12 months as explained above). On the other hand, the cultivability
dramatically decreased in samples exposed to 150°C for similar periods of time. These results contradict
the data previously obtained on BCV powder heated at 150°C for 6 and 12 months within the Eurad WP
HITEC project (KaSpar et al., 2021). Here, microbial proliferation was detected after 6 months’ exposure
and possibly also after 12 months’ exposure, but only heated bentonite in suspended form was
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considered and no enrichment culture or microscopic analysis was included to independently confirm
these findings. Additionally, the microbiological analyses were performed on samples provided to the
team but they were not obtained by trained microbiologists; therefore we cannot exclude the possibility
of false positives but we can exclude false negatives.
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Table 29. Summary result table of the main experiment. 30D - 30 days natural incubations,
CorrP - bentonite corrosion layer, Water - saturation water, R2A AE/ANA/PGM - media cultivations,
LD/gPCR - result of microscopic/gPCR analysis (+ positive/- negative).
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cBCV_C20_6m_con A+Blyes yes 1600 0.200 023 | & RT 0 |- - -+ + +|+ +|+ +|+ +|+ [+ +[+ =
cBCV_C21_9m_con As+B|yes yes 1600 0.200 0245 ( 9 RT 0 - HA = = - x|+ x|+ |+ |+ |+ |+ =
cBCV_C22_12m con A+Blyes yes 1800 0200 0238 12 RT 0 =+ - =+ =+ NA =|+ =[+ =+[+ [+ =]+ =|+ =+
cBCV_C23_18m _con A+B|yes yes 1600 0.200 0239 | 18 RT 0 + HA = = + Na|+ = |+ =+[+ =]+ =]+ =+[+ =+
¢BCV_C12_9m T30_IR B |yes yes 1600 0200 0208 | 9 80 04 | - NA - - - NA|- - |- =[- |- -|- =]+ =
cBCV_C14_12m T90_IR B |yes yes 1600 0200 0232 | 12 90 04 |- - - - MANA| - - |- -|- -|- -|- -|- -
cBCV_C16_18m_T90_IR B |yes yes 1600 0200 0183 | 18 80 04 | - MA - - - NA| - - |+ =|- =|- -|- -|- -
cBCV_C13_9m T390 B |yes yes 1800 0200 0246 9 80 O |- - - - - NA|- |- -|- -|- -|- -|- -
cBCV_C15_12m_T90 B |yes yes 1600 0200 0239 | 12 80 0 |- - - - MAMNA| - -|- -|- -]|- -|- -|- -
cBCV_C17_18m_T90 B |yes yes 1800 0200 0218 | 18 80 0 |- MNA - - - MNA|- -|- -|- -|- -|[- -[|- -
cBCV_C1_6m T150_IR A |yes yes 1800 0150 0211 6 150 0.4 |- - - - - NA[ - - |- |- |- -f- -]- -
cBCV_C3_9m T150_IR A |yes yes 1600 0150 0251 | 8 150 0.4 | - NA - - - NA| - - |- - |+ +|[- |- -]- -
cBCV_C5_12m_T150_IR A |yes yes 1800 0150 0205| 12 150 0.4 |- - - - MNANA[ - - |- - |- |- -f- -]- -
cBCV_C7_18m_T150_IR A |yes yes 1800 0150 0226 | 18 150 0.4 | - NA - - - NA[ - - |- - |- |- |- -|- -
cBCV_C2_6m _T150 A |yes yes 1800 0150 0213 | & 150 0 |- NA - - - NA[ - - |- - |- |- -]- -
cBCV_C4_9m T150 A |yes yes 1600 0150 0220 | 8 150 0 |- MNA - - - NA|+ = |- - |- -[- [+ +]- -
cBCV_C6_12m T150 A |yes yes 1600 0150 0083 | 12 150 0 |- - - - NAMNA|- -|- -|- -[=+ =[+ |- -
cBCV C8 18m T150 A |yes yes 1800 0150 0223 18 150 0 |- NA - - - NA[ - - |- |- |- |- |- -
cMX80_C11_18m_con A | yes  yes 1600 0.150 0196 | 18 RT 0 - NA - - = NAals [+ [+ +]+ ]|+ =]+ =
cMX80_C18_18m T90_IR A |yes yes 1800 0200 0206 | 18 90 0.4 | - NA - - - MA| - - |- |- -|- |- +£]- -
cMX80_C19_18m T390 A |yes yes 1800 0200 0204 18 80 0 |- NA - - - NA[- - |- - |- |- -|- -|- -
cMX80_C9_18m_T150_IR A |yes yes 1800 0150 0466 | 18 150 0.4 | - NA - - - NA[ - - |- - |- - -]- -
cMX80 C10 18m T150 A |yes yes 1800 0150 0200 18 150 0 | - NA - - - NA[ - - |- - |- |- -]- -
cBCV_C33_12m_con C|no mo 1600 0150 0118 | 12 RT 0 [+ - o+ + NANA|= +|+ [+ ]|+ +|=+ +]|+ =
cBCV_C32_12m+6_con C | pop no+tR 1600 0.150 0243 [12+6 RT 0 - -+ = NA ==+ +[+ [+ ]+ =]+ =]+ =
cBCV_C29_12m T90_IR C|noe no 1800 0150 0425 | 12 80 0.4 |- - - - MANA| - - |- -|- -|- -|- -|- -
cBCV_C28_12+6m _T90_IR C | no no+R 1600 0150 0243 |[12+6 80 04 |- - - - NA - |- - |- |- =|- -|- -|- -
cBCV_C31_12m_T90 C|noe no 1800 0150 0441 | 12 80 0 |- - - - MAMNA| - - |- -|- -]- -|- -|- -
cBCV_C30_12m+5_T90 C |no no+R 1600 0150 0242 [12+6 80 0 |- - - - MA -|- |- -|- -|- -|- -|- -
cBCV_C25_12m_T150_IR C|no no 1800 0150 0101 | 12 150 0.4 |- - - - MAMNA| - -|- -|- -|- -|- -|- -
cBCV_C24_12m+6_T150_ IR C | no no+R 1600 0.150 0237 [12+6 150 0.4 | - - - - NA -|- - |- -|- -|- -|[- -|- -
cBCV_C27_12m_T150 C|noe no 1800 0150 0088 | 12 150 O |- - - - MAMNA| - - |- -|- -]|- -|- -|- -
cBCV C26_12m+6_T150 C |no no+R 1600 0150 0232 [12+6 150 0 |- - - - MA -|- |- -|- -|- -|- -|- -
cMX80_C36_12m_con C|no mo 1600 0150 0132 12 RT 0 |- - & + NANA|= s+ =[+ 2|+ |+ +]|+ =
cMX80_C34_12m T90_IR C|noe no 1800 0150 0425 | 12 80 0.4 |- - - - MANA| - - |- -|- -]|]- -|- -|- -
cMX80 C35 12m T30 C |no  no 1800 0150 0125 | 12 80 0 |- - - - MANA[- - |- - |- |- |- -|- -
sBCV_C45_12m con D | no NA suspension1:3  NA | 12 RT 0 |+ NA NA NANANA|l+ =[+ 2|+ |+ [+ [+ =
sBCV_C39_12m T90_IR D | no NA  suspension1:3 NA [ 12 80 0.4 [ - NA - - MANA| - - |- -|- -]|- -|- -]|- -
sBCV_C40_12m_T90 D | no NA  suspension1:3 NA [ 12 80 0 |- NA - - MANA| - - |- -|- -]|- -|- -|- -
sBCV_C37_1m T150_IR D [ no NA  suspension 1:3 NA 1150 0.4 |- NA - - NANA| - - |- |- |- -|- -|- -
sBCV_C38_1m_T150 D | no NA  suspension 1:3  NA 1 150 0 |- NA - - MNANA|- - |- -|- -f- -|- -|- -
pBCV_C46_12m con D | no NA powder 0.114 NA 12 RT 0 |- NA = + NANA[+ = [+ =[+ =[+ =]+ - |+ =+
pBCV_C43_12m T90_IR D | no NA powder 0.114 NA [ 12 80 04 |- NA - - MANA|- -|- -|- -|- -|- -|- -
pBCV_C44_12m T390 D | no NA powder 0114 NA [ 12 80 0 |- NA - - MANA|- -|- -|- -|- -|- -|- -
pBCV_C41_12m _T150_IR D | ne NA powder 0.114 NA | 12 150 0.4 | - NA - - MNANA|- - |- -|- -|- -|[- -[- -
pBCV C42 12m T150 D |no  NA powder 0114 NA | 12 150 0 | - NA - - NANA| - - |+ +|- |- -|- -]- -
sMX80_C55_12m_con D | no MNA  suspension 1:6 NA 12 RT 0 |+ NANANANANAl+ + |- -]+ +|+ +]|+ +|+ =+
sMX80_C49_12m T90_IR D | no NA  suspension1:6  NA [ 12 80 0.4 [ - NA - - MANA| - - |- -|- -]|- -|- -]|- -
sMX80_C50_12m T390 D | no NA suspension:6  NA [ 12 80 0 |- NA - - MANA| - - |- -|- -]|- -|- -|- -
sMXB0_C47_1m T150_IR D [ no NA  suspension 16 NA 1150 0.4 |- NA - - NANA| - - |- |- |- -|- -|- -
sMX80_C48_1m_T150 D | no NA  suspension 1.8 NA 1 150 0 |- NA - - MNANA|- - |- -|- -f- -|- -|- -
pMX80_C56_12m_con D [ no NA powder 0.074 NA 12 RT 0 - NA =+ = NANA[ = + [+ +[+ +]+ =]+ =]+ =
pMVX80_C53_12m T90_IR D | no NA powder 0074 MNA | 12 90 0.4 |- NA - - NANA|- -|- -|- -|- -|[- -[- -
phX80_C54_12m T90 D | no MNA powder 0.074 NA | 12 80 0 |- NA - - NANA| - - |- - |- |- NA|- -|- -
pMX80_C51_12m T150_IR D | no NA powder 0.074 NA [ 12 150 0.4 [ - NA - - MANA| - -|- -|- -|- -|- -|- -
pMX80 C52 12m T150 D [ no  NA powder 0.074 NA | 12 150 0 [ - NA - - MANA[- -|- -|- -]- -]- -]- -

Our study has shown that both bentonite types (BCV and MX-80) host a diverse indigenous microbial
community, in which many taxa are known to be resistant to harsh environments and to be able to form
spores that can germinate to a metabolically active state when the conditions become favourable again.
Almost all the BCV and MX-80 control samples resulted in positive culture results (Table 29) with a
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diverse microbial composition. In BCV samples, in the R2A (aerobic and anaerobic) medium, we
observed the growth of common bentonite genera belonging to the families Bacillaceae and
Clostridiaceae, and the genus Pelosinus. In PGM medium, genera such as Pelosinus and
Sporacetigenium were most abundant, followed by genus Desulfosporosinus, Bacillus, a range of
Clostridium spp. along with rarer genera, for example Sporomusa and Anaerosporomusa, all of which
are spore formers. In control MX-80 samples, the overall diversity was much lower and the samples
cultivated in R2A (aerobic and anaerobic) primarily included genera belonging to the order Bacillales,
particularly the genus Paenibacillus and, to a lesser extent, the genera Clostridium or Lysinibacillus. All
of these taxa are spore formers. For PGM medium, genera such as Sporacetigenium,
Desulfosporosinus, Anaerospora, Sedimentibacter and Pelosinus, or members of the order Bacillales,
dominated the culture samples. Our results demonstrate that the viability of the bentonite microbial
community remained unaffected even after 18 months in the bentonite samples compacted to a dry
density of 1600 kg m-3.

Previous work predicted that the initial hot phase of deep geological repository (DGR) evolution, when
temperature and irradiation reach their peak, would cause a dramatic loss in microbial survivability,
resulting in the potential creation of zones free of biological activity around the canister (Aoki et al., 2010;
Stroes-Gascoyne and West, 1997). The results obtained from the treated bentonite samples are in good
accordance with this hypothesis and we showed that microbial activity (including spore-forming
microorganisms) in bentonite and, therefore, the risk of MIC, might be strongly suppressed in the areas
where the bentonite will be exposed to a temperature of 90°C or higher for the long term, presumably
near the canister surface. However, the formation and spatial distribution of this presumed biology-free
zone will depend upon the overall temperature within the DGR. The presence of highly resistant
bentonite microorganisms capable of germination to a metabolically active state when the conditions
become favourable again was clearly demonstrated in the heated samples (up to 6 months’ exposure
at 90°C), where some bacteria still showed cultivability post-exposure. Long-term experiments testing
the microbial response to temperatures below 90°C are needed to determine the possible effect of
temperature gradients on microbial survivability in the bentonite sealing layer. Another unresolved
guestion is the rate of microbial recolonisation of the abiotic zone from the surrounding environment.
Combining microbial survivability data with mathematical modelling of the evolution of environmental
conditions in the DGR during its lifetime has excellent potential for increasing the accuracy of long-term
predictions of microbial effects in the DGR.

4.3.3 Subtask 4.2 Impact of bentonite dry density on microbial activity

A knowledge gap was identified regarding the impact of dry density on microbial activity. This should be
studied for a variety of bentonite types (here: MX-80 and Calcigel). Extensive optimisation of the reactor
design was performed: (a) to avoid tubing failure, various types of tubing were tested and the best was
found to be thick Norprene tubing (ID 1.6 mm and OD 4.8 mm); (b) to avoid filter corrosion, titanium
filters were selected, as stainless filters rapidly corroded; (c) to prevent leakage from the plastic to
stainless steel tubing joints, the stainless steel tubing was wrapped in Teflon tape, the Norprene tubing
slid on top and a zip tie added to hold the plastic tubing in place. With this setup, the microorganisms
can only grow where the electron donor and acceptor gradients meet, that is, within the bentonite (Figure
20C). It is also possible to adjust the flow rate of one or other of the solutions, as Hz is expected to
diffuse faster than sulphate. Finally, bromide (Br-) is added to the sulphate-containing solution to serve
as a conservative diffusion tracer. To ensure that oxygen does not enter the system and fuel microbial
growth, dissolved oxygen (DO) in the APW and the waste bottles are monitored continuously via an
optical sensor (optode) system (Figure 20D). The solution that is flowed into the bentonite is artificial
Opalinus Clay porewater.

The saturation of the Wyoming bentonite and gypsum dissolution was tested in the 15t experimental
phase at EPFL. This was done via the diffusion-controlled dissolution of gypsum by pumping a sulphate-
and bromide-free anoxic APW (equilibrated with 1.5 bar N2/COz) past the bentonite on both sides of the
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reactor and measuring the sulphate concentration in the effluent. This was performed with bentonite
placed in the diffusive reactor at 1.2 g cm- dry density. Approximately 100 mg of sulphate were released
from the bentonite through the slow dissolution of gypsum and it took approximately 95 days to reach a
plateau in sulphate release from bentonite.

In the second experimental phase, Hz2 and sulphate were added to the reactor. Twelve reactors were
packed with bentonite MX-80 and one end of each of the reactors was connected to a reservoir of APW
that included sulphate and bromide (under 1.5 bar of N2/COz), while the other end received APW in
equilibrium with 1.5 bar of Hz (

Figure 26).
]

Figure 26. Experimental set-up showing the 12 reactors and the APW reservoirs during the experimental
phase 2. Each reactor included two APW reservoirs (used for either end) and two waste bottles.

The difficulty associated with this experiment is that the reservoir APW cannot be recirculated. This
entails producing large volumes of anoxic APW to continuously run the experiment. Daily reservoir
change is needed to keep the experiment running. The experiment was performed for 3 weeks, and
three reactors were destructively sampled at time zero and after each week. Unfortunately, neither
sulphate nor bromide was detected in the effluent for the 3 weeks of the experiment.

From the collected bentonite, DNA was extracted and 16S rRNA gene fragments were amplified via
gPCR. In contrast to the original bentonite, at time zero, corresponding to the bentonite at the beginning
of the Hz and sulphate amendment (in opposite directions), there was a large range of 16S rRNA copy
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number per gram of dry bentonite, with values ranging from 5.0E+04 to 4.3E+05 (Figure 27). Most
intriguingly, the values are order of magnitudes larger than those obtained for the original bentonite.
Therefore, it was concluded that growth occurred during the first phase (gypsum dissolution phase) as
no Hz was being supplied at that time. Another source of electrons, for example organic carbon
contained in the bentonite must have been present. The microbial community analysis is ongoing and
will provide more insight into the specific microorganisms able to grow under these conditions.

The other surprise was the observation that subsequent time points did not show evidence of an
increase in biomass but rather no statistically significant change between 0, 7, 14 and 21 days, despite
the addition of H2 as an electron donor starting at time zero. The most likely interpretation for this
observation is that sulphate and Hz had not diffused sufficiently to meet each other and the biomass no
longer had an electron acceptor, therefore, there was no additional growth relative to time zero. The
conclusion from this result is that a much longer time is needed for biomass growth under diffusion
limited conditions.

5.0E+05

4.5E+05 |

4.0e+05 |
3.5E+05 |
3.0e+05 |
2.5E+05 |
2.0E+05 |
1.5E+05 |

1.0E+05 |

Bacterial 165 rRNA gene copies (copies/gdw)

5.0E+04 |

0.0E+00 ——

Reference O 7 14 21 days

Figure 27. Bacterial abundance expressed as 16S rRNA gene copy humbers per gram of bentonite (dry
weight) for the reference bentonite (as received) and the bentonite after treatment for dissolution (0
days) and subsequently after 7, 14 and 21 days. Data are presented in a box and whisker plot in which
the median is indicated with a cross, the mean with a line and each data point with a dot. The box shows
the 25th to 75th percentile and the whiskers show the maximum and minimum values of the data.

At HZDR, the same diffusion reactor as at EPFL was set up with some small differences (Figure 28).
Due to several difficulties in setting up this system (e.g. material procurement, corrosion of filters) the
team only managed to develop and establish a diffusion reactor setup during the project. The first
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experimental phase with the saturation of the Calcigel bentonite and its gypsum dissolution was also
performed. The Calcigel bentonite has a water content of 4.96+0.28% and at least 0.056 mg of sulphate
per gram of bentonite. Therefore, it is expected that the time needed for saturation and dissolution of
sulphate for Calcigel would be faster than MX-80 bentonite due to the lower content of sulphate. After
48 hours, we observed that Calcigel bentonite appeared to be saturated.

eeunee
S0N0N0S
uooeEeee

4/

Figure 28. The final reactor setup for the trial saturation and equilibration phase. The anoxic artificial
Opalinus Clay porewater (APW) reservoir was pressurised with N2 gas at 1.5 bar and the waste bottle
was flushed with N2 gas before closure.

During the development of the diffusion reactor setup, batch microcosms with Calcigel bentonite
incubated under different conditions and different incubation times were prepared. The results showed
that in the microcosms containing hydrogen in the atmosphere, Calcigel bentonite and metal coupons
(HCalC), sulphate concentration decreased the most (Figure 29). In addition, the hydrogen content in
the atmosphere of these microcosms was also lower than that in those with sterile bentonite. This leads
to the conclusion that hydrogen as a potential electron donor and sulphate as an electron acceptor were
consumed in these microcosms by the microorganisms present.

E

CalC HCal HCalC

Hlday ®m3 months m6months M9 months
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Figure 29. The changes of sulphate concentration in microcosms under five different conditions. CalC:
Calcigel bentonite + metal coupons; SC: sterilised Calcigel bentonite + metal coupons; HSC: hydrogen
gas + sterilised Calcigel bentonite + metal coupons; HCal: hydrogen gas + Calcigel bentonite; HCalC:
hydrogen gas + Calcigel bentonite + cast iron coupons.

Microbial diversity analysis also showed that sulphate-reducing bacteria from the genus
Desulfotomaculum were enriched in these samples, indicating that Calcigel bentonite harbours
sulphate-reducing bacteria that are active under the applied conditions. The analysis of the surface of
the coupons from these microcosms showed that the alteration of the surface of the coupons was more
intense at lower incubation times because a layer of Ca- containing minerals was later formed that
seemed to protect the surface of the coupons. In addition, sulphide minerals were found on the surface,
which indicate again the activity of sulphate-reducing bacteria. A high corrosion rate was also observed
in these microcosms. A similar high corrosion rate was only observed in microcosms with hydrogen in
the atmosphere and sterilised Calcigel bentonite (HSC) (Figure 30). These microcosms also contained
the highest hydrogen content in the atmosphere, which indicates the occurrence of abiotic corrosion.
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Figure 30. Corrosion rates of coupons incubated in microcosms under five different conditions. CalC:
Calcigel bentonite + cast iron coupons; SC: sterilised Calcigel bentonite + cast iron coupons; HC:
hydrogen gas + cast iron coupons, HSC: hydrogen gas + sterilised Calcigel bentonite + cast iron
coupons; HCalC: hydrogen gas + Calcigel bentonite + cast iron coupons.

Overall, the results show that the Calcigel bentonite is a good candidate for studying the impact of dry
density on microbial activity and corrosion because this bentonite has a low sulphate content and it
contains naturally occurring sulphate-reducing bacteria that can under suitable conditions contribute to
corrosion, through the production of sulphide, or prevent corrosion, through the consumption of
generated hydrogen.

At SCK-CEN, three oedometer cells developed in-house were dismantled after 244 days of percolation
(419 days in total). So far, only hydrogen measurements in the headspace of the percolate bottles are
available and these indicate an increase of hydrogen in the first three consolidation cells (sterile
bentonite without additional hydrogen) (Figure 31). This increase was slower towards the end of the
percolation, suggesting faster corrosion at the beginning of the experiment, which evolves towards a
slower process. There are only two data points available for the biotic conditions (Cell 5 and Cell 6), but
hydrogen levels are ca. 5 times lower. It appears that bacteria are still active in the consolidation cells
and are consuming the hydrogen. It is only possible to identify microbial presence and activity after
dismantling of the consolidation cells and these investigations are still ongoing.
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Figure 31. Cumulative hydrogen concentrations in the headspace of the percolate samples collected
every two months. Values represent the result and measurement uncertainty. The measurement
uncertainty is relatively high as it also includes the fact that septum bottles were not completely leak
tight for hydrogen.

4.3.4 Subtask 4.3 Impact of bentonite-associated oxygen on microbial
activity and viability

Retrieval of six mini modules after 20 months enabled direct comparison of the impact of the initial Oz
concentration in the atmosphere in equilibrium with bentonite prior to deployment, and bentonite sterility,
on the microbial community, mineralogical changes and corrosion rate. Differences in the thickness of
the dark rim on the outside of the bentonite slice is readily observable (Figure 32). Indeed, bentonite
initially equilibrated in the absence of Oz exhibited the thickest rim on the outer perimeter of the bentonite
cylinder. In contrast, the 100% O: condition, exhibited the thinnest. Intermediate O2 concentrations
exhibited an intermediate thickness. In addition, the difference between sterile and non-sterile bentonite
exposed to 21% O: is evident with the non-sterile case exhibiting more dark spots in the inner part of
the bentonite slice.
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Figure 32. images of slices of bentonite from the mini modules deployed within an Opalinus Clay
borehole for 20 months. The condition is indicated for each case. The bottom part of the figure is a
schematic rendition of the observations.

The qualitative observations are borne out in the in-depth analyses. First, micro-XRF analysis showed
the pattern of sulphur distribution in cross-section rims for each condition. In the absence of Oz, the S-
containing layer was thickest (Figure 33), while it was not detectable in the bentonite originally exposed
to 100% O:. Furthermore, the sterile bentonite exposed to 21% O2 shows a clearly delimited enrichment,
while the non-sterile condition exhibits more diffuse S. These results suggest active sulphate reduction
in the 0% Oz experiment resulted in the precipitation of iron sulphide phases but not in the 100% O:
condition. Furthermore, in the sterile bentonite, SRB originated from the borehole water while in the non-
sterile case, they originated from both the bentonite and the borehole water, explaining the difference in
S distribution.

21% O, sterile 100% O,

Figure 33. MicroXRF maps of bentonite cross-sections from bentonite prepared in four ways prior to
deployment: (a) exposed to 0% O2 atmosphere for 12 months; (b) sterile and exposed to 21% 02
atmosphere for 12 months; (c) exposed to 21% O2 atmosphere for 12 months. (d) exposed to 100% O2
atmosphere for 12 months.

Furthermore, microbial growth varies substantially between different conditions (Figure 34).
Quantification of microbial biomass using the 16S rRNA gene and qPCR evidences an increase in
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biomass in the outer layer and to a lesser extent in the inner part of the bentonite. The greatest increase
in biomass is observed in the 100% O: case, suggesting proliferation of aerobic microorganisms, both
in the outer rim and the inner part of the bentonite. In addition, more growth is observed in the 21% Oz,
non-sterile bentonite case than the sterile case. Moreover, the sterile bentonite (21% O2) exhibits very
limited increase in biomass in the inner part, supporting the S microXRF data in suggesting that the
borehole microorganisms colonised the outer rim of the bentonite. Finally, the condition corresponding
to 0% O:2 exhibits the least growth, supporting the hypothesis that the growth of aerobes is the major
contributor to biomass accumulation in this system. DNA sequencing is underway to evaluate whether
it is also supported by the microbial community composition.

5.00E+06

4.50E+06 1
4.00E+06 1
3.50E+06 1
3.00E+06 |
2.50E+06 1
2.00E+06 1
1.50E+06 1

1.00E+06 -

5.00E+05 | . .

0.00F+00 L &2 g 3 -
0% 21% 21% sterile 100%

Bacterial 165 rRMNA gene copy numbers/gdw

[<

Figure 34. Biomass abundance (measured as 16S rRNA gene copy humber normalised to mass) for
the four conditions (0% Oz, 21% O3, 21% O:2 sterile and 100% O2).

The corrosion of steel coupons placed within the bentonite was evaluated. The thickness of the dense
product layer (DPL) in direct contact with the steel and resulting from the precipitation of corrosion
products varied with the treatment. The thickest layer was observed at 21% Oz, followed by 100% Oz,
suggesting O2-dependent corrosion. Interestingly, by comparing the sterile to the nonsterile 21% O:
condition, we observe that the non-sterile condition exhibits a much thicker DPL than the sterile
condition, suggesting a role of aerobic bacteria in stimulating corrosion. Copper coupons exhibited no
evidence of corrosion in all conditions.

Overall, the data obtained here demonstrate a key role for Oz in stimulating the growth of (presumably
aerobic) microorganisms in bentonite and inhibiting sulphate reducing ones.

4.4 Summary of key outputs from Task 4

The results obtained in Task 4 demonstrate that the high initial temperatures and gamma radiation
during the saturation phase have the potential to create a biology-free (i.e. abiotic) bentonite zone, where
temperatures of at least 90°C are maintained for the long-term. The suppression of microbial activity in
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the vicinity of the canister implies that biofilm formation need not be considered on the canister surface.
ConCorD developed novel experimental strategies to systematically investigate the threshold dry
density that results in the inhibition of microbial growth, for all types of bentonite. Additionally, it was
shown that the Calcigel bentonite is a good candidate for studying the impact of dry density on microbial
activity and corrosion because it has a low sulphate content and contains naturally occurring sulphate-
reducing bacteria that can under suitable conditions contribute to corrosion (through the production of
sulphides).

Based on previous work, it is expected that the only form of microbially-influenced corrosion that should
be considered is that due to the diffusion of aggressive metabolic by-products (typically sulphide) to the
canister surface from locations where microbial activity is possible. In accordance with this assumption,
the compacted bentonite samples from UGR that were supplemented with SRB and iron-reducing
bacteria showed the highest alteration of the metal surface (in 1.6 mg m-2 dry density FEBEX bentonite).
This suggests that sulphide production may affect the corrosion rate even in bentonite compacted at a
high dry density (1.6 g cm-2). Unirradiated compacted bentonite samples, without additional bacteria,
showed that the metal surface was covered with copper oxides (TEM-EDX, Cu + O) and the coupons
exhibited a low corrosion rate.

The influence of Oz adsorbed on bentonite on corrosion and on sulphate reduction was investigated.
First, the DPL was thickest for bentonite pre-exposed to Oz, suggesting the impact of bentonite-
associated Oz on (aerobic) corrosion. Second, the most microbial growth was detected for the bentonite
pre-exposed to 100% Oz, while the bentonite pre-exposed to anoxic conditions showed the least growth.
Finally, the distribution of sulphur in bentonite suggested an accumulation of sulphur in bentonite
inversely proportional to the gas phase concentration of Oz with which the bentonite was pre-
equilibrated. This task also systematically investigated DNA extraction from bentonite and identified the
strengths and weaknesses of the two existing DNA extraction protocols. This is important to ensure that
distinct methods are validated for the community of microbiologists studying the clay microbiome.

Overall, this task was rich in tool development and validation, and provided conclusive results on the
impact of heat and irradiation on microbial survival and growth in bentonite, as well as the impact of clay
associated Oz on microbial growth.
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5. Task 5: Corrosion under transients

5.1 Introduction to task

The ConCorD WP was devoted to those less defined processes impacting container durability in deep
geological repositories (DGRs) for high-level radioactive waste and, specifically, Task 5 was proposed
to analyse in detail the effect of coupled near-field transitory environmental conditions on container
corrosion.

Metal corrosion mechanisms are well known and corrosion of container materials has been extensively
studied under constant or steady-state conditions (Abdelouas et al., 2022 and references therein; Frankl
et al., 2023) that commonly reflect the repository environment in the long-term. However, uncertainties
still exist about the role that evolving conditions, which are imposed during the early post-closure period
by the different barriers in the near-field, may have on container durability.

At the container / engineered barrier interface, metal corrosion behaviour will depend on the metal’s
characteristics and it will be controlled by the physico-chemical and specific environmental conditions
established by the radioactive waste itself, by the other engineered barriers and by the surrounding
groundwater (King and Padovani, 2011). After facility closure, saturation of the bentonite barrier with
water from the repository host rock will lead to clay swelling and the development of mechanical loads
on, and stresses in, the container. All these factors together will promote transitory conditions in the
near-field mainly due to the following aspects: (i) temperature, (ii) radiation levels, (iii) porewater
chemical composition, (iv) water activity, (v) redox conditions / oxygen consumption rate, (vi) extent of
microbial activity, (vii) processes involving gas generation and (vii) mechanical stresses.

Given the nature of the radioactive waste and the materials that are being considered as barriers today,
the above-mentioned transitory conditions are expected, but their temporal evolution, time span and
impact on repository security are not known. In addition, other less well defined external perturbations
may also impact the durability of waste containers. An understanding of the evolution of the environment
surrounding the canister in the repository over long periods of time is essential for a reliable analysis of
the corrosion of canister materials.

Task 5 was set up with the objective of experimentally analysing the impact of selected transitory
environmental conditions on the corrosion of metal and alloys, considering different candidate container
materials for radioactive waste. From the outset, it was mainly proposed to experimentally analyse the
effect of coupled thermal, chemical and hydraulic conditions on the corrosion of container materials in
the presence of the engineered bentonite barrier. Some experiments considered radiation transients as
well, but the microbial and mechanical processes were not specifically addressed in this task.

Four research teams participated in the task, namely CIEMAT (ES), GRS (DE), KIT-INE (DE) and UJV-
SURAO (CZ). For the definition of laboratory experiments, particular physico-chemical scenarios
established at the container/bentonite interface and specific transient or coupled processes were taken
into account for each individual partner.

UJV-SURAO studied the effect of increased temperature (up to 150°C) and gamma-radiation on
accelerated corrosion of the reference Czech carbon steel reference canister in contact with Ca-Mg
BCV Czech bentonite.

CIEMAT studied the impact of hydraulic (i.e. water saturation) transients, redox transients and thermal
transients (going from ambient temperature to 80°C), together with gas evolution, on carbon steel and
copper corrosion to relate the induced corrosion with gas/hydraulic and temperature conditions. Carbon
steel- and Cu-based canisters were considered. Samples from in situ experiments carried out in Aspo
underground research laboratories (described in Svensson et al, 2011) were also analysed and
published in Fernandez et al. (2022).
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GRS, in cooperation with KIT-INE, analysed the temporal evolution of the rate and propagation of
corrosion of spheroidal graphite cast iron GGG40 (SGI) and copper-nickel alloy C71500 (CuNi) in
contact with bentonite slurry or suspension, saturated with selected waters at typical near-field
temperatures (30, 50 and 80°C). The influence of oxidising/reducing conditions on the growth and long-
term chemical and mechanical stability of the protective oxide films (e.g. haematite) was emphasised.
The redox topic was complemented by studies at increased temperature and pressures of 5, 50 and
100 bar, using both accelerated and conventional corrosion techniques.

All corrosion experiments included bentonite buffer to address existing uncertainties. The near-field
conditions analysed included hydraulic, thermal, redox and radiation transients, where at least one
parameter was changed with time. Specific set-ups were developed and many analyses were carried
out, which were focused on identifying the physico-chemical effects of the different transients on
container material corrosion, and experiments and analyses were designed and planned to (i) provide
metal corrosion rates, (ii) identify the main corrosion products released and (iii) to evaluate the
engineered barrier alteration. Experiments were designed to provide relevant experimental data that will
be helpful in evaluating the long-term behaviour of container materials and the contacting bentonite
engineered barrier in performance assessments. Relevant information was periodically provided to
support the work carried out in Task 6.

5.2 Scope of task

The scope of the experimental studies proposed in Task 5 was focused on the interface between the
metal container and the engineered barrier, made up of compacted bentonite, in accordance with the
repository concepts being considered in Canada, Czech Republic, Finland, Japan, Spain, Switzerland
and Sweden.

Each research group selected specific container materials for investigating container corrosion and took
account of specific near-field transient conditions and characteristic engineered barrier conditions. Table
30 summarises the main materials and conditions analysed experimentally by the different research
groups. All experimental details are described in ConCorD Deliverable 15.12 (Fernandez et al, 2024).
The experiments are grouped by materials and type of experiment. Seven different types of laboratory
experiments were carried out to analyse the effect of coupled thermal, redox, hydration and y-radiation
transients, as summarised in Table 30. The main characteristics of each type of experiment are
described below.
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Table 30. Summary of transient experiments carried out in Task 5 to analyse container degradation
under different conditions. Experiments are grouped by type of experiment (I to VII), indicating the
materials and transients analysed by the different research teams.

Bentonite Water Temperatu Transient
hydration re (°C)
Carbon Compacted Granitic 90°, 150 Thermal, | UJV Type |
steel Ca-Mg BCV water y-radiation
(Czech and | Na-MX-80
Nagra
reference) | Compacted Granitic 80 Coupled CIEMAT | Type Il
Ca-Mg FEBEX | water hydration,
thermal
and redox
Compacted Granitic 80 Coupled CIEMAT | Type llI
FEBEX water hydration,
and
Clay thermal
porewater
Compacted Granitic
SWy-3 water
Clay
porewater
Compacted Granitic
BCV water
Clay
porewater
Cu-OFP Compacted Granitic 80 Coupled, | CIEMAT
(Swedish, | FEBEX water hydration,
SKB) redox and
Clay thermal
porewater
Compacted Granitic
SWy-3 water
Clay
porewater
Compacted Granitic
Ca-Mg BCV water
r - EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report
eu Dissemination level: Public

o wsemmgene. Date of issue of this report: 31/05/2024 Page 97



Bentonite Water Temperatu Transient
hydration re (°C)
Clay
porewater
SGI  cast | Wyoming OPA 30, 50 Thermal, | GRS Type IV
iron slurry porewater -
(SKB) hydraulic
Wyoming OPA 30, 50 Thermal, GRS Type V
slurry porewater v-
irradiation
Wyoming Grimsel 25,50 Static and | KIT Type VI
suspension granitic dynamic (static)
. water thermal
(experiments &
. : and redox
with or without .
; transients Type VI
haematite) ;
(dynamic)
CuNi alloy | Wyoming Grimsel 25, 50 Static and | KIT
suspension granitic dynamic
. water thermal
(experiments d red
with or without f” re ?X
sulphide) ransients
5.21 Materials tested

The corrosion behaviour of four types of metal materials was analysed at laboratory scale:

=

eu

European Joint Programme
on Radioactive Waste Management

Carbon steel (Nagra carbon steel and Czech carbon steel) samples used in UJV and
CIEMAT experiments are representative of the Swiss Nuclear Waste Management Agency
(Nagra) reference canister (Figure 35a, b and c) and the Czech reference canister (Figure 35d
and e). The Nagra carbon steel sample was provided by Jacobs (UK) and consisted of a circular
section of around 2 kg of carbon steel ASTM A694-08 F65 (Patel et al, 2012). The Czech carbon
steel S355J2H was supplied by Skoda and obtained by cutting a tube, which serves as the outer
casing in the Czech canister concept (Pospiskova et al. 2017, Matulova et al. 2023).

Spheroidal graphite cast iron (SGI) EN-GJS-400-15 was selected by KIT (Figure 36a) and
GRS (Figure 36b). This material is being considered for the construction of canisters for a
KBS-3V Swedish repository (Jonsson et al., 2018) and it is also a component of the POLLUX®
containers developed for the direct final storage of heat-generating nuclear waste. Owing to its
high carbon content, using SGI as the outer cask reduces the external gamma and neutron
dose rate.

Oxygen-free phosphorus-doped copper (Cu-OFP), which is representative of the Swedish

repository concept, was used by CIEMAT. Cu-OFP samples were provided by the Swedish
Nuclear Fuel and Waste Management Company (SKB, Sweden). Figure 37 shows the rod used,
reference T77 +750 400, to obtain discs of 27.5 mm diameter and average thickness 1.5 mm.
Cu-OFP is composed of 99.99 wt.% Cu with small traces of other elements. More details can
be found in Fernandez et al. (2024).
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e Copper nickel alloy (CuNi) samples were also selected by KIT for their experiments (Figure
38). It was CuNi grade CW354H / UNS C71500 (or DIN 2.0882), which mainly consists of Cu
with about 30 wt.% of admixed Ni (Fernandez et al., 2024). Countries such as Sweden, Finland
and Canada envisage the use of copper in the construction of waste containers and
understanding of the degradation mechanisms of this material is quite advanced. Copper can
be alloyed with nickel, and some alloys, such as UNS C71500, find application in the
construction of evaporators and heat exchange tubes, with excellent corrosion behaviour in sea
water.

From the point of view of maturity with respect to knowledge about the corrosion behaviour of candidate
container materials, carbon steel and Cu-OFP are considered to be those for which there is the broadest
knowledge, while the corrosion behaviour of GGG40 cast iron and CuNi alloys is less well known.

e Bentonites: Metal contact with bentonite was included in all experiments, but each research
team selected a specific near-field scenario. Corrosion studies with carbon steel and Cu-OFP
samples were performed in contact with compacted bentonites, Na SWy-3 bentonites, Czech
BCV (Laufek et al., 2021) and Spanish FEBEX bentonites (Huertas et al. 2006; Fernandez et
al., 2004) and were tested under different conditions. Studies with SGI and CuNi alloy were
carried out in contact with Na-MX-80 bentonite slurry or Na-MX-80 suspensions in dilute
conditions; more details can be found in Fernandez et al. (2024). SWy-3 and MX-80 are
equivalent bentonites from Wyoming (USA).

e Waters: In carbon steel corrosion studies, bentonite was hydrated with waters of different
salinity, specifically granitic groundwaters SGW3 (Cervinka et al, 2018), low saline granitic water
(Fernandez et al., 2024) or bentonite porewater (Fernandez et al, 2005), at different degrees of
saturation.

SGI degradation studies were carried out with groundwater representative of two rock host concepts:
granite (Grimsel groundwater, Switzerland), sedimentary clay rock (Opalinus water representative of
Callovo Oxfordian formations (France) or bentonite porewater. The compositions and characteristics of
all selected waters are described in Fernandez et al. (2024).
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Figure 35. Carbon steel samples used by CIEMAT and UJV: (a) Nagra carbon steel ASTM A694-08 F65
(Patel et al, 2012); (b) Cylindrical test rods; (c) Nagra carbon steel coupons; (d) Czech carbon steel
S355J2H (Pospiskova et al. 2017, Matulova et al. 2023) and (e) Czech carbon steel coupons.
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Figure 36. Spheroidal graphite cast iron GGG40 (SGI) coupons used by (a) KIT and (B) GRS, for their
laboratory experiments.
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Figure 37. Cu-OFP samples: (a) Cylindrical test tube reference T77 +750 40° of Cu-OFP, representative
material of SKB design, (b) Cu-OFP discs of 27.5 mm diameter and 1.5 mm thickness.
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Figure 38. Copper nickel alloy samples (CuNi) CW354H / UNS C71500 (or DIN 2.0882) selected by KIT
for laboratory experiments.

5.2.2 Summary of laboratory experiments and set-up developed in Task 5

Type |: carbon steel in compacted bentonite subjected to radiation and thermal transients (UJV)

The experiments carried out by UJV with Czech carbon steel consisted of 23 modules, each containing
compacted BCV bentonite with embedded Czech carbon steel coupons, mounted in an anoxic box
(Figure 39). Samples were y-irradiated (°Co source) and constantly heated at 150°C for 6, 9, 12 or 18
months. The dose rate (0.4 Gy hr1) was calculated by simulating conditions close to the fuel assembly
at the defined temperature (PospisSkova et al. 2017).

According to the DGR concept (Pospiskova et al., 2017) the initial bentonite moisture content was
adjusted to 15% (modules heated up at 150°C) and 20% (modules heated up at 90°C). The dry density
of compacted bentonite was 1600 kg m-3. In each corrosion module, there were 12 Czech carbon steel
samples that were divided into three layers, with each layer containing four steel samples. The
experimental design consisted of bentonite with embedded carbon steel samples compacted and
saturated in modules, then inserted into sealed chambers (mounted in an anoxic box).
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Figure 39. UJV experimental set-up: (left) corrosion module; (right) Czech carbon steel samples with
BCV bentonite inside the corrosion module, to analyse the effect of thermal and irradiation transients.

Type ll: carbon steel in compacted bentonite subjected to coupled redox and thermal transients

(CIEMAT)

Figure 40 shows the set-up designed by CIEMAT to analyse transient states, from the initial unsaturated
compacted bentonite under oxic conditions to fully saturated anoxic conditions, hydrated with enough
water to allow compacted bentonite / granitic water / carbon steel interactions at a high temperature
(80°C). Samples consisted of compacted FEBEX bentonite at two dry densities: 1.4 and 1.6 g cm-3, with
the initial degree of saturation being 41.3% and 55.6%, respectively. Two coupons of Nagra carbon
steel were placed in the middle of the compacted sample.

Samples were introduced into a PARR reactor (Model 4600) where 120 ml of low saline granitic water
were added to hydrate the bentonite during the experiment, with the temperature set at 80°C to achieve
100 % saturation. At the end of the test, and prior to opening the reactor, gas and water samples were
collected (Figure 40, lower) and afterwards the cell was dismantled and the compacted bentonite block
was transferred to an anoxic glove box for sampling both the coupons and the bentonite. The duration
of the tests was up to 1 year.
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Figure 40. Setup used by CIEMAT for studying coupled redox and thermal transients at 80°C with Nagra-
carbon steel / bentonite samples (upper); collection of gas and water samples at the end of the
experiment (lower).

Type lll: carbon steel and Cu-OFP in compacted bentonites subjected to convective water vapour
thermal fluxes under dynamic conditions (CIEMAT)

Figure 41 shows the water adsorption tests designed by CIEMAT to simulate convective water-vapour
thermal fluxes at the metal/bentonite interface. Table 31 presents a summary of all the experiments
carried out with three bentonites (FEBEX, SWy-3 and Czech bentonite BCV) compacted at 1.4 or
1.6 g cm3. A different metal coupon was introduced into the middle of each compacted bentonite: Czech
and Nagra carbon steel, and Cu-OFP. At the top and bottom of the sample, a dialysis sheet was placed
to allow infiltration of water. Each cell was placed inside a desiccator with a deionised water solution
and a vacuum applied (10 mm Hg vacuum). The dialysis sheet and the perforated covers allowed for
exchange of water in the vapour phase between the clay and the atmosphere inside the desiccators
(95-100% RH). The tests were performed at a temperature of 80°C, inside an oven that was
thermostatically controlled at 353.15K. The duration of the tests was up to 1 year.
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Figure 41. Set-up for convective water vapour thermal flux experiments carried out by CIEMAT under
oxic conditions and at 80°C with three bentonites compacted at a dry density of 1.4 and 1.6 g cm-3 with
Czech and Nagra carbon steel coupons and Cu-OFP coupons.
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Table 31. Initial conditions of the dynamic experiments at 80°C.

Oxic Conditions / Degree of Saturation = 55.6% and 41.3% for ps=1.60 and 1.40 g cm'3,
respectively / Temperature = 80°C / RH= 95 to 100%

Type of Cell Bentonite Metal Type of water Dry D_ensny Cell
(g cm®)
Nagra 1.4 1
carbon
steel 1.6 2
14 3
FEBEX Cu-OFP
1.6 4
Czech 14 5
Steel 16 6
Nagra 14 7
carbon
steel 1.6 8
14 9
Water vapour
SWy3 Cu-OFP 0
95-100% RH 16 10
Czech 1.4 11
carbon
steel 1.6 12
14 13
Nagra Steel
1.6 14
Czech 14 15
BCV Cu-OFP
bentonite 1.6 16
CEE T 38mm  bmn
Czech 14 17
Steel 16 18
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Type IV: Spheroidal graphite cast iron (SGI) in bentonite suspension subjected to thermal and
hydraulic transients (GRS)

GRS’ experiments were designed for monitoring the corrosion of spheroidal graphite cast iron (SGI) in
contact with a slurry of Wyoming bentonite (Kaufhold et al., 2008, 2015), hydrated with Opalinus Clay
water for a period 90 days. Naturally air-saturated synthetic porewater was used for the preparation of
the slurry. Thus, these conditions are thought to reproduce the very initial corrosion processes upon
intrusion of water into the steel-bentonite interface in the cooling phase after repository closure.
Dissolved oxygen in the disposal was provided by air trapped in voids of the closure filling materials.
The experiments were performed in a so-called ‘bentonite-cell’ (Figure 42). The slurry and the
supernatant liquid, with their original contents of dissolved oxygen, were separated from each other by
a perforated plate, which maintained a constant slurry porosity and avoided turbulence. Incoming
oxygen from the surroundings was avoided by purging the upper part of the cells with argon connected
to water traps.

The corrosion process was monitored by measuring:

0] the corrosion potential or open circuit potential (OCP)
(i) impedance spectra in the frequency region 10° to 10 Hz at the OCP and
(iii) polarisation curves at 0.166 mV s from -0.1 V vs OCP until reaching an anodic current of
15 pA.
B ; 27 mm
//’ . “ /,"{ @?mm

A s L W A

cross section AA

argon

supernatant

220 mm

3436cm’

19.5 mm

2‘.6 mm
slurry
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Figure 42. (left) Schematic diagram of the ‘bentonite-cell’ showing geometrical dimensions used by GRS
to analyse SGI corrosion in a bentonite slurry; (right) picture of the cell.

Type V: Spheroidal graphite cast iron (SGI) in bentonite suspension subjected to thermal and y-
radiation transients (GRS)

This experiment, which was linked to Task 3 activities, consisted of analysing the corrosion of SGI in a
slurry, with a Wyoming bentonite to Opalinus Clay water ratio of 1:10. Four samples were put inside a
liner manufactured from PEEK in a stainless-steel reactor (Figure 43), which was closed tightly and y-
irradiated for 220 days in the Panoza-facility of UJV-Rez (Prague) at a dose rate of 130 kGy hr. The
temperature was set to 50°C using an electric oven.
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Figure 43. Picture describing the experimental set-up used by GRS for gamma-radiation and thermal
transients on SGl/bentonite slurry. Picture at the right-bottom corner shows the optical appearance of
the sample after finalisation of the experiment.

Type VI: Spheroidal graphite cast iron (SGI) and CuNi alloy in bentonite slurry subjected to static
thermal and redox transients (KIT)

KIT performed two type of corrosion experiments with spheroidal graphite cast iron (SGI) (Figure 36
Left) and CuNi coupons (Figure 38), including a 100 g L'* bentonite suspension. Experiments were
performed under anoxic conditions using an Ar-filled or Nz-filled glove box, or airtight holders when
needed. Preparation details are described in Fernandez et al. (2024) and Finck et al. (2023). Table 32
summarises the experimental conditions of static and dynamic experiments carried out with SGI and
Table 33 presents the experiments carried out with CuNi alloy.

In static experiments, coupons placed in contact with the bentonite suspension (50 ml) in a closed vessel
and left to react (inner volume 90 ml) (Finck et al., 2023). Each vessel contained two polished coupons
(4 mm x 20 mm x 8 mm) placed on a PTFE (polytetrafluoroethylene) stand, which was conditioned prior
to use to avoid fluorine leaching.

The first series of experiments was performed at room temperature (25°C) by simply leaving vessels in
the glovebox following closure. A second series of experiments was performed at 50°C by using heating
plates in order to identify any possible effect of temperature on corrosion processes. At both
temperatures, contact times were 3 months and 6 months.

In some SGI corrosion experiments, haematite (commercial iron(lll) oxide, Alfa Aesar) was added as
0.5 wt.%. Some CuNi corrosion experiments included sulphide (commercial 1 mg mlt IC certified
standard solution (disodium sulphide nonahydrate in water, Sigma-Aldrich). In experiments under static
conditions, the sulphide content could not be changed over time so that a defined starting concentration
of 3 uM was used.

Type VII: Spheroidal graphite cast iron (SGI) and CuNi alloy in bentonite slurry subjected to
dynamic thermal and redox transients (KIT)

Dynamic experiments were performed with the same materials as described above for the static
experiments, using reactors with one inlet and one outlet and comprising a stainless steel body and a
PTFE inner liner. They were equipped with inlet and outlet metallic filters made of 316L stainless steel
(Tridelta Siperm GmbH, Germany) with a mean pore size of ~7 um.

Each reactor contained one coupon (4 mm x 8 mm x 8 mm) and ~3.1 ml of 100 g L! suspension. At the
inlet and outlet, the reactors were connected to tubing made of PEEK (polyether ether ketone) and a
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defined low water flow (2.5 + 0.4 uL min't) was imposed using a peristaltic pump (Minipuls 3, Gilson)
and calibrated tubing made of PVC with an inner diameter of 0.25 mm.

The water was collected at specific time intervals at the outlet and weighed to determine the precise
flow rate. pH and Eh were measured in the water, which was then ultracentrifuged before being analysed
by ICP-OES and IC. Only one series, with a reaction time of 3 months, could be performed and sampling
times were 4, 5, 6, 8, 10 and 12 weeks.

In the CuNi static experiments, the porewater initially contained no sulphide until week 6, then 1 umol L
until week 8, then subsequently 2 pmol L1 until week 10 and finally 3 pmol L* until week 12. In SGI
corrosion experiments, haematite was added as 0.5 wt.%.
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Table 32. List of corrosion experiments performed by KIT using spheroidal graphite cast iron (SGlI),
along with recorded pH (£0.10) and Eh (x50 mV) (values recorded at 25°C) and the corrosion rate (C.R.,
+15%) determined by weight loss (ASTM, 2011) (n.d. = not determined).

Condition  Applied Duration | pH En (mV vs C.
transient (months) S.H.E)

Static / 25 3 8.17 -441. 4.8
Static 0.5 wt.% a-Fez20s | 25 3 8.13 87 5.1
Static / 50 3 8.13 -254 10.0
Static 0.5 wt.% a-Fe203 | 50 3 7.91 -149 10.6
Static / 25 6 7.87 -47 2.6
Static 0.5 wt.% a-Fez20s | 25 6 7.74 -310 3.7
Static / 50 6 7.73 -430 4.0
Static 0.5 wt.% a-Fe203 | 50 6 7.80 -420 6.9
Dynamic / 25 3 9.2t09.7 | -171t0-181 | n.d.
Dynamic 0.5 wt.% a-Fe203 | 25 3 9.0t09.7 | -167to-179 | n.d.
Dynamic 0.5 wt.% a-Fe20s3 | 50 3 9.0t09.7 | -177 to -207 | n.d.
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Table 33. List of corrosion experiments performed by KIT using the cupronickel alloy (CuNi), along with
recorded pH (£0.10) and Eh (x50 mV) (values recorded at 25°C) and the determined corrosion rate
(C.R., £ 15%) by weight loss (ASTM, 2011) (n.d. = not determined).

Condition | Applied transient T (°C) | Duration pH

(months)

Static / 25 3 8.17 225 1.2
Static 3 uM sulphide 25 3 8.09 271 1.1
Static / 50 3 8.04 283 2.7
Static 3 UM sulphide 50 3 7.58 167 1.6
Static / 25 6 8.09 287 0.1
Static 3 UM sulphide 25 6 7.94 245 0.1
Static / 50 6 8.34 297 1.3
Static 3 UM sulphide 50 6 8.09 263 1.9
Dynamic / 25 3 8.9t09.7 | -166to-179 n.d.
Dynamic 0-1-2-3 UM | 25 3 9.4t09.5 | -1791to -189 n.d.

sulphide
Dynamic / 50 3 89t09.5 | -169to-185 n.d.
Dynamic 0-1-2-3 UM | 50 3 841t09.1 | -171to-183 n.d.

sulphide

5.2.3 Post-mortem analyses: characterisation and corrosion rates

In all experiments, complete post-mortem analyses were carried out by many analytical and
characterisation techniques on metal coupons and bentonite samples as extensively described in
Fernandez et al. (2024). Corrosion rates were determined in all cases by metal weight mass loss,
following ASTM standards (ASTM, 2011).

5.2.4 Summary of in situ laboratory samples analysed subjected to near-field
transients

Task 5 studies were not restricted to the laboratory and in situ experiments were also considered.

KIT selected for their laboratory experiments equivalent conditions to those being analysed in the
Material Corrosion Test (MaCoTe) in situ corrosion experiment at the Grimsel Test Site in Switzerland
(Reddy et al., 2020), where selected candidate canister materials embedded within bentonite were
exposed to natural borehole granitic water.

CIEMAT analysed bentonite samples from ABM5 and LOT experiments (Svensson et al., 2011),
provided by SKB (Sweden). Table 34 presents a summary of materials and conditions analysed from
the Aspo experiment. From LOT Experiments a Na-bentonite (MX-80 bentonite) and metal samples
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from a copper tube slice (SS 5015-04 grade) were analysed. From the ABM 45:5 experiments, two types
of bentonite samples (MX-80 (USA) and Ahsa NW BFL-L (India)) and two metal samples from the heater
(carbon steel P235TR1) and from thermocouples (type K, chromel-alumel) were analysed (Fernandez
et al., 2022).

The results of CIEMAT analyses of in situ experiments carried out within ConCorD were published in
Fernandez et al. (2022).

Table 34. Characteristics of ABM and LOT in situ samples (Aspd URL, Sweden) analysed by CIEMAT
in Task 5 (Fernandez et al, 2022).

Experiment Transient Metal samples  Clay sample Physico-chemical

parameters conditions
In situ test: Temperature Heater: Copper | MX-80 (block | Artificial Groundwater:
LOT Redox tube SS 5015-04 | 31) Aspd granitic groundwater

. grade

Experiment .
(S2 parcel) Bentonite Cu-coupons

Saturation i Temperature: 90°C

(tube 80x80 mm) P

Chemical Duration: 20 years

evolution
In situ test: Temperature Heater: Carbon | MX-80 (Block | Natural Groundwater:
ABM 455 | Redox St;[leelk 3%235TR1 15, 30) Asp06 granitic groundwater
Experiment Bentonite (block 30) Asha 505 | Temperature: 50°C (3.5

. (Block 3) | years) up to 250°C (last 6
Saturation .
. | bentonites at | months)
Thermocouples: )
Groundwater contact  with .
Duration: 5 years

Type type K (chromel- | thermocouples

Chemical glllzjmel) (block | and titanium

evolution ) coupons

5.3 Progress against task description

All the proposed studies experimentally analysed metal corrosion under relevant repository transitory
conditions expected at the canister/bentonite interface. A detailed description of the results obtained is
available in ConCorD Deliverable 15.12 (Fernandez et al., 2024).

5.3.1  Carbon steel in compacted bentonite subjected to radiation and
thermal transients under anaerobic conditions (UJV)

The UJV-SURAO experiments evaluated (Type | experiment in Section 5.2.2) the effect of increased
temperature and gamma irradiation on the corrosion of Czech carbon steel in compacted BCV Ca-Mg
bentonite. MX-80 bentonite was also included in a limited number of tests.

Figure 44 (left) shows the corrosion rates measured for Czech carbon steel samples loaded in BCV
bentonite at 90°C or 150°C, y-irradiated or unirradiated. Figure 44 (right) shows the corrosion rates
measured for Czech carbon steel in MX-80 Wyoming bentonite.
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Figure 44. Corrosion rate of (left) carbon steel samples with BCV bentonite at 150°C (red — irradiated,
dark yellow — unirradiated), 90°C (blue — irradiated, green — unirradiated) and at laboratory temperature
(black). The loading period is indicated by last 1-2 digits in the title of the samples (i.e. 6, 9, 12 or 18
months) and (right) carbon steel samples embedded in MX-80 bentonite heated at 150°C (red —
irradiated, dark yellow — unirradiated), 90°C (blue — irradiated, green — unirradiated) and at laboratory
temperature (black). The loading period was 18 months.

The results showed that the carbon steel samples inside the BCV compacted bentonite and heated at
90°C showed lower corrosion rates than those heated at 150°C. Lower corrosion rates were measured
on irradiated compared to unirradiated samples. Experiments at 150°C in the BCV bentonite gave lower
corrosion rates, around 2 um yr1, and the highest corrosion rate, 24.3 um yr* was measured combining
150°C and irradiation. Unirradiated samples heated to 150°C showed the highest corrosion rate after 6
months, with decreasing tendency to corrode when the loading period was extended to 18 months.
Longer loading periods minimised the difference in the corrosion rate of irradiated and unirradiated steel
samples. The minimum corrosion rate was found in steel samples embedded in water-saturated BCV
bentonite stored at laboratory temperature without irradiation.

No effect, or a very minor effect, of irradiation on corrosion rate was observed when the steel samples
were heated in the MX-80 bentonite.

A longer loading period led to the formation of a higher amount of corrosion products, thus facilitating
their identification. Haematite and Fe-rich carbonates (chukanovite, siderite) were confirmed to have
formed corrosion layers on the steel surface. The thickness of the corrosion layer varied, ranging from
10 to 45 um, and it was directly correlated with the duration of exposure.

Carbon steel samples that remained unirradiated and were heated at 90°C exhibited corrosion layers
up to 45 um thick after 12 months of loading. In contrast, irradiation, and thermal loading at 150°C, led
to the formation of thinner corrosion layers, typically ranging from 10 to 20 um. A corrosion layer
composed of Fe-Si-O was identified on the surface of steel subjected to thermal loading at 150°C,
indicating an amorphous or poorly crystalline structure. The origin of Fe-Si-rich corrosion products needs
to be confirmed by future research.

The combination of high temperature and saturation of SGW3 water led to the partial transformation of
Na-smectite into Ca/Mg-smectite in the MX-80 bentonite. This transformation was indicated by the
proportions of exchangeable cations and by splitting of the montmorillonite basal diffraction line. The
heated BCV bentonite indicated partial cation exchange of Ca2*/Mg?* by Na* coming from the saturation
medium and enrichment in Fe** and Mn?* coming from the carbon steel.
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5.3.2 Carbon steel in compacted bentonite subjected to coupled redox and
thermal transients (CIEMAT)

The experiment with Nagra carbon steel in compacted FEBEX bentonite sample (1.4 g cm3) hydrated
with granitic water (200 ml) at 80°C corresponds to the Type Il experiment in Section 5.2.2. The starting
conditions were oxic but they became anoxic.

At the end of the test (after 135 days), and prior to opening the reactor, gas and water samples were
collected after several cycles of Ar flushing and applying vacuum inside the sampling lines. The following
gases were observed: Hz, CO2, methane and a range of other hydrocarbons (Cz to C4). Oxygen and
nitrogen were also detected, although there was a decrease in the oxygen and nitrogen concentrations
compared to reference atmospheric values (i.e. 78.08 vol% N2, 20.95 vol% Oz and 0.93 vol.% Ar). This
suggests that there was contamination during sampling or that there were different local redox conditions
inside the cell: (a) oxic, with oxygen being consumed over time, and (b) reduced, at the
bentonite / coupon interface where H: is generated. The presence of hydrogen indicates that metal
coupon corrosion occurred under anoxic conditions and that the oxygen detected was probably due to
air contamination during sampling. Argon gas was used for flushing the gas lines.

After gas analysis, the cell was dismantled and the compacted block bentonite was placed in an anoxic
glove box for sampling both the carbon steel coupon and the bentonite (Figure 45). The corroded
coupons were analysed and the corrosion rate for Nagra carbon steel was determined to be 53.2 pm yr1.
The coupons exhibited a uniform generalised corrosion and the corrosion products were identified as
magnetite, siderite, calcite, aragonite, pyrrhotite, anhydrite, gypsum and a carbonate green rust.

The bentonite samples in contact with the coupons were also analysed. The bentonite showed a change
of colour from slight brownish to greenish, indicating a redox change from the middle to both ends of the
compacted bentonite, that is, a diffusion profile of Fe(ll) though the compacted bentonite. However,
apart from the visually observed Fe(ll) front, the analyses of bentonite smectite indicated that the clay
particles remained unaltered.

Figure 45. Detail of sampling of FEBEX bentonite at 1.4 g cm and Nagra carbon steel coupon at the
end of the static experiment in the reactor at 80°C.

5.3.3 Carbon steel in compacted bentonites subjected to convective water
vapour thermal fluxes under dynamic conditions (CIEMAT)

Experiments with metal coupons and compacted bentonites (subjected to convective water fluxes at
80°C) lasted for around 286 days (# and Type Il experiment in Section 5.2.2).

In all experiments with carbon steel, bentonite samples were completely saturated (either Nagra or
Czech carbon steel) and the metal coupons exhibited a degree of corrosion. The corrosion rates
determined in each experiment are presented in Table 35. The highest degree of corrosion was
observed for the Nagra carbon steel interacting with FEBEX bentonite compacted at 1.4 g cm (Figure
46), probably due to the high salinity of the FEBEX porewater, which is higher with respect to the other
bentonites.

The main corrosion product observed on the coupons was magnetite, although there were other Fe oxy-
hydroxides, such as haematite, goethite, lepidocrocite and akaganeite. The carbonates, calcite (CaCOs,
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trigonal) aragonite (CaCOs, rhombic) and dolomite (CaMgCQOs) were observed by XRD analyses.
Siderite was only observed by SEM and gypsum and anhydrite were also detected.

Sulphur species were only detected in SWy-3 and Czech BCV bentonites. In some samples, iron
calcium silicates (e.g. hedenbergite, CaFeSi2Os) were observed. This finding suggests that dissolved
silica must have been available in the system (Kaufhold et al., 2020), which is certainly favoured by the
elevated temperature.

At first sight, the FEBEX and Czech bentonites seemed more altered, showing the presence of
magnetite and goethite, as well as aragonite. In any case, the extent of alteration inside the bentonite
was <2 mm in all bentonite samples, showing an increase of iron content, emanating from the metal-
bentonite interface. Distal bentonite samples remained unaltered.

Figure 46. Dismantling of the FEBEX bentonite compacted at 1.4 g cm with Nagra carbon steel coupon:
altered bentonite and corroded carbon steel is shown.

Table 35. Corrosion rates determined in the metal carbon steel coupons in compacted bentonites by
mass loss weight (Nagra: carbon steel; Czech: Czech carbon steel).

Carbon Dry Thicknes Diamete Coupo @ Loss Corrosio
steel densit s (mm) r (mm) n (um) n rate
y density (um/year)
(g/cm?3) (cm?)
FEBEX | Nagra 1.4 15 30.0 8.2 323.9 | 286 413
2
FEBEX | Nagra 1.6 15 30.0 8.2 43.99 | 286 56
SWy3 | Nagra 14 15 30.0 8.2 62.09 | 286 79
SWy3 | Nagra 1.6 15 30.0 8.2 21.82 | 286 28
SWy3 | Czech 14 0.9 10.0 8.2 36.02 | 286 46
Czech | carbon 1.4 15 30.0 8.2 196.7 | 286 251
steel 0

534 Cu-OFP in compacted bentonites subjected to convective water
vapour thermal fluxes under dynamic conditions (CIEMAT)

The Cu-OFP coupons embedded in compacted bentonite samples subjected to convective water
thermal fluxes (Type lll experiments in Section 5.2.2) showed a significant degree of corrosion. Figure
46 shows an example of dismantling a cell with SWy-3 compacted bentonite at 1.4 g cm= with a Cu-
OFP coupon. After 326 days duration, all bentonite samples were completely saturated.
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The corrosion rates determined by mass loss measurements are presented in Table 36. The highest
degree of corrosion appeared to be for the Cu coupon interacting with the Czech bentonite, with a
corrosion rate of 8 to 9 um yr; the corrosion rate depended more on the type of bentonite than on the
dry density. The extent of bentonite alteration at the bentonite / coupon interface was <0.5to 1 mm in
all the samples, which was much lower than that observed from carbon steel coupons. The presence of
both cuprite (red, Cu20, Cu(l)) and tenorite (black, CuO, Cu(ll)) was indicated.

Figure 47. Dismantling the SWy-3 bentonite compacted at 1.4 g cm- with an SKB Cu-OFP coupon.

Table 36. Corrosion rates determined for Cu-OFP metal coupons (diameter 27.5 mm, thickness 1.5 mm,
density 9.2 g cm-3) in contact with compacted bentonite for 326 days.

Dry density Initial weight Metal Corrosion
(g cm®) ) (Hm) rate (um yr)
FEBEX 1.4 7.6489 3.623 4
FEBEX 1.6 7.8243 2.800 3
SWy3 14 6.8022 5.691 6
SWy3 1.6 7.5552 5.508 6
Czech 1.4 8.4522 7.887 9
Czech 1.6 7.3394 6.789 8

5.3.4.1 Spheroidal graphite cast iron (SGI) in bentonite suspension subjected to thermal and hydraulic
transients (GRS)
The GRS experiments analysed the corrosion of spheroidal graphite cast iron (SGI) in contact with a
slurry of Wyoming bentonite hydrated with Opalinus Clay water over a period 90 days under anoxic
conditions (Type IV experiment in Section 5.2.2). The corrosion process was monitored by measuring
the corrosion potential, the polarisation resistance and polarisation curves at regular intervals.

The mean current values and the peak diffusion-controlled corrosion limit were extracted from the
measured polarisation curve. The corrosion potential and the corrosion current were measured by
extrapolating the cathodic and anodic branches to the zero-current point, for temperatures of 30°C and
50°C. From the corrosion currents calculated from the mean values of the polarisation curves, assuming
a dissolution reaction Fe — Fe(ll) + 2 e, it is possible to calculate the corrosion rates, as described in
Fernandez et al. (2024).

The measured SGI corrosion rates were 6+1 pm yrt and 13+1 um yr? at 30°C and 50°C respectively.
These values are in line with those obtained by mass loss measurements for coupon experiments
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carried out by KIT-INE (see Table 32). To interpret the results it was assumed that the diffusion-
controlled reaction is oxygen reduction (see Figure 48).

Oz2(aqg) +4e +2H0 » 4 OH- Equation 1

bentonite
a P 0,60 0,0

O,(aq)

H, .
OH H,0 oH Fe

U

» R

cast iron

&

Figure 48. Model of the cast iron-bentonite interface used for the interpretation of results from the
electrochemical experiments.
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Figure 49. XPS core level Fe2p, Ols and S2p performed on the corroded cast iron surface free of
bentonite.

5.3.5 Spheroidal graphite cast iron (SGI) in bentonite suspension subjected

to thermal and y-radiation transients (GRS)

The corrosion experiments for SGI cast iron in a saturated Wyoming bentonite slurry using Opalinus
Clay water (w/s ratio 1:10, Type V experiment in Section 5.2.2) were carried out under the same
conditions described above (Section 5.3.4.1) but they were y-irradiated for 220 days in the Panoza-
facility of UJV-Rez (Prague). The temperature was set to 50°C using an electric oven. The dose rate,

measured with a dosimeter inside the reactor, was 130 kGy hr-1. In this case a corrosion rate of 52 um yr-

1 was calculated considering a homogeneous degradation of the whole pellet. This value is ca. five times
larger than that determined electrochemically without radiation.
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The oxygen content measured in the supernatant solution was 0.03 mg I, indicating the development
of an anaerobic atmosphere (fully saturated water has ~8 mg I'* oxygen). Chemical analysis of a filtrate
of the supernatant liquid indicated the formation of NOs and NO2- at concentrations of 6.45 10-6 mol L*
and 1.52 10 mol L respectively and 3.6 103 mol L' of a sulphur compound different from SQa4?
(probably HS-). Analysis of the SGI bentonite-free surface indicated the formation of fundamentally
Fe(OH)z and silicates.

5.3.6  Spheroidal graphite cast iron (SGI) subjected to static or dynamic
thermal and redox transients (KIT)

The corrosion experiments performed with spheroidal graphite cast iron (SGI) included a 100 g L
Wyoming bentonite suspension test environment. These experiments were performed under anoxic
conditions at room temperature (25°C) and at 50°C with contact times of 3 months and 6 months, under
static (Type VI experiments in Section 5.2.2) and dynamic conditions (Type VIl experiments in Section
5.2.2).

Under static conditions, metallic corrosion affected the redox potential and, overall, reducing conditions
developed as a consequence of steel corrosion, suggesting the formation of Fe(ll)-bearing compounds,
except at 25°C when haematite was present. Lower Eh values were recorded after 6 months, except in
the experiment at 25°C in the absence of a-Fez0s.

In some static experiments, the SGI / suspension interface exhibited a slight blue-green colour indicating
that some reaction had occurred. Colour is among the properties of smectites that is greatly affected by
redox reactions, especially for Fe-rich smectites (Stucki, 2011). The observed change of colour may
either have been due to reduction of structural iron within the smectite component of the bentonite, or
the formation of corrosion products (e.g. green rust compounds).

The corrosion rate of SGI was calculated based on mass loss for static experiments, but no corrosion
rates could be estimated for dynamic conditions. Under static conditions, after 3 months at 25°C in
contact with the bentonite suspension, the corrosion rate of 4.8 um yr* (Table 32) was higher than that
reported (~2 um yr1) for carbon steel embedded in compacted MX-80 and exposed to natural granitic
porewater for 394 days in the MaCoTe experiment (Reddy et al., 2020). Both the difference in reaction
time (90 days vs 394 days) and the difference in temperature (25°C vs rock temperature) can account
for the different observed rates. In addition, the use of a suspension instead of compacted bentonite
also plays a role because of the greater availability of water in the former.

Increasing the temperature to 50°C significantly increased the corrosion rate, in agreement with other
reported findings (Hesketh et al., 2023). Corrosion rates decreased systematically with increasing
reaction time, for instance at 25°C from 4.8 um yr! after 3 months to 2.6 um yr-* after 6 months.

The same trends were observed in experiments performed in the presence of haematite, though the
rates were slightly higher compared to experiments in the absence of added ferric compounds. Under
static conditions, the presence of haematite affected the in situ redox potential and the corrosion rate.
The formation of iron silicates could be detected in some samples, especially at 50°C, suggesting that
dissolved silica must have been available in the system (Kaufhold et al., 2020), favoured by the slightly
elevated temperature and the prevailing pH / Eh conditions. Interestingly, data also indicated that
neoformed iron silicates contained some aluminium, meaning that the availability of dissolved silica
alone cannot account for the observed secondary phases. Consequently, the reaction pathway may not
simply consist of precipitation from dissolved species but may be more complex and possibly involve
some kind of dissolution-reprecipitation mechanism.

After 6 months of reaction under static conditions, the surface was more damaged compared to
3 months, even at 25°C (Figure 50). The surface was 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
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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), which is favourable to increasing the extent of
metallic corrosion. Interestingly, the presence of layered compounds can also be seen after 6 months
at 25°C, suggesting the presence of Fe(OH)2 but not green rust type compounds. This finding supports
the view that conditions were clearly reducing at the coupon / suspension interface.

XPS analyses provided complementary chemical information as well as speciation information. For all
analyses the findings were comparable. The spectrum recorded at the metal surface (Figure 51)
identified the presence of metallic Fe, suggesting that no Fe-bearing secondary phase was attached to
the surface. Low concentrations of sulphide were also detected at the coupon surface, most probably
as iron sulphide (e.g. due to pyrite naturally present in the bentonite adhering to the surface).

6 months 25°C

6 months 25°C + a-Fe,0; 6 months 50°

C + a-Fe,0,
| e ¥

Figure 50. Scanning electron micrographs (in SE mode) of SGI coupons corroded for 6 months under
static conditions (exact conditions are indicated above the micrographs). Areas marked in orange were
selected for EDX analysis.
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Figure 51. X-ray photoelectron spectra recorded on the SGI corroded for 3 months at 25°C in absence
of a-Fe203 (A), SGI corroded for 3 months at 50°C in the presence of a-Fe203 (B) and SGI corroded for
6 months at 25°C in the presence of a-Fe20s3 (C).

At the clay surface, Fe 2p spectra show shake-up satellites characteristic of Fe(ll). Shake-up satellites
of Fe(lll) were weak or not present. Interestingly, the binding energy of Fe 2p3/2 lines were at about 710
eV, which is characteristic for iron oxides containing Fe(lll), but also for Fe(ll) in silicates. This finding
would agree with the visual observation of a blue-green coloration at the coupon / suspension interface,
suggesting a possible reduction of structural Fe(lll) within the smectite. In addition, this finding would
also agree with the presence of a mixed Fe(ll)/Fe(lll)-bearing secondary phase such as odinite or
berthierine ((Fe",Fe",Al,Mg)s(Si,Al)205(OH)4) suggested from SEM-EDX analysis. XPS data suggest
that Fe prevails in the divalent and trivalent oxidation states at the coupon / bentonite interface in all
experiments, and no significant impact due to the presence of haematite could be detected.

Under dynamic conditions, after 3 months exposure to a bentonite suspension at 25°C (Figure 52), the
coupon surface appeared non-uniformly corroded, with some areas having exposed cementite lamellas,
which were comparable to the coupon corroded under static conditions at 25°C (Figure 50). In the
presence of added haematite, the morphology seems comparable although with Fe removal going
deeper at grain boundaries. At 50°C, in the presence of added haematite, the iron removal from the
surface seems larger: observations suggest that elevated temperature and the presence of haematite
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both promote the surface degradation / corrosion. At the surface exposed to the suspension for 3
months at 25°C with added haematite present, iron was present in the divalent and trivalent oxidation
states (Figure 53). In the parallel experiment at 50°C, the Fe 2p spectrum agrees with the presence of
metallic Fe, suggesting that no Fe-bearing secondary phase was attached to the surface. The steel
degradation mechanisms under dynamic conditions seem very similar to those under static conditions,
but the surface damage appeared greater.

At the clay surface, Fe was present as a mixture of Fe(ll) and Fe(lll), comparable to the observations
from experiments under static conditions (Figure 53). This finding suggests that Fe(ll) formed during
steel corrosion reacted with the contacting bentonite, resulting either in the (partial) reduction of
structural Fe(lll) in the bentonite or the formation of a mixed Fe(ll)/Fe(lll) compound. However, no
neoformed Fe-bearing phase could be detected at the coupon / bentonite interface, suggesting a partial
reduction of structural Fe in the bentonite.

3 months 25°C 3 months 25°C + a-Fe,0, 3 months 50°C + a-Fe,0,
; > W A £ i
- i SRS I 3

Figure 52. Scanning electron micrographs (in SE mode (centre and left) or BSE mode (right)) of SGI
coupons corroded for 3 months under dynamic conditions (exact conditions are indicated above the
micrographs).
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Figure 53. X-ray photoelectron spectra recorded on SGI corroded under dynamic conditions for
3 months at 25°C in the presence of a-Fe203 (A) and SGI corroded for 3 months at 50°C in the presence
of a-Fe20s3 (B).

5.3.7 CuNi alloy experiments subjected to static or dynamic thermal and
redox transients (KIT)

Experiments carried out with CuNi alloy and bentonite suspension, subjected to thermal and redox
transients for 3 months under static conditions showed that pH and Eh did not evolve much from the
values for the starting pre-equilibrated bentonite suspension, except for the experiment at 50°C with
3 uM of added sulphide. After 6 months, no significant difference was observed for the measured pH
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or Eh, suggesting that neither the presence of sulphide nor increased temperature had any significant
effect on the evolution of pH and Eh. It is interesting to note that Eh values are clearly positive, in contrast
to experiments with the cast iron, and conditions did not become reducing even in the presence of added
sulphide.

Upon removal of the coupons from the suspension, the interface was brownish in some experiments
performed at 50°C and observations suggest the formation of secondary copper and/or nickel
compounds accumulating at the coupon surface.

No presence of corrosion products could be detected by XRD analysis of the corroded specimens.
Findings suggest that either secondary phases formed in insufficient amounts to be detected or that
they may have been removed when cleaning off the excess suspension, because electron microscopy
showed the presence of particles at the coupon / suspension interface. Scanning electron microscopy
was subsequently applied to analyse the corroded coupons.

EDX analyses of the particles indicate the presence of Cu-rich oxide particles in all samples, sometimes
with low amounts of associated sulphur. The Cu-rich particles had small sizes and were present at the
surface of a substrate predominantly made of Cu, rendering the exact determination of the elemental
composition complicated because of a high contribution from the underlying substrate. However, EDX
spectra recorded on well separated particles confirmed the presence of Cu only. No Fe or Ni could be
found associated with the particles. Sulphur was only detected in some samples, ruling out the formation
of Cu sulphide as a corrosion product.

SEM-EDX results (Figure 54) revealed a Cu:O atomic ratio of 2:1, thus suggesting the presence of Cu20
(cuprite) particles. Complementary XPS measurements after 3 months at 25°C, showed the presence
of Cuz20, together with Ni(0), while Cu(0) 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 Cu20 at 25°C and Cu(0)
at 50°C, but no Ni could be detected in samples after 6 months exposure. These findings may suggest
that at 25°C Cu is oxidised to Cu(l) but Ni is not oxidised, whereas at 50°C Ni is oxidised to Ni(ll) but Cu
is not oxidised.

Figure 54. Scanning electron micrograph recorded at 2.5 kV acceleration voltage (left), and Kikuchi
pattern and indexing with Cu20 (red, right).

The presence of added sulphide had no significant impact on the Cu and Ni speciation at both
temperatures and both exposure times. Sulphides could be detected at the surface of all coupons, with
larger amounts detected in experiments at 50°C. Almost no Cu or Ni could be found associated with the
clay surface, meaning that CuNi corrosion resulted in the formation of low solubility secondary phases
at the coupon / suspension interface where the alloy was exposed. Similarly, no Si, Fe or Al, which are
the main elemental components of bentonite, could be found associated with the corrosion products.
This latter finding agrees with the reported existence of different reaction mechanisms at the
Fe / bentonite interface compared to the Cu / bentonite interface (Kaufhold et al., 2017).
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The alloy used in the present study contained ~30 wt.% Ni with lower proportions (<1 wt.%) of Fe and
Mn, but analyses revealed the dominant presence of Cu-bearing secondary phases, thus suggesting
that the degradation mechanism may involve copper. Since metallic Cu does not corrode in pure water
(Hedin et al., 2018; Senior et al., 2019) not many possibilities may explain the observed findings.
Considering that only marginal amounts of S were found associated with secondary phases the only
oxidant present was residual oxygen, which would agree with the findings of Kaufhold et al. (2017)
because the MX-80 bentonite used contained only low amounts of pyrite (0.6 wt.%, Karnland, 2010).
Since cuprite was clearly detected at the surface of the coupons, but not Cu sulphide, residual oxygen
must have been present in large excess compared to sulphide. Indeed, considering the starting sulphide
concentration and the volume of suspension, only very low amounts of Cu sulphide would be expected
to form. In addition, under the prevailing conditions, (i.e. excess of residual oxygen, as suggested from
the observation of neoformed Cu:0 compared to added sulphide), the oxidation of sulphide to
thiosulphide or other S species may also have occurred. These considerations would also be in line with
observed corrosion rates being hardly affected by the presence or absence of sulphide.

Corrosion experiments with CuNi under dynamic conditions were performed in parallel. Compared to
experiments under static conditions, measured pH values were significantly higher under dynamic
conditions. Measured Eh values were all very comparable and clearly negative, ranging from -166 mV
to -189 mV, and did not exhibit any significant variation with time, temperature or sulphide presence.
These outcomes suggest the development of reducing conditions, which contrasts with results from
experiments under static conditions.

Interestingly, the observed pH and Eh values and their evolution with time compare well with those
obtained in experiments under dynamic conditions with SGI. Though pH variations can be interpreted
as dilution of the suspension by the inlet water, this may hardly explain the observed Eh evolution
because the redox potential of the inlet water was positive (115 mV), suggesting that either the protocol
used to measure Eh (i.e. in water at outlet) or the setup used may have an effect on these values.

The sample corroded for 3 months at 25°C appeared to be covered by a thin layer of fine-grained
material, suggesting significant contribution from the underlying substrate. At 50°C, secondary phases
exhibited a thin layered morphology, up to several um across, suggesting that temperature played a role
in the development of the morphology of the secondary phases formed. The measured elemental
composition of the particles is consistent with a Cu oxide but without Ni present.

Overall, the results for experiments conducted under dynamic conditions were very comparable to those
obtained under static conditions, with the predominant formation of Cu oxide particles. With the
formation of these secondary phases, a Ni-rich layer formed above the underlying coupon and Ni is not
associated with the Cu oxides. Nickel was only found as hydroxide at the surface of some coupons.
Finally, only limited amounts of S were found at the coupon surface. Based on the comparable
secondary phases detected in experiments under static conditions, positive Eh values would be
expected and not the negative values measured in the outlet water. One possible explanation could thus
be the absence of bentonite and/or secondary phases acting as a redox buffer of the system during Eh
measurements.

5.3.8 Results from samples from in situ Aspé laboratory experiments
subjected to near-field transients

Results from in situ laboratory experiments from the Aspé underground laboratory were published in
Fernandez et al. (2022). In the large scale in situ ABM5 experiment, all bentonites preserved their hydro-
geochemical properties after being subjected to saline groundwater infiltration, heating and interaction
with corroding metals during the 4.4 years of the experiment. The main change observed in all bentonites
was the modification of exchangeable cation composition, which is explained on the basis of
equilibration with Asp6 saline groundwater that is enriched with Ca and Na salts. The initial bentonite
porewater was modified in all the bentonite blocks after their interaction with the saline Na-Ca-Cl
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groundwater. Porewaters changed from mainly an initial Na-Cl or Na-SO4 water type towards a Na-Ca-
Cl porewater in all the bentonite blocks analysed, except for MX-80 block 1, which changed from Na-
S04 to Na-Cl water-type. Water-vapour fluxes probably increased the salinity of the porewaters at the
top part of the package.

Fe increased as a function of the distance towards contact with the heater. Heater corrosion resulted in
the increase of iron in the bentonite and goethite, haematite and siderite were found as corrosion
products. No magnetite was detected. Although the ratio of ferrous to ferric iron increased in the close
vicinity of the carbon steel heater, the majority of the Fe content was present as Fe(lll).

5.4 Overview of key outputs from Task 5

541 Influence of temperature and degree of saturation of bentonite on
carbon steel corrosion

Temperature and the degree of saturation of the bentonite are the main factors affecting corrosion rates
of carbon steel samples embedded in bentonite. Higher corrosion rates were measured at 150°C than
at 90°C (Figure 44). Non-uniform corrosion, connected to heterogeneous saturation, was observed
previously in various clay / bentonite environments (e.g. King 2008; Zuna et al. 2023). Corrosion rates
in model environments range from units to tens of um yr! for most authors (e.g. Neff et al. 2010; Smart
et al. 2012). These rates correlate well with the corrosion rates measured in the heated Czech BCV and
MX-80 bentonites.

There was no verified effect of initial humidity on the steel corrosion rate, but increasing the initial
humidity of bentonite seems to have had an inhibiting effect on the steel corrosion rate (Figure 55). The
parallel influences of temperature, irradiation and humidity make it impossible to distinguish which
parameter dominated. A possible explanation may be that there was insufficient pressure used in the
saturation of irradiated cells, which caused corrosion in water vapour rather than in pore solution.
Corrosion products originating in vapour conditions are conventionally more compact and thinner than
those formed in bulk aqueous solution.
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Figure 55. Correlation of Czech carbon steel corrosion rate with (left) initial and (right) final humidity of
BCV bentonite.

The thickness of the corrosion layer correlated well with the heating temperature and length of exposure
period. A more extensive and thicker layer was identified on steel samples heated at 90°C. This feature
is explained by the higher saturation of bentonite and higher water content, which can facilitate formation
of corrosion products. Formation of Fe-Si-rich corrosion layers was found to depend on the heating
temperature up to 150°C. The source of silica is believed to be the amorphous phases of the bentonite
(e.g. Kaufhold et al., 2013) and/or smectite alteration (Madejova et al., 2009). Theoretical models of
corrosion product formation predict the formation of magnetite as the main corrosion product, as well as
siderite and chukanovite as minor corrosion products in the early stages of environmental development
((e.g. Bildstein et al., 2006, Wilson et al., 2017. Greenalite ((Fe?*,Fe3*)23Si»Os(OH)4), chamosite
((Fe?)sAl(Si,Al)4010(OH,0)s) and Fe-illite ((K,H3O)(Al,Fe)2(Si, Al)aO10[(OH)2,(H20)]), should be present
in the system according to the long-term models. Mainly magnetite, but also chukanovite and siderite
were confirmed in some experiments. This is in accordance with the expected model. Absence of
silicate-based corrosion products is explained by the short duration of the experiments (e.g. King et al.,
2008; Stoulil et al., 2013, 2022).

A thermal effect (150°C) on the proportions of Ca2* and Mg?* as exchangeable cations is clearly visible.
High temperature caused an increase in the Ca2* content and a decrease in the Mg?* content. Bentonite
heated at 90°C exhibited comparable values to those of unheated bentonite.

Thermal loading at 150°C induced an increase in Ca2* and a decrease in Mg?* levels in the BCV
bentonite, similar to those observed in the MX-80 bentonite. An increase of Na* in the exchangeable
cation position was observed in the BCV bentonite heated to 150°C. There is expected to be a combined
effect of heating and Na* input from SGW3.

Enrichment of bentonite by Fe** was confirmed by XRF. Charpentier et al. (2006) documented the
transformation of montmorillonite by interaction of MX-80 bentonite with Fe-powder in the presence of
alkaline solutions and elevated temperatures. Montmorillonite was still the dominant clay phase at 80°C
and 150°C but enriched in Fe and depleted in Si. Fe-vermiculite predominated at 300°C and was
associated with zeolite and saponite. The montmorillonite transformation led to significant modification
of the material properties as exhibited by decreasing swelling due to the presence of less swelling
vermiculite and non-swelling zeolite. On the other hand, zeolite (mordenite) exhibited high cation
exchange capacity and high adsorption capacity, which was comparable to the initial bentonite.

Formation of magnetite was documented by XRD for all carbon steel samples. The presence of iron
sulphide was detected as a result of the SRB (sulphate-reducing bacteria) activity. These bacteria use
lactate added to the Opalinus water representative of Callovo Oxfordian (France) formation and
hydrogen formed by steel corrosion as an energy source for sulphate reduction. However, 70% of the
steel surface was still covered by magnetite and the corrosion products contained less than 3% of
sulphide compounds. Siderite, chukanovite and B-Fe2-(OH)sCl were detected after 6 months. In the
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current experiments the influence of sulphate-reducing bacteria (SRB) was minimal due to the high
temperature. The main conclusions connected to the microbiological analyses of BCV and MX-80
bentonites sampled in the current experiments were reported in Concord Task 4 (Hidalgo et al., (2024).

5.4.2 Influence of bentonite type and degree of saturation on carbon steel
corrosion

Overall, carbon steel corrosion rates increase with temperature and the degree of salinity of the
porewater, and decrease with increasing dry density (Table 35). The corrosion rates obtained in these
transient experiments with carbon steel coupons ranged from 28 to 413 um yrt, depending on the
salinity of the porewater and the dry density of the bentonite. Higher corrosion rates were observed for
high salinity porewaters and lower dry densities, as observed for FEBEX bentonite compared to SWy-3
and Czech bentonites. In any case, the extent of alteration inside the bentonite was <2 mm in all
bentonite samples, with smectite clay particles being preserved. The main corrosion product detected
in all the laboratory experiments performed with carbon steel was magnetite, which is transformed into
other Fe(lll) mineral phases as a function of the oxygen content of the environment.

The lower corrosion rate of Fe-pellets embedded in the Na-bentonites compared to those embedded in
Ca-bentonites was observed by Kaufhold et al. (2015b). The initial expectation was that Na-bentonites
would be more corrosive due to the formation of voluminous water-rich gels, which hence leave more
water at the interface. However, experiments showed less corrosion in Na-bentonites. Fe-rich bentonites
were also not more corrosive than others. The lower corrosion rate in Na-bentonite compared to Ca-
bentonites was explained by a possible effect of different pH values.

5.4.3 Influence of thermal and radiation transients on carbon steel corrosion

No effect at all, or a very minor effect, of irradiation on corrosion rate was observed when the steel
samples were heated in the MX-80 bentonite. This can be explained by the low dose rates used in the
experiment. On the other hand, the measured corrosion rates indicated less corrosion of carbon steel
when it was embedded in the BCV bentonite and unirradiated at 150°C compared to samples subjected
to irradiation. This phenomenon is more attributed to the degree of saturation than the influence of
radiation (Figure 44).

54.4 Influence of thermal and hydration transients on Cu-OFP corrosion

The corrosion rates of Cu-OFP samples subjected to the same coupled thermo-hydraulic gradients were
significantly lower than those for carbon steel under the same conditions (ranging from 3 to 9 pum yr1,
Table 36). The degree of corrosion depended more on the type of bentonite than on its dry density. The
extent of bentonite alteration at the bentonite / coupon interface was <0.5 to 1 mm for all samples, which
was much lower than that observed for carbon steel coupons. The presence of both cuprite (red, Cuz0,
Cu(l)) and tenorite (black, CuO, Cu(ll)) corrosion products was indicated.

5.4.5 Effect of thermal, redox and radiation transients on corrosion of
spheroidal graphite cast iron (SGI) corrosion

In all experiments, SGI corroded upon exposure to the bentonite suspension. The pH hardly changed,
but the redox potential decreased in all experiments, suggesting the formation of Fe(ll)-bearing
secondary phases. Increasing the temperature to 50°C significantly increased the corrosion rate in the
present study, in agreement with other reported findings (Hesketh et al., 2023). Corrosion rates increase
with temperature because of a decreased activation barrier, for example for chemical and
electrochemical reactions.

Corrosion rates decreased systematically with increasing reaction time, for instance at 25°C from
4.8 pm yr1 after 3 months to 2.6 pm yr! after 6 months. This result also agrees with reported corrosion
rate evolution in general and hint at the formation of a protective passivation layer at the coupon surface.
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The corrosion of SGI subjected to a y-radiation dose rate of 130 kGy hr! was five times larger than that
determined under the same conditions without radiation.

5.4.6 Effect of haematite presence on spheroidal graphite cast iron (SGI)
corrosion

The presence of haematite did not significantly alter the SGI degradation mechanism, but served as a
sink for Fe(ll), which possibly retarded the formation of a protective layer of Fe(ll)-bearing compounds
and very probably caused an increase of the corrosion rate. For this steel, graphite inclusions very
probably serve as cathodic sites where water is reduced and the coupled anodic reaction corresponds
to preferential ferrite oxidation.

In the context of HLW, the formation of haematite at the container surface during the initial oxic period
can result in a corrosion rate that is initially higher than it would be in the absence of a-Fe20s. The
outcomes of the study did not provide evidence for an alteration of the degradation mechanism, only its
rate. Over time and with metallic corrosion further proceeding, haematite is very likely to be converted
into mixed Fe(Il)/Fe(lll) compound(s).

5.4.7 Effect of thermal and redox transients on corrosion of CuNi alloy: role
of sulphide presence

Copper oxides were the most abundant secondary phases observed in the CuNi corrosion experiments
under all applied conditions. The presence of added sulphide had no significant effect and only minor
amounts of sulphide species were detected, which were partly also attributable to the presence of pyrite
that is naturally present within the bentonite. Interestingly, these findings parallel the outcomes from in
situ corrosion experiments. Indeed, most of the Cu corrosion products detected in the MaCoTe
experiment are oxides and only minor amounts of sulphide compounds were detected (Reddy et al.,
2020). It may thus be possible that longer exposure times, or higher sulphide concentrations, would be
needed to observe unambiguously the formation of Cu sulphide species in substantial amounts.

Copper does corrode in the presence of sulphide, but not in pure water. In the present study, the only
additional oxidant present was residual oxygen. Interestingly, under the prevailing pH and Eh conditions,
the nature of the detected corrosion products agree with the reported Pourbaix diagrams
(Puigdomenech and Taxen, 2000). These reported data further indicate that sulphide compounds would
only be stable under more reducing conditions. It is also interesting to note that Ni, although present in
substantial amounts in the alloy, did certainly not play any significant role in the degradation mechanism
because no Ni was found associated with the corrosion products.

In the context of HLW, the outcomes of the present study do not allow conclusions to be drawn on any
negative effect of a progressive increase or constant supply of sulphide on CuNi corrosion behaviour.
No effect of Ni in the alloy on the corrosion behaviour could be identified either. During the long-term
evolution under repository conditions, it can be hypothesised that CuNi would degrade and result in the
formation of Cu sulphides (as a product of copper oxide reacting with dissolved sulphides (Hollmark et
al., 2012)) and the formation of a separate Ni hydroxide, through the conversion of this latter compound
into sulphide cannot be excluded.
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6. Task 6: Modelling and integration for performance
assessment

6.1 Scope of the task

6.1.1  Sub-task 6.1: Develop modelling tools and integrate experimental data
from other Tasks

6.1.1.1 Reactive transport modelling of steel corrosion in bentonite (Amphos 21)
Background

The corrosion of canisters in geological disposal facilities (GDFs) can be considered from several points
of view: the material of the canister, the corrosive nature of the environment, for instance the porewater
composition in the engineered barrier, the temperature and degree of liquid saturation, and the intensity
of irradiation from the spent fuel (King and Padovani, 2011).

When focusing on carbon steel, the phenomenon of corrosion and the possible migration of
radioisotopes due to corrosion processes can also be approached from several perspectives, such as
the possibility of hydrogen gas generation leading to significant pressure build-up and mechanical failure
of the canister, the degradation of the engineered barriers due to chemical alteration (caused by pH
variation and transport of corrosion products), or the nature of the oxide phases formed on the surface,
which will determine the extent of corrosion in the long term. Water radiolysis products may also increase
the corrosion potential and the formation of less stable corrosion products under low dose rates,
preventing the formation of a stable passive film.

Motivation

The main goal of Task 6.1 was to develop a robust numerical tool for general use in the simulation of
uniform corrosion under transient conditions that replicate possible scenarios of GDF at a laboratory
scale. The work focused on the behaviour of carbon steel embedded in compacted bentonite and
slurries, and the impact of relevant environmental factors, such as temperature, irradiation or porewater
composition, on the rate of corrosion (see Section 3) The model is intended to describe all the physical
features presented in 1.1 above except the mechanical degradation of the canister.

Special attention was paid to the impact of water radiolysis and chloride radiolysis on corrosion
processes. Although water radiolysis does not seem to increase the corrosion rate in the long term
according to experiments, radiolysis of chloride might catalyse the production of oxygen and significantly
increase oxic corrosion. In this sense, 8-day irradiation of carbon steel samples embedded in compacted
FEBEX bentonite (0.16 mM of CI- in porewater) at a dose rate of 66 Gy hr! has led to an unexpected
extent of corrosion (Fernandez et al., 2024). The numerical model developed in Task 6.1 aimed to
reproduce this phenomenon and assess whether a stable protective film is likely to reduce the corrosion
rate in the long term.

6.1.1.2 Adding microbial activity to geochemical models (UFZ)

Corrosion of containers under disposal conditions is a crucial factor in assessing the performance and
safety of all repository types, irrespective of the specific host rock location. Thus, it is vital to grasp the
essential aspects of all relevant processes (such as thermo-hydro-mechanical, geochemical and
microbiological) to construct a safety case. Figure 56 demonstrates UFZ's focus across the process
chain at different scales, examining microbiological processes in detail regarding corrosion under
disposal conditions. It also models near- and far-field processes. The link to the near-field simulations
is gas production by chemical and microbiological processes, which is part of the WP ACED project. For
detailed information, please refer to Vehling et al. 2024. When examining the transport of radionuclides
in the far-field, diffusion processes in the host rock, as well as transport and dilution in the adjacent
aquifer system, are significant contributors (Selzer et al. 2024). The primary focus of UFZ’s work in the
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ConCorD project was the experimental study of microbiological processes regarding corrosion, along
with constructing models for near-field processes.

Safety Case
EURAD-2
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Figure 56: From fundamental process understanding towards safety case — the role of microbiological
processes regarding corrosion under disposal conditions and subsequent modelling of near- and far-
field processes.

6.1.1.3 Repository scale modelling of sulphide (UoBe)

The main objective of the study of University of Bern in EURAD ConCorD (Task 6) was to model the
sulphide system in the near-field of the Swiss deep geological repository (DGR) using an improved
biogeochemical model, and to estimate sulphide corrosion for both copper and steel canisters under
various conditions. To accomplish this task, new features were implemented into the biogeochemical
conceptual model and the model geometry, and sensitivity calculations were performed.

6.1.2 Subtask 6.2: Integration for performance assessment

Apart from work on developing models for corrosion behaviour in a repository, as discussed in the
previous section, a main goal of Task 6 was the synthesis of new knowledge acquired during the course
of ConCorD into a form applicable for container performance assessment, considering the specific
needs of the safety cases developed by implementers. This is the aim of the current section, taking
account of both experimental and modelling activities carried out within ConCorD. It should be noted
that the sections dealing with Tasks 3, 4 and 5, include discussion of the ramifications of the specific
results obtained to performance assessments. The aim of the current section is to highlight further high-
level implications deriving from each of these tasks.

In preparing a performance assessment for a disposal concept, many different aspects of corrosion
need to be considered. An example of this approach is SKB’s recent PSAR Fuel and Canister Process
Report (SKB, 2022). The main aspects of corrosion that need to be considered in a full corrosion
assessment, for both copper and carbon steel, include the following:

Atmospheric corrosion in encapsulation plant and during possible interim storage
General corrosion due to initially trapped Oz

General corrosion due to Oz in glacial meltwater penetrating to repository depth
Effect of radiation under both saturated and unsaturated conditions

Corrosion by sulphide for both intact and eroded buffer

Corrosion by water

Localised corrosion under aerobic conditions

Localised corrosion under anaerobic conditions
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SCC of copper

SCC of steel

Microbially influenced corrosion
Earth currents

As is clear from the information presented above, the main focus of the experimental work conducted in
ConCorD that is relevant to performance assessments was on (i) the effects of radiation on corrosion
and (ii) the role of microbial activity. Both these tasks produced valuable results that should be taken
into account in future performance assessments. These two aspects are considered below. The results
from Task 2 were mainly related to developing novel materials and new technologies and, although
valuable, they are of less direct relevance to current performance assessments. Therefore, the results
of Task 2 have been considered with regard to potential future performance assessments.

6.2 Progress against task description

6.2.1  Subtask 6.1 Develop modelling tools to integrate experimental data
from other Tasks

6.2.1.1 Reactive transport modelling of steel corrosion processes in bentonite (Amphos21)

Numerical model

The development of the numerical model was carried out in three different stages:

Firstly, a 1D reactive transport model was developed of the experimental cell with the geochemistry of
compacted bentonite and the slurry, considering a constant anoxic corrosion rate in the COMSOL —
PhreeqC coupling tool iCP (Nardi et al., 2014).

Then, secondly, the radiolysis of water and chloride was incorporated into the coupling scheme depicted
in Figure 57, along with a large number of radiolytic species that were not coupled with the geochemical
database. The radiolytic species were used as input to the electrochemical corrosion model in COMSOL
(Comsol Multiphysics, 2021), and the corrosion rate and the pH were coupled to the homologous
variables in PhreeqC (Parkhurst and Appelo, 2013). Finally, the anodic currents of all reducing species
and those of the corresponding oxidised products (see Section 2.3) were used as a Neumann flux in the
transport equations. Also, the most relevant charged species are transported with the Nernst-Planck
equation after calculating the electric potential.
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WwCOMSOL

Corrosion
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Figure 57. Electrochemical numerical model. Coupling scheme between reactive transport, corrosion of
carbon steel and radiolysis of water and chloride.

§)

Reactive transport

The development of the numerical model was carried out on the iCP computational platform (Nardi et
al., 2014), which couples transport equations in COMSOL with geochemical calculations in PhreeqC.
This tool has been largely tested in GDF reactive transport simulation of engineered barriers such as
compacted bentonite (Idiart and Coene; 2019; Idiart et al., 2019).

In the present case, the geochemical model was dedicated to compacted FEBEX bentonite or MX-80
slurries. The modeling of the former was based on the initial mineralogical composition and the
porewater presented by Fernandez et al. (2000), whereas the latter was modeled as a dilution of the
compacted MX-80 analysed by Bradbury and Baeyens (2003). From these data, together with inputs
from the transport, corrosion and radiolysis models, PhreeqC was used to update the chemical
composition of the water and the bentonite (including its porosity), using the database Thermochimie
v10d (Giffaut et al., 2014), which accounts for chemical equilibrium, kinetics and more specific aspects,
such as cation exchange or surface complexation.

Water and chloride radiolysis

Radiation-induced corrosion of steel canisters used to contain the spent fuel (SF) is a process of
potential importance for the long-term safety of a deep geological repository (DGR). Under normal
conditions, the outer surface of the canister will be exposed to gamma radiation. The ionising gamma
radiation will produce both molecular and radical oxidants (radical OH, O2 and H202) and reductants (e,
H-and Hz) through radiolysis, with Oz and H202 being key species for the radiation-induced corrosion of
the canister. Moreover, the radiolysis of chloride-containing solutions has an impact on the concentration
of the species produced by gamma radiation and, therefore, it is an important aspect to consider in the
assessment of waste container integrity (Morco, 2020).

The model integrates the generation of water radiolysis species (Kelm and Bohnert, 2004; Pastina and
LaVerne, 2001; Riba et al., 2021) and chloride radiolysis species by gamma radiation, by considering a
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complete radiolysis system for both water and chloride. The model was implemented in COMSOL
(Figure 57).

Electrochemical corrosion model for carbon steel

The corrosion model was restricted to carbon steel and spheroidal graphite iron (see Part 3 below). The
formulation is based on mixed potential theory (King and Kolar, 2012) for the four reactions listed in
Equations 2a-d, which account for both oxic and anoxic corrosion; both forms of corrosion are
considered to be uniformly distributed over the working electrode surface.

Fe o Fe?* + 2e” Equation 2-a
0, + 2H,0 + 4e™ & 40H™ Equation 2-b
2H*" + 2e~ & H, Equation 2-c
2H,0 + 2e™ & H, + 20H~ Equation 2-d

The parametrisation of the model (Table 37) is mostly based on the work by Chen et al. (2018) for mild
steel in water with 1 wt.% chloride and dissolved oxygen, both of which are expected to play a key role
in radiolysis due to y-radiation. The model was adapted to carbon steel by adopting a lower value for
the reference exchange current density (j35,), taken from Garcia et al. (2021), and a correlation between
the iron reversible potential (E..y, re) and the concentration of Fe?* on the metal surface (Soliz and
Céceres, 2015).

Standard potentials (vs SHE) Reference exchange current density

for Fe, Oz, H* and H,0 for Fe, Oz, H* and H>0

E19ev,Fe E19ev,02 El?ev,H"' EIE)ev,HZO jé?l:fe ](l)“egz j(l;.el.i;+ jaleifzo
Value -0.447 0.401 0 -0.828 0.169 | 7.0-10* 0.03 1.4-10°
Unit V v v v A m? Am? A m? Am?

Active enthalpy for exchange for Fe, Refence temperature
02, H* and H;0

Symbol AHg, AHo, AHy+ AHy,o TFrgf Téif T;if T{I% C]:‘if
Value 37,500 | 23,200 | 30,000 | 30,000 | 298.15 | 303.15 | 298.15 | 293.15 0.1
Unit Jmol? | Jmol! | Jmol! | Jmol? K K K K mol m3

Table 37. Electrochemical parameters used in the corrosion model for Equations 2-a to 2-d.

The anodic currents (Equation 3) were restricted by the mass transport limiting current jy;,, ; (Equation
4) except for water reduction, due to the high liquid saturation in all considered cases. This limitation will
be more pronounced in scenarios with compacted bentonite or film formation due to reduced diffusivity.
Then, the corrosion rate is calculated straightforwardly in Equation 5.

Poisson’s equation for the electric potential, ¢ (V), is calculated considering electroneutrality (Equation
6a), zero potential on the cell outer wall I, (Equation 6b) and the corrosion potential E.,,. on the metal
surface I'm (Equation 6c).

As shown in Equations 7 and 8, the model is coupled to the temperature T (K) and the pH of the bulk
solution, which is driven by the corrosion rate, the precipitation of corrosion products and the
geochemistry of bentonite (Figure 57).

. . M RT .
Jeti =JoiXe b b=— Equation 3
11,1 Equation 4
Ji Jet,i Jlim,i
Jeorr = Jre = jOz +jut +jH20 at ¢ = Ecorr Equation 5
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V2 =0 Equation 6a

p=00nT, Equation 6b
® = Ecorr ON [ Equation 6¢
EreV,OZ = Exs)ev,OZ - Zb(pH - pKw) Equation 7a
Ereviit = Epeyy+ — 2b pH Equation 7b
Erev ;0 = Eevi,o — 2b(pH — pKy,) Equation 7c
cb.\ ~0001678T _AI;OZ<%_ 1 f)
Joo, = J63, < ?;) e 70z Equation 8a
, 02\ re
b\ 05 _“”_H+(3_;f>
R T pre .
Jom+ = Jos+ < l::f) e Tht Equation 8b
, a+ | crg
b \ 05 _AHHZO(l_ 1 )
C ref
Jom,0 = Joi,0 <C?—;) e "\ THo Equation 8c
Ht

where j.; and jin,; (Am?2) are the charge transfer and limiting mass transfer current densities,
respectively, E..,; (V) are the reversible potentials of each reduction reaction (Equations 2b-1d), n is
assumed to be 2 and refers to the number of the electrons emitted by the iron oxidation reaction
(Equation 2-a), whereas F (C mol?) corresponds to the Faraday constant and R to the universal gas
constant (J Kt mol). The iron reversible potential E,, . (V) is calculated as a function of the ferrous
iron concentration (Equation 9) and, together with the iron reference exchange current density j, go (A m-
2) in Equation 10, the anodic current can be derived (Equation 11) and used to calculate the corrosion
potential imposing Equation 5. Then, the corrosion rate calculated from the corrosion current density
Jeorr (A M) is transferred to PhreeqC together with the pH provided by COMSOL in order to account for
the generation of ferrous iron and the consequent precipitation of corrosion products and porewater
composition changes.

Erev,re = Efeve + b10g(Cge2+) Equation 9
“2=(ie)
Jope = jbe x e © O\ TR Equation 10
(‘P_Erev,i) )
jct,Fe = jO,Fe xXe b Equation 11

Finally, the anodic currents of the reduced species (0,,H*) and those corresponding to the oxidised
species (OH™, H,) are used as Neumann boundary conditions on the metal surface for the Nernst-Planck
transport equations (Equations 12a and 12c), where ¢; (mol m3) are the concentrations of aqueous
species, R; (mol m2:s) are the sink/source terms due to radiolytic reactions, z (-) is the charge and D
(m2 s1) is the effective diffusion coefficient. The outer boundary (cell wall) is considered to be closed
(Equation 12b). The porosity field ¢ is updated by the evolution of the mineralogy provided by the
geochemistry and it is then transferred to COMSOL in order to account for the effect of film formation
and precipitation of minerals in the bentonite buffer on the transport of aqueous species.

a(ecj)

5 —DegfV?¢; — zFDerciVe = R; Equation 12a
(Vg + zFDegrcjp) -n =0 on Equation 12b
(Vo + zFDegrcj) - m = j; on I Equation 12¢

Simulation of laboratory corrosion experiments under transient conditions

r - EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report
e U Dissemination level: Public

A o}

Joint Programm

onRadioace Woste Management Date of issue of this report: 31/05/2024 Page 131



Validation of the model presented in Section 2 was carried out by simulating some laboratory
experiments (Table 38) performed in Tasks 3 and 5 (Abdelouas et al., 2022). All of them were modelled
in a simplified 1D geometry using a computational mesh of linear elements for the transport equations
and quadratic elements for the electric potential (first order accuracy of the potential gradient), with
element sizes ranging from 0.05 mm near the metal surface to 0.5 mm in the bulk. An initial time step of
10° s was set due to the initial transient of the corrosion model and the fast kinetics of some of the
radiolytic reactions.

The model, taking profit from the coupling between the corrosion model, the transport equations and the
radiolysis of water and chloride implemented in COMSOL on one side, and the geochemistry of the
bentonite-iron system in PhreeqC on the other (Fig. 1), is intended to describe the joint evolution of the
corrosion potential and rate, together with the porewater composition and the precipitation of corrosion
products (film formation). In all cases for compacted bentonite (Table 2), the diffusion of corrosion
products into the buffer was analysed.

Table 38. Tentative list of simulations from Tasks 3 and 5 for the validation the numerical model.

Test  Author Material Duration Corrosion Irradiation
No. . products
1 KIT SGI MX-80 slurry (100 g/L) 25°C | 3 months NO NO
2 KIT SGI MX-80 slurry (100 g/L) | 50°C | 3 months 100% NO NO
3 KIT SGI MX-80 slurry (100 g/L) | 25°C | 3 months 100% | a-Fe,0s (0.5 wt. %) NO
4 KIT SGI MX-80 slurry (100 g/L) 50°C | 3 months 100% | o-Fe;03 (0.5 wt. %) NO
5 CIEMAT Carbon steel FEBEX (1.4 g/cm3) 25°C 8 days 100% NO NO
6 CIEMAT | Carbon steel FEBEX (1.4 g/cm3) 25°C 8 days 100% NO 66 Gy/h
7 CIEMAT Carbon steel FEBEX (1.4 g/cm?3) 25°C 8 days 60% NO 66 Gy/h
8 CIEMAT Carbon steel FEBEX (1.4 g/cm?3) 80°C 8 days 100% NO NO

6.2.1.2 Adding microbial activity to geochemical models (UFZ)
Microbiology

Microorganisms are known to participate and accelerate chemical reactions and thereby largely
contribute to geo-chemical processes occurring in the repository. One of the aspects to be considered
is microbially influenced corrosion (MIC) of the canister material, which can occur under anoxic
conditions either by direct uptake of electrons from metals acting as canister material, e.g. methanogenic
archaea (Tamisier et al., 2022), or by secondary corrosion due to the corrosive action of hydrogen
sulphide released by sulphate-reducing bacteria (e.g. Feron and Crusset, (2014), King et al., (2021),
Tamisier et al., (2023)) or methanogenic microbes (Leupin et al., (2017), Mijnendonckx et al., (2019),
Tamisier et al., 2022). At the same time MIC has an effect on the partial pressure of hydrogen (as it is
used as an electron donor by most of the corrosive microbes), carbon dioxide / carbonate (which serves
as a carbon source for corrosive microbes and can also precipitate as protective crust at the surface of
the corroded canister material) and methane (which is produced by corrosive and other methanogens).

Mathematical description of microbes as chemically reactive particles

To add microbiology to the geochemical reactive-transport models, the structure and physiology of
microbes need to be simplified to the extent that critical processes can be handled mathematically. To
achieve that, our concept is to model them as colloid-like chemically reactive particles, which can then
be treated like chemical compounds in the reactive-transport models. Within ConCorD, the UFZ
developed the software package mibisim, which is particularly designed for that purpose. The concepts
and assumptions employed therein are depicted in Figure 58.
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physical properties: requires space to live in requires energy

* sizeand shape (~1pm3, sphere) (e.g. pores, faults ...) (from chem. reaction)
* mass / biomass (1.2pg/ 0.5pg) . . . .
g Veg ' — E vl Pl
pr

chemical composition:

* carbon (~0.25pg / 0.021pMol)

* hydrogen (~0.03pg / 0.029pMol)

* oxygen (~0.13pg/ 0.008pMol)

* nitrogen (~0.06pg / 0.004pMol)

* phosphorous (~0.03pg / 0.001pMol)

educts products

e.g. sulphate reduction with iron
4Fe® + 50,2 + 3HCO; + H,0 + 2e"-> FeS + 3FeCO; + 50H"
maximum growth rate

* tolerance against environmental \ requires matter

conditions (temperature, pH, food (e.g.C,H,O,N, P)
scarcity, salinity, radiation ...) cell growth

biological properties:

Figure 58. lllustration of the mathematical model of a microbe as a colloid-like reactive particle as
implemented in the software package mibisim.

Physical properties

Since the morphology of a microbe depends not solely on its genetic determination but also on the
physiological state of the microbe (for example, cells may elongate before division or shrink due to
starvation), we assume microbes to be spheres with a single parameter Rc being their radius (typical
radii would be 0.5 um to 1.5 pm) to control size and volume. That given, their volume and maximum
concentration (assuming either a hexagonally-close-packed structure or jammed-sphere-packing with
fill-factors ~0.74 and ~0.49, respectively) can be calculated.

The cells are modelled to consist of water and biomass, with the latter assumed to be a mixture of mainly
hydrogen, carbon, nitrogen, oxygen and phosphorous. To get realistic ratios between carbon, nitrogen
and phosphorus in microbes, typical Redfield ratios could be used (A.C. Redfield, James Johnson Mem.
Vol. (1934)). A more recent averaged elemental composition of a microbial cell is given by Roden and
Jin (2011) as H:C:N:O:P = 5:7:2:1:0.2. Using literature values for a microbial dry matter contents of
about 0.41 (Bratbak and Dundas, 1984)) the mass and biomass of a microbial cell are of the order of 1
to 9 pg and 0.41 to 3.69 pg, respectively.

Chemical and metabolic properties

Microbes drive chemical reactions to extract matter and energy from their environment in order to live
and divide themselves, which is termed cell growth. Every microbial strain can potentially employ
multiple different types of metabolic pathways in order to adapt to particular environmental conditions,
a possibility that is accounted for in the model. Each of the possible metabolic activities is characterised
by its chemical reactions:

Z VédEd’ — Z vger
i ;

S—t ——
educts products

with a set of chemical compounds acting as reactants (educts), E, and products, P, which in turn, via
the microbially driven changes in their concentrations, feed back into the geochemical model. The
energy that is made available to the microbe by this reaction is calculated from the Gibb's potential of
the reaction (depending on temperature, concentration of reactants and products, etc.).

With respect to canister corrosion, we focused on the process of dissimilatory sulphate reduction, which
is known to be the most critical microbially influenced corrosion due to sulphate reduction occurs under
anoxic conditions, either electrochemically by direct electron uptake from the metal:

4Fe(0) + SO4? + 3HCO3 + H20 -> FeS + 3FeCOs + 50H-
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or by using the hydrogen produced by the chemical oxidation of Fe(0) by the produced sulphide:
3Fe + 4H20 -> Fes304 + 4H2 (under anoxic conditions via Fe(OH)z, (Schitz et al. (2015))
4H2 + SO4% -> S? + 4H20 (AG'=-22.8kJ/mol, (Hoehler et al. FEMS (2001))

co
o
1
1

Y =208 +0.0211 x (-AG), r* =0.949

0 1000 2000 3000
-AG (kJ/mol e” donor)

Yous (g cells/mol e donor)

Figure 59. The relationship between the change in Gibb's free energy during the chemical reaction
driven by metabolising microbes and the biomass production yield according to Roden and Jin, (2011)
(Graphics reproduced with permission).

The microbial growth dynamics, which describe the time evolution of the number of cells in the system,
can be calculated from the rates of growth, pg, and death, j, of the cells. In mibisim the growth rate is
modelled as a maximum growth rate, pcmax, Which is hampered by environmental conditions. To model
the hampering, growth activity functions, Ai, with a value range [0 .. 1], are introduced for each
environmental parameter (e.g. temperature, pH or concentration of chemical compounds required for
microbial metabolism). Those conditions are assumed to be independent of each other, for the sake of
simplicity, such that they can be chained together by simple multiplication, but also because
experimental data for growth activity hampered by combinations of different parameters are almost
unavailable.

The model considers several cardinal factors for growth activity hampering. Those factors are expressed
as activities functions returning numbers in the range of 0 (growth completely hampered) to 1 (no
hampering). The considered cardinal factors for growth activity hampering are:

e Temperature, modelled as suggested by Van Derlinden and Impe (2010) (with maximum
temperature estimation according to Rosso et al. (1993))

pH, using the model given by Biesta-Peters et al. Appl. Env. Microbiol. (2010)

oxygen concentration (Couvert et al. Food Microbiol. (2019))

water activity (Nyhan et al. Food Microbiol. (2018))

swelling pressure (assumed to be linearly decreasing from 1 (p=0 MPa, growth not hampered)
to 0 (p=2 MPa, no growth possible)).

The activity functions are displayed in Figure 60.
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Figure 60. Microbial growth activity hampering by environmental parameters modelled as activity
functions in mibisim. (These data are used for modelling the Desulfosporosinus-like microbe in the test-
case below.)

To model the case of growth activity hampering by limited substrate availability, in other words low
concentrations of chemical compounds required by the microbes’ metabolisms, a half-growth rate
concentration, Nnar, model was used:

i
Amet = e I
1:[ Npaie T Neg
with Ned being the concentrations of the reactants (substrate) required for the particular metabolic
pathway and Amet being the growth activity hampering factor resulting from substrate limitation.

Furthermore, a novel concept was introduced in order to treat the problem of one microbial strain having
different possible metabolic pathways available®. (In a chemical language this means that, depending
on the concentrations of the available chemical compounds, the microbes can choose between different
chemical reactions that they can catalyse in order to gain energy.) To avoid hard switches from one
metabolic pathway to another, for instance based on comparisons of concentrations of substrate
chemical compounds required by one or the other, AG is evaluated for all metabolic pathways under the
present conditions. Then, in an analogy to parallel resistors in electric circuits, the (normalised) partial
activities of the different pathways are summed. Overall, the calculation of the microbial activity
hampering in mibisim is sketched in the figure below.

® This is normally the case because the possibility to adapt to different environments is a precondition for microbial resilience.
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maximum growth rate p..
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Figure 61. Modelling the microbial growth rate hampering by activity functions (expressed as floating
point numbers between 0.0 and 1.0) for environmental parameters and metabolic pathways hampering
substrate limitation.

Ordinary differential equations describing the time evolution of the microbial population

To calculate the time evolution of the system it is necessary to numerically solve the set of coupled
ordinary differential equations for the concentration of microbial cells (Nc), chemical compounds being
reactants (educts) (N'ed) and products (Niyr) in microbial metabolic pathways as well as the sources of
carbon, nitrogen and phosphorus that are required for microbial growth (NKsrc).

d N,
5 = HON(t) - p(tN(t)
gr;;th d;arth
_d{:%d = _Yed 9N (1)
dN, Vi )
dtp — —f—?p)ug(f)j\/c(t)
stk;c 1k, g rk . d
¢ = ~MEEI(ON(t) + MER(HNe(t) k= {C,N,P}

Test case: chemical microbially influenced corrosion by sulphate-reducing bacteria (SRB)

For a number of fast-growing and easily culturable microbes, data on maximum growth rates, optimum
temperature and pH ranges, possible metabolic pathways and alike are available and in some cases
even conveniently summarised in review papers (in the case of Escherichia coli for instance in
Basavaraju and Gunashree, 2022). However, in the context of long-term nuclear waste repositories, a
complete description of the entire parameter set of all microorganisms present in the surrounding
environment, or merely a single strain that could serve as being representative of the microbial
community, is not readily available and difficult to access since most underground microorganisms
cannot be isolated and cultivated to date (Stewart et al., 2012). That being said, the task in this work
was to review the available literature to develop a formulation of a model microbe that is a close-to-
realistic organism of relevance for microbial corrosion processes in a nuclear waste repository.
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As a basis for such a model organism, the genus Desulfosporosinus was chosen as its affiliated species
are spore-forming sulphate-reducing bacteria. Desulfosporosinus has been detected in the microbial
communities present in bentonites that are also used as barrier materials in nuclear waste repositories
with (most probable) cell numbers of about 400 cells per gram bentonite (Haynes et al. (2018)).
Desulfosporosinus species are strictly anaerobic as "[0]xygen tolerance has not been reported for
Desulfosporosinus isolates" (Karnachuk et al. (2015)). Desulfosporosinus burensis, for instance, is an
SRB that was isolated from a deep clay environment in France for which many of the required properties
have been described (Mayeux et al. (2013)). Whilst D. burensis itself is not able to oxidise hydrogen
(with COz2 as the carbon source), some of its closest relatives (e.g. D. lacus) have the ability to do so
(Ramamoorty et al. 2006). D. burensis and D. lacus are described as being rod-shape cells of about 3
pm and 5 pum length with diameters of about 0.6 um and 1.0 um, respectively, (Ramamoorty et al. 2006,
Mayeux et al. (2013)). With respect to volume, such cells can be modelled as spheres of 2 um to 3 um
diameter. The physical parameters for the simulation are given in Table 39. Under optimum conditions,
the maximum growth rate was determined to be about 0.09 hrl. The reported temperature range for
growth stretches from 5°C to 42°C with an optimum between 25°C and 30°C and the tolerable pH range
is 6 to 8. Some of the Desulfosporosinus species appear to exhibit a remarkable tolerance against
radiation. Data from a gamma irradiated commercial bentonite sample provided by Haynes et al. (2018)
suggest that about one third of the Desulfosporosinus cells that were initially present in the sample could
still be detected after a 1000 Gy irradiation (dose rate 24.17 Gy min-). From the same publication it
becomes clear that owing to the ability to form resistant endospores, Desulfosporosinus cells also exhibit
a certain tolerance against heat as even after a 24 hr exposure to 90°C, about 3% of the cells initially
present were detected. In turn, for the repository, this means that after the near-field of the canister has
cooled to about 40°C, Desulfosporosinus spores would transform into actively growing cells and
microbially influenced corrosion is to be expected.

radius of the cell le 1.25 pm
volume - expressed by radius Ve 8.181 um?
mass mg 8.54 pg
biomass mch 3.50 pg
dry-matter content ped 0.41 -
maximum cell density el 2.49E+11 cells/mL
Cemol 4.14E-13 mol/L

chemical composition (wet) CsH;0,N,Pg 150y, H,O

Table 39. Description of a Desulfosporosinus sp. cell as a reactive particle in mibisim, physical
parameters and derived geometrical constraint for the maximum cell density.

Besides temperature and pH, swelling pressure of the bentonite and water activity are parameters
hampering microbial growth, and thus affecting the microbially influenced canister corrosion. To the best
of our knowledge, no data on the relation between microbial growth and swelling pressure are available;
however, it is well accepted that microbial growth is only possible up to a pressure, ps, of 2 MPa.
Therefore, the growth activity is assumed to decrease linearly from 1 at ps = 0 MPato 0 at ps = 2 MPa.
The water activity, aw, of the porewater is expected to be around 0.99 but it is certainly greater than
0.98, which is the water activity of sea-water (Pedersen, (1995)). The dependence of microbial growth
activity on aw is modelled by the model suggested by Nyhan et al. (2018). However, swelling pressure
and water activity are entangled parameters. The dependence of aw on ps is modelled according to
Equation 9 in Nagra (1986). It is important to mention that if by increasing the swelling pressure, the
water activity can be lowered below 0.96, likely resulting in efficient suppression of microbial activity,
and thus microbial canister corrosion (Stroes-Gascoyne et al., 2010)).
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The parameters used to model the growth dynamics of the Desulfosporosinus-derived model microbe
are given in Table 40.

parameter minimum optimum maximum

temperature 278K 303K 315K (calculated)
p 6 7 8

02 concentration 0.0% 0.0% 0.0%

water activity 0.95 0.99 0.99999

Table 40. Parameters used to model the growth activity hampering of the Desulfosporosinus-derive
model microbe.

In order to gain an insight into the capability of cells of a Desulfosporosinus species located in a void in
the bentonite barrier to produce hydrogen sulphide (by consuming Hz), which in turn leads to chemical
canister corrosion, sulphate reduction by Hz as electron donor and CO: as the carbon source is
assumed. The Gibb's free energy per mol of consumed sulphate is —22.8kJ (Hoehler et al. (2001)).

The figure below shows four test cases in which sulphate is initially provided at a concentration of
0.01 M, which is to be expected in the bentonite barrier (Fernandez et al. (2001)). In order not to run
into a limitation of the electron acceptor, hydrogen is kept at a constant concentration of 0.1 mM, which
is 7 times below the solubility limit. The pH value was set to 7.29.

1x1014

space limitation constraint

1x1012 |

10
1x10° ¢ sulphate exploited

1x108 |

cells per kg of water

1x10° |

10000 }

100

0 200 200 600 800 1000 1200
time (h)

Figure 62. Simulated cell growth of the sulphate-reducing Desulfosporosinus-derived model organism
under space- and sulphate-limiting conditions.

The water activity for the red data (T=20°C) and blue data (T=30°C) was set to 0.99, such that it does
not limit growth. The results demonstrate how the growth rate depends on temperature. Growth stops
when either sulphate is consumed or, in the case that it is constantly delivered, when there is no space
left in which the cells can grow. The green line shows the same simulation as displayed in blue (T=30°C)
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but at a decreased water activity of 0.952, which is supposed to result from compaction and swelling
pressure. The test case confirms that a high compaction of the bentonite barrier leads to space limitation
as well as low water activity, which would both strongly hamper microbial growth. The software mibisim
is now ready to be integrated into OpenGeoSys.

6.2.1.3 Repository scale modelling of sulphide (University of Bern)

A 1D cylindrical model has been previously developed to model the sulphide evolution in the near-field
and sulphide corrosion on copper canisters in the Swiss DGR (Cloet et al., 2017). In this task, this 1D
model was further improved by implementing more recent designs of the Swiss DGR and a more
advanced geochemical conceptual model (Posiva, 2021) including scavenging sulphide by the iron
system in the bentonite (Figure 63). It was also extended to estimate sulphide corrosion on both copper
and steel canisters under different repository settings, such as with “badly-emplaced buffer” or including
a concrete liner around the buffer. Furthermore, a 2D model was developed to investigate the impact of
anisotropic diffusion in the host rock. Specific subtasks are detailed below. All calculations were carried
out using reactive transport code PFLOTRAN (www.pflotran.org/).

N\
: ‘ SOM
80) | SOM

| (Mx-80) | SOM :> o
|

| .

|

|

| =
Gypsum | | ‘ Celestite
Siderite

lon exchange

Goethite

Copper Canisterl

Figure 63: Schematic of main processes considered in the conceptual biogeochemical model (J. Ma et
al., 2022). SOM: Solid organic matter, DOM: dissolved organic matter, EDZ: excavation-damaged zone,
OPA: Opalinus Clay.

(1) Reference cases

1D and 2D (isotopic) reference cases were calculated using a model geometry as shown in Figure 64(a)
and (b), respectively. The physical parameters of the model are listed in Table 41. The initial porewater
and mineral compositions for the Opalinus clay (OPA) were documented in Cloet et al., 2017, whereas
those for the buffer were documented in Posiva, 2021 (see Appendix A Table Al).

Table 41: Physical parameters used for different regions of the reference case.

Dry density 1450 kg/m3 2450 kg/m? 2450 kg/m3
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Buffer EDZ OPA

Porosity 0.48 0.14 0.11
Effective diffusion coefficient 2E-12 m?/s 1E-11 m?/s 2E-12 m?/s
Permeability 1E-20 m2 1E-20 m2 1E-20 m2

(2) The effect of “badly-emplaced” buffer

The evolution of the near-field sulphide system was calculated considering a “badly-emplaced” buffer,
which has reduced density and hosts active SRB. Both 1D and 2D models (Figure 64(a) and (b)) were
used for the calculation, assuming a buffer with a 10x faster diffusion coefficient compared to the
reference case (Cloet et al., 2017) and SRB activity compared to the EDZ.

(3) The effect of anisotropic diffusion

Anisotropic effective diffusion coefficients, De, were used for the OPA host rock in the 2D model (Figure
64 (b)), assuming a 5x faster diffusion in the horizontal direction compared to the reference case. The
results were compared to the 2D reference case to investigate the effect of anisotropic diffusion and to
estimate the maximum corrosion depth on the copper and steel canisters.

(4) The effect of concrete liner

A layer of concrete liner was considered at the interface between the buffer and the EDZ (Figure 64 (c)).
The composition of the concrete was calculated after a full hydration process of the mixture (Appendix A
Table A2 & A3). The concrete layer induces an alkaline plume into the bentonite and the OPA. The
effect on the montmorillonite stability and on the sulphide fluxes in the NF was investigated.

12 m
10m 10m
=! T @ i
E: EDZ 1.35m Dy

_Di_ 1 1.35m
:Buﬁer 0.85m Concrete 0.50 m

—— —_—
Canister | | 0.55m Buffer __0.85 m

Canister
,LTunneI axis N OPA @ epz 1 _055m
[ Buffer [ Canister ’&_ .
Tunnel axis

Figure 64:Geometry of the 1D and 2D model used in Task A: (a) 1D model reference case, (b) 2D model
reference case, (c) 1D model with concrete liner.

Reference cases of the 1D model

Copper canister

For the reference case, solid organic matter (SOM) remained largely in excess, thus not limiting SRB
activity over the 1 Myr modelling period, both in the buffer and in the OPA (Figure 65a). Although gypsum
was rapidly depleted in the buffer after 12 kyr, celestite in the OPA functioned as an additional sulphate
source that lasted for one million years. The distribution of sulphide generally displayed four temporal
phases (Figure 66): 1) direct use of sulphate in the EDZ with high sulphide production within the EDZ
(<ca.8 kyr); 2) sulphate mainly supplied by gypsum dissolution in the buffer with relatively high sulphide
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production near the buffer-EDZ interface (ca. 9-15 kyr); 3) lower fluxes of sulphate supplied by residual
sulphate in the buffer porewater and celestite dissolution from the host rock (ca. 16-28 kyr); 4) low fluxes
of sulphate supplied only by celestite dissolution from the host rock(>ca. 28 kyr). Goethite (a-FeOOH)
was depleted after about 600 kyr. After 1 Myr, 5,693 mol of sulphide was produced per canister unit, of
which almost 100% was produced via the dissolved organic matter (DOM) pathway, while the
contribution of the Hz pathway remained negligible. About 95% of the produced sulphide precipitated as
mackinawite (Fe1+S, where x=0 to 0.11) and only 0.4% reached the copper canister (Figure 65b). After
1 Myr, the corrosion depth of the copper canister is 0.1 mm.

S —— 6000 6'000
=Total produced
g —Consumed by mackinawite
= o8 5000 5'000 | —Consumed by goethite (b)
% ’ ©° ~——Consumed by canister
e
= £ ) ~ ~Produced by DOM path
4000 —=
> 06 o = 4000 7 _ = Produced by H2 path
o - o
o S E
S 3000 2 = 3000 -
204 — — SOM_MX80 % £ 5
c 0 - T =
— —— SOM_OPA % 20000 @ 2000 -
© - Gypsum % g
g 02 ~——— Goethite %
= ——— Celestite % 1000 1'000 -
‘ —— Mackinawite
0 0 0 T
0 200000 400000 600000 800000 1000000 0 2000000 400°000 600000 800°000 1°000°000
Time (y) Time [y]

Figure 65: (a) Evolution of mineral inventories (reference case with copper canister). Left axis was
normalised by the initial inventory. (b) Evolution of the produced sulphide via the SOM or Hz pathway,
and the consumed sulphide by goethite dissolution or mackinawite precipitation (reference case with
copper canister).
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Figure 66: Phases of sulphide distribution in the reference case (copper canister).
Steel canister

In the case of a steel canister, the main corrosion process was water corrosion (i.e. anaerobic corrosion)
and the sulphide system had little impact on this corrosion process. The 14 cm thick steel was depleted
after 460 kyr, assuming a nearly constant corrosion rate of 0.3 um yr-1 by water. Meanwhile, only 0.5 um
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of the canister was corroded by sulphide, which was significantly attenuated by Fe?* near the canister.
The released Fe?* mostly precipitated as magnetite in the first 500 kyr and a small amount (about 8%
after 1 Myr) precipitated as mackinawite as a result of the produced sulphide (Figure 67a). Due to the
Fe-rich environment, goethite in the buffer was not depleted after 1 Myr.

In terms of the sulphide system, about similar amounts of sulphide (5,642 mol) were produced after
1 Myr compared to the copper canister. The H2 pathway was responsible for more than half of the
sulphide production in the first 600 kyr due to H2 released from steel corrosion. Then, following the
depletion of the steel canister, the DOM pathway became more dominant, contributing to about 61% of
the total sulphide production after 1 Myr (Figure 67b).

100 650 1.0 6,000
’ —Total produced
— a ——Consumed by mackinawite
© 80 t ( ) F 640 —~ 0.8 % 5,000 | —consumed by goethite (b)
E Q E Produced by DOM path
TIJ/ é = _ 4,000 |~ ~Produced by H2 path
= 60 630 o T 0.6 o 5
o) = = E
£ Magnetite 31,38 = 3,000
E 40 — Steel r620.5 %S &
£ Mackinawite c c 2000 | L e moEtooooo
[} - - - Goethite o 02 ©
w20 Siderit 610 . | Y
| gerite 1,000
0 : : : - 1 600 0 o
0 200,000 400’0_00 600.000 800,000 1,000,000 0 200,000 400,000 600,000 800,000 1,000,000
Time (y) Time [y]

Figure 67: (a) Evolution of iron minerals (reference case with steel canister). (b) Evolution of the
produced sulphide, via the SOM or Hz pathway, and the consumed sulphide by goethite dissolution or
mackinawite precipitation (reference case with steel canister).

Effect of “badly-emplaced” buffer

SRB activity in the buffer facilitated very fast sulphide production in the first few thousand years, when
sulphate and DOM were locally accessible (Figure 68). Consequently, gypsum and goethite in the buffer
were depleted much more rapidly compared to the reference case. For example, in the copper case,
gypsum and goethite were depleted within 2 kyr (instead of 12 kyr) and 24 kyr (instead of 600 kyr),
respectively. The consumption of SOM in the buffer reached about 59%, which was significantly higher
than in the reference case (Figure 69a). Compared to the reference case, the corrosion depths of the
canister were strongly enhanced. After 1 Myr, the corrosion depth was 2.19 mm, whereas only 0.1 mm
was predicted for the reference case.

In addition, more sulphide was produced from the Hz pathway due to the H: released from canister
corrosion being used directly in the buffer. After 1 Myr, a total of 5,682 mol sulphide was produced, from
which about 2% was produced via the Hz pathway, while the rest was produced via the DOM pathway.
Most (86%) of the produced sulphide precipitated as mackinawite, about 3% was consumed via the
goethite reaction and 9% contributed to canister corrosion (Figure 69a).
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Figure 68: Comparison of copper canister corrosion depth evolution with the reference case and the
“badly-emplaced” buffer case.
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Figure 69: (a) Evolution of mineral inventories for the “badly-emplaced” buffer case. Left axis was
normalised by the initial inventory. (b) Evolution of the produced sulphide via the SOM or H2 pathway
and the consumed sulphide by goethite dissolution or mackinawite precipitation (“badly-emplaced”
buffer case with copper canister).

In the steel canister case, the SRB activity in the buffer did not significantly affect the overall iron and
sulphide systems and thus the corrosion rates. About 50 um of the canister was corroded by sulphide,
while the 14 cm thick steel canister was completely corroded by reaction with water after about 460 kyr.

Effect of anisotropic diffusion

Before applying the 2D anisotropic model, a 2D isotropic case was prepared as a reference case. As
shown in Figure 70, the canister corrosion depths agrees very well between the 2D isotropic (97.7 pm)
and the 1D models (101 pum), demonstrating the consistency between the two models. In particular, the
smaller thickness of the host rock in the 2D model has little impact on the results.

With the implementation of anisotropic diffusion, a faster transport in the horizontal direction was
assumed. This first led to more precipitation of mackinawite, due to faster sulphide and Fe(ll) transport
(Figure 72a), and subsequently slower corrosion of the canister in the first tens of thousands of years
(ca. 90 kyr in the reference case and ca. 50 kyr in the “badly-emplaced buffer” case) (Figure 70). Later,
the faster diffusion of DOM led to a higher sulphide production, which also caused depletion of SOM
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near the EDZ. The depletion of SOM eventually limited the sulphide fluxes, particularly in the horizontal
direction (Figure 72b), after ca. 500 kyr (with “well-emplaced” buffer) to 600 kyr (with “badly-emplaced”
buffer). After 1 Myr, the average corrosion depth remained similar to the reference for the “well-
emplaced” buffer case (91.0 um vs 97.7 um), but it was enhanced for the “badly-emplaced” buffer case
(5.66 mm vs 2.15 mm).

In addition, the anisotropic diffusion also led to a somewhat higher corrosion depth in the horizontal
direction compared to the vertical direction. After 1 Myr, the corrosion depths in the horizontal and
vertical directions were 98.3 um and 84.8 uym, respectively, for the “well-emplaced buffer” case, and
5.82 mm and 5.49 mm, respectively, for the “badly-emplaced buffer’ case (Figure 73).
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Figure 70. Average copper canister corrosion depths in the 1D and 2D reference cases, and in the
anisotropic rock cases with tight or badly-emplaced buffer.
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Figure 71a. Distribution of mackinawite (vol.%), and concentrations of sulphide at selected times (copper
canister reference case).
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Figure 72b. Distribution of concentrations of sulphide and DOM (mol/L) at selected times (copper
canister reference case).
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Figure 73. Anisotropic corrosion depth at the copper canister surface. Left: reference case, right: “badly-
emplaced” buffer case.

For the steel canister, anisotropic diffusion did not affect the canister corrosion due to the rapid reaction
with water. However, sulphide production and mackinawite precipitation processes were enhanced in
the horizontal direction.

Effect of concrete liner

The high pH plume from the concrete liner resulted in montmorillonite (MMT) dissolution near the liner.
The first centimeter of MMT was dissolved after 500 years, whereas the second centimeter was
dissolved after 5,000 years. After 1 Myr, 4 cm of MMT were completely dissolved, 65 cm of buffer still
had more than half of the initial MMT and 85% of the MMT remained undissolved near the canister.
Overall, about 34% of the MMT in the buffer was transformed. In the long term, transformation of MMT
towards illite and beidellite was predicted. Calcite precipitated inside the liner towards the EDZ, whereas
dolomite precipitated inside the liner towards the buffer.

Sulphide was produced in the EDZ. With the additional sulphate in the liner, more sulphide was
produced in total. However, the higher pH enhanced mackinawite precipitation, which significantly
reduced sulphide corrosion of the copper canister (Figure 75). After 1 Myr, almost no copper was
corroded due to 98% of the produced sulphide precipitating as mackinawite.
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Figure 74. Mineral compositions at 500 kyr in the 1D model with concrete liner. Left: copper canister,
right: steel canister.

Considering the significant dissolution of MMT in the buffer, an additional case with SRB inside the
buffer was prepared for the concrete liner scenario. The evolution of the major mineral composition was
similar to the case without SRB inside the buffer. A higher corrosion depth was predicted compared to
the case without SRB in the buffer, but it was still lower than the reference case at 1 Myr (29 um vs

98 pum).
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Figure 75. Copper canister corrosion depth in the case with concrete liner (with and without 10%SRB in
the buffer).

Similar MMT dissolution near the liner surface was predicted in the steel canister case. Moreover,
additional MMT dissolution was predicted near the steel canister due to slightly higher pH conditions at
the steel surface (Figure 74). Overall, about 26% of the MMT in the buffer was transformed.

Uncertainties

The biogeochemical model was developed using relatively pessimistic parameters and conservative
assumptions. Due to the lack of relevant experimental data, uncertainties in the parameterisation
remain. For example, the long-term dissolution rates of the SOM, the reaction rates of goethite with
sulphide, and more importantly, the SRB activity and sulphate reduction rates under various
geochemical conditions are not well known. Some sensitivity calculations are presented in the Appendix
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(Figure Al), showing that although varying these parameters affected the evolution of copper canister
corrosion, the corrosion depths after 1 Myr were rather well constrained due to the limited mineral
inventory and slow solute transport rates.

Conclusions from the repository scale model

Copper canister

Sulphide corrosion is an important long-term process for copper canisters. Both the 1D and 2D model
predicted a corrosion depth of ca. 0.1 mm after 1 Myr. The evolution of the sulphide system varied
significantly for different repository settings. The corrosion depths in the simulated cases are
summarised in Table 42. A “badly-emplaced” buffer led to very high sulphide production rates in the first
tens of thousands of years. Consequently, it significantly enhanced the corrosion depths by more than
20 times after 1 Myr. Anisotropic diffusion (5x faster in the horizontal direction) in the host rock induced
somewhat heterogeneous corrosion with a variation of +3-8% of the average corrosion depth. It also
enhanced the average corrosion depth by a factor of two in the “badly-emplaced” buffer case. The
concrete liner induced a high pH plume, which led to dissolution/alteration of about 34% of the MMT in
the buffer after 1 Myr. Transformation of MMT into illite and beidellite was predicted in the long-term.
Moreover, the high pH enhanced the precipitation of mackinawite and significantly reduced sulphide
corrosion of the canister.

Table 42. Summary of average corrosion depths for copper canisters after 1 Myr.

Scenario Average corrosion depth at 1 Myr

Reference case 1D 1.01x10%* m
Reference case 2D 9.77x10°m
“Badly-emplaced” buffer 1D 2.19x10°m
“Badly-emplaced” buffer 2D 2.15x10°m
Anisotropic diffusion (“well-emplaced” buffer) 9.10x10° m (8.48%x10° — 9.83x10° m)
Anisotropic diffusion (“badly-emplaced” buffer) 5.66x10°3 m (5.49x10° — 5.82x10-3 m)
Concrete liner 2.87x101%m
Concrete liner with SRB in the buffer 2.90x10°m

Steel canister

On the other hand, the model suggested that water is the dominant corroding agent for the steel canister,
even in the case of elevated sulphide fluxes. The 14 cm thick steel canister was completely corroded
after about 460 kyr (with the assumption of a corrosion rate of 0.3 um yr1). Most of the released Fe?*
precipitated as magnetite, which continued to function as an Fe source and attenuated sulphide in the
long term. The variant cases displayed changes in the mineral evolution to some extent, but the canister
corrosion rate remained the same. In the case with a concrete liner, transformation of the MMT was
predicted near both the canister and the liner.
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6.2.2 Subtask 6.2: Integration for performance assessment

6.2.2.1 Application of novel materials in future performance assessments.

Current performance assessments associated with carbon steel and copper containers base the design
life on the corrosion of the container wall. For corrosion allowance materials such as carbon steel,
continued loss of material beyond the corrosion allowance reduces the load carrying capacity of the
container making it more susceptible to plastic collapse and fracture. For materials such as copper,
corrosion of the outer surface does not significantly affect the load carrying capacity, which is provided
by an inner support (as in the coated NWMO concept), and the design life is based on the time taken
for it to be penetrated by corrosion.

For alternative metallic materials that are slight variations on more established container materials, such
as HCP copper, performance assessment is expected to mirror that adopted previously, and therefore
will not require innovation. It is anticipated that a key aspect of evaluating the extent to which HCP
copper can be used in place of OFP copper will be demonstrating that comparable performance can be
achieved over the range of permissible chemical compositions that are covered in the alloy specification.
The aim of such a program would be to determine the thresholds in the chemical composition that lead
to a deterioration in performance of the alloy and to then demonstrate that the composition of HCP
copper is sufficiently far from those thresholds that the desired performance can be assured.

For ceramic bulk materials, such as silico-aluminate sealing materials and alumina containers,
substantial work is envisioned to produce a performance assessment that addresses the expected
failure mechanisms of the material, not just in isolation but also in conjunction with the whole disposal
system. For ceramic containers, thickness loss due to corrosion is expected to occur at a substantially
lower rate than for metallic containers and is therefore not expected to dominate the design life. A key
factor in performance assessment of ceramic materials is the susceptibility to fracture owing to the lower
fracture toughness when compared to metals. Factors such as the porosity and presence of defects in
the bulk and the sealing material are expected to be key parameters that will need to be evaluated during
performance assessment. Furthermore, compatibility of novel materials with current buffers will need to
be established to determine whether there is a need for the development of complementary novel buffer
systems to use in conjunction with them.

For novel coating materials, performance assessment will need to address the behavior of the material
both in isolation and in conjunction with the substrate. A key parameter that is envisioned to impact
design life is the extent to which the coating can remain adhered to the substrate. With the vast array of
coating technologies available and the range of conditions under which a specific coating can be applied,
there is a need to demonstrate the efficacy with which a specific coating can be applied to the substrate
to ensure the desired performance. Factors such as the uniformity of the coating thickness, absence of
porosity or other potential defects are expected to be key parameters that will need to be evaluated to
determine tolerable limits regarding durability. It is feasible that to thoroughly evaluate the extent to
which both metallic and ceramic materials can be used as coatings for containers during geological
disposal, novel testing methods and modelling approaches may need to be developed to give
confidence in their long-term performance.

A key challenge associated with the performance assessment of novel materials, in particular ceramics
and modern engineering alloys, is demonstrating how they will perform in the long term in the absence
of empirical data and experience. The advantage of using traditional materials such as carbon steel and
copper is the vast amount of experience that has been accrued with their use as engineering materials.
For traditional materials the availability of archeological analogues adds a further layer of confidence in
their anticipated long-term behavior and can be used to validate mechanistic arguments relating to their
performance. For novel materials, new approaches to long-term performance assessment may be
required to overcome the absence of data or suitable analogues at present. However, if these challenges
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can be overcome, the use of novel materials may lead to more robust safety cases owing to the potential
for very long-term durability and other advantages that arise as a result of the optimization of their
production methods.

6.2.2.2 Application of radiation corrosion results in performance assessments

Results from ConCorD support the exclusion of radiation effects on the corrosion of carbon steel in
performance assessment provided the dose rate is below a critical level where no significant effect is
anticipated. Results from experiments performed at a range of dose rates suggest this threshold is
around 10 Gy hr? in a fully aqueous system, which is considered to be pessimistic compared to the
disposal environment owing to the observation of a lower impact of radiation on corrosion in the
presence of compacted bentonite.

For copper, it is necessary to account for the effects of radiolysis regardless of the dose rate, because
no lower limit was established when tested under fully aqueous conditions. Therefore, it may be
appropriate to account for radiolysis effects for the entire service life of the canister (e.g. up to 1 million
years), not just for the period of highest dose rate (i.e. the first 300 years). However, this may be
pessimistic as it does not take credit for possible consumption of radiolysis products by bentonite and
should be investigated further to avoid over-conservatism.

Under unsaturated conditions, irradiation may induce corrosion at a lower relative humidity than under
unirradiated conditions. This observation requires further study, and may apply to both copper and
carbon steel, although it has only been investigated for steel and at dose rates exceeding the maximum
dose rates anticipated at the container surface.

In compacted bentonite at elevated temperature, the presence of radiation at representative dose rates
led to a reduction in corrosion rate of carbon steel compared to unirradiated conditions but the magnitude
of the effect was influenced by both temperature and type of bentonite. With a larger effect occurring at
higher temperature and in the presence of Czech bentonite compared to MX-80. These findings suggest
the need for improved mechanistic understanding of both the interactions between radiolytically
generated species and bentonite, and the impact of porewater chemistry on radiolytic yield.

6.2.2.3 Application of microbial activity studies in performance assessments

A key assumption underpinning performance assessment of metallic containers in bentonite is that
microbial activity, namely sulphate reduction, can be suppressed by the bentonite at a sufficiently high
dry density. However, findings from ConCorD showed that corrosion rates in FEBEX bentonite were
greater when supplemented with sulphate reducing and iron reducing bacteria, even at a high dry
density of 1.6 Mg m-3. Although these findings do not prove that microbial activity was taking place under
the saturated test conditions, they do invite further investigation of the relationship between bentonite
density and microbial activity. Fortunately, development of experimental methodologies within ConCorD
have laid the groundwork for performing further validation tests that can be used to evaluate the
threshold densities for microbial activity in various bentonites, which are anticipated to feed directly into
future performance assessments.

It was found that increasing the temperature to 90°C and 150°C was sulfficient to lead to a dramatic loss
of viability and cultivability of indigenous bentonite microorganisms, with similar effects observed in both
BCV and MX-80 bentonite. This implies that where such temperatures arise near the canister surface,
the microbial activity will be suppressed. These findings can be used in performance assessment when
considering the scenarios under which a biofilm could form at the container surface e.g., prior to
saturation, or following loss of the buffer.

6.2.2.4 Application of corrosion during transient studies in performance assessments

Temperature was found to have a big impact on the corrosion rate of carbon steel in bentonite, with
significantly higher corrosion rates observed at 90 °C and 150 °C. This is relevant to performance
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assessments that rely on the use of empirically determined corrosion rates for carbon steel that are
typically measured under steady state conditions at borehole temperatures, and may indicate a need
to consider a potentially higher corrosion rate under initial conditions when the canister surface is at
elevated temperature.

Corrosion rates were higher in FEBEX bentonite which was attributed to the high salinity porewater
when compared to the other bentonites (SWy-3 and Czech). Whilst this is not directly applicable to
performance assessment, it serves to demonstrate that empirically determined corrosion rates for
carbon steel are only applicable under representative conditions i.e., in conjugation with the exact
buffer.

6.2.2.5 Application of new modelling tools in in performance assessments

Carbon steel corrosion model

Development of a carbon steel corrosion model as discussed in Section 6.1.1 has relevance to
performance assessments for disposal concepts involving carbon steel containers emplaced within a
bentonite buffer, namely those proposed by Nagra, Surao and NUMO. Current methods of evaluating
the long-term performance of carbon steel involve the interpretation of empirical data in support of
mechanistic arguments. If performance of the corrosion model could be validated over its range of
applicable operating conditions, it could be used to underpin and extrapolate empirical measurements
of the corrosion rate of carbon steel with time. Another benefit to employing this model is the ability to
explore other variables that are not as widely evaluated in current experimental programs such as the
impact of transients in temperature, eh, pH and radiation dose rate on expected corrosion performance
and to interpolate between experimental data points. Due to the incorporation of electrochemical
behaviour of the steel, the model could also be used to underpin existing mechanistic arguments such
as the reasoned exclusion of specific mechanisms e.g., localised corrosion. At present, the major
limitation associated with the deployment of such a model is validating it, since it is not currently known
to what extent processes that are excluded from it lead to under or overly-pessimistic predictions in the
corrosion rate.

Microbial activity model

The microbial activity model that was developed as discussed in Section 6.1.1.2 is designed to be
implemented within existing geochemical models such as the reactive transport sulphide model
described in Section 6.1.1.3. The benefit that this model could bring to performance assessment is the
ability to predict whether microbial activity is reduced under specific environmental stressors and to help
underpin empirical data. A key assumption that underpins performance assessment of metallic
containers in bentonite buffers is that sulphate reducing bacteria can be supressed by having a sufficient
swelling pressure in the bentonite leading to low water activity and limited porosity. The microbial model
could be used to extrapolate between empirical measurements to better define the thresholds for which
microbial activity will take place. However, the ability to deploy this model is limited by the requirements
for good quality data relating to the tolerance of the various relevant strains of microbe to the different
environmental stressors, and such data is currently lacking.

Repository scale modelling of sulphide

Of the three modelling tools developed in Task 6, the repository scale sulphide model discussed in
Section 6.1.1.3 is the most suitable for use in performance assessment as it represents the latest
iteration in a model that has been developed and refined for over a decade. The recent updates in the
model enable the influence of a wider range of variables and specific scenarios to be evaluated on the
corrosion of both copper and carbon steel. A key finding of the model was that the influence of an order
of magnitude increase in diffusion rate (that could arise due to a fault in the emplacement of the buffer)
is expected to lead to a significant increase in the corrosion loss for copper containers. Whereas the
impact of anisotropic diffusion (e.g., 5x faster in the horizontal direction) is only predicted to cause a
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significant increase in the corrosion loss of copper containers when it is also combined with the increase
in overall diffusion rate associated with a badly emplaced buffer. Another major finding was the impact
of a concrete liner, which was shown to greatly attenuate the extent of corrosion of copper from sulphide
due to enhanced mackinawite precipitation.

These additions to the model support mechanistic arguments made regarding the impact of sulphate
reduction on the corrosion of copper and highlight the sensitivity of the corrosion rate to specific assumed
parameters such as diffusivity. For carbon steel, the model demonstrates that corrosion due to sulphide
is expected to be insignificant even at durations vastly exceeding the design life of the canister, which
can be used to support the reasoned exclusion of sulphide driven corrosion as a major degradation
mechanism for carbon steel in performance assessment.
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Appendices

Appendix A. Modelling sulphide corrosion in the Swiss HLW
repository under various settings (University of Bern)
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Input parameters

Table A43: Input parameters of the modelled cases. (1) Dissolved organic matter (DOM) is assumed to
have the generic molecular formula of CH20, (2) Presence of montmorillonite was considered for surface
reactions (surface protonation and cation exchange) only, (3) Generic exchanger (with composition
reported in Mader (2009)) was considered for Opalinus Clay (OPA), (4) Solid organic matter (SOM) in
the MX-80 buffer, (5) Solid organic matter (SOM) in the Opalinus Clay and EDZ, () Initially absent, but
allowed to precipitate if over-saturated.

Buffer OPA and EDZ
pH 7.31 7.27
pe -3.24 -3.08
Eh (mV vs SHE) -191 -182
Total ag. components [mol L]
Na 3.27E-01 1.67E-01
Mg 8.13E-03 5.80E-03
Ca 1.18E-02 8.08E-03
Sr 3.21E-04 3.10E-04
K 1.56E-03 1.64E-03
Fe 4.71E-05 3.85E-05
Si 1.82E-04 1.82E-04
Cl 1.60E-01 1.60E-01
COs 3.44E-03 2.95E-03
S(VI) 1.03E-01 1.72E-02
S(-1) 8.66E-10 8.70E-10
H2 1.00E-06 1.00E-06
ODOM 1.67E-04 8.33E-05
Minerals [volume fraction]
(AMX-80_exchanger 4.74E-01 0.00
®)OPA_exchanger 0.00 4.90E-01
Calcite 4.44E-03 1.23E-01
Dolomite (10.00 5.50E-03
Siderite (10.00 3.71E-02
Celestite (10.00 3.70E-04
Gypsum 6.73E-03 (t)0.00
Quartz 2.08E-02 1.84E-01
Goethite 1.529E-03 (t)0.00
“SOM_MX-80 2.78E-04 0.00
®)SOM_OPA 0.00 1.23E-03
Mackinawite (10.00 (10.00
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Table A44: Composition of the concrete liner.

Component Kg m3

CEM II/B-LL 32.5 R 180

Bentonite 30

Quartzsand 670

Limestone powder 300

Microsilika 6.5

Water 560

Proposed System
kg per m3 of comp. A At30°C

Comp. A CEM II/B-LL 32.5R 180 kg
Bentonite 30 kg
Quartzsand [coarse) 670 kg
Limestone powder (fing) 300 kg
Microsilika 6.5 kg
Water 560 kg
Retarder 4.0 kg
Sum for 1m3 Comp. A 1750 kg = 1000 L
Marsh time initial (s) 51
Bleeding 24h (%) 3.0

Comp. B | Sodium silicate (water glass) 110 kg
Gel time (s) 10
MNeedle penetration 1h (MPa) 3.8
UCs 24h (MPa) 1.62
ucs 28d (MPa) 3.7
Elastic Modulus 28d (MPa) 1200
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Table A45: Klinker recipe for the hydration calculation.

Alite (vol.%) 2.16
Belite (vol.%) 0.54
Aluminate (vol.%) 0.04
Ferrite (vol.%) 0.46
Gypsum (vol.%) 0.05
Silica fume (vol.%) 0.26
Limestone (vol.%) 13.3
Water (vol.%) 57.1
Sand (vol.%) 25.8

Table A46: List of secondary minerals in the concrete liner (as defined in the Thermochimie
thermodynamic database v.9b0 — www.thermochimie-tdb.com) allowed to form, if over-saturated, due
to interactions between the bentonite buffer and the cementitious leachates.

Considered Secondary Minerals

MSH150 Celadonite-Fe Tobermorite-14A Kaolinite
Nontronite-Ca Celadonite-Mg Gyrolite Clinochlore
Nontronite-Na [llite-Al Celestite Microcline
Nontronite-Mg lllite-Felll Katoite Anorthite

Nontronite-K Illite-Mg Dolomite Aragonite

Mordenite Beidellite-Ca Siderite Cristobalit

Clinoptilolite_Ca Beidellite-K Brucite Talc
Clinoptilolite_K Beidellite-Mg Hydrotalcite Pyrophyllite
Clinoptilolite_Na Beidellite-Na Ettringite Barite
Saponite-FeCa Albite-low Ettringite-Fe Analcime
Saponite-FeK Tobermorite-11A Gibbsite Syngenite
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Sensitivity calculations
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Figure A76: Sensitivity calculations compared to the copper reference case (see Section 6.2.1.3 in main
text).
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Appendix B.

Reactive transport modelling of steel corrosion in

bentonite — additional information (Amphos 21)

Chloride radiolysis modelling

[1] Kelm, M., Bohnert, E. 2004. A kinetic model for the radiolysis of chloride brine, its sensitivity against model parameters and a comparison with experiments, Farschungszentreunr

[1]

Reactions M st ors? Reactions Mistors?

Hi0 --> H + OH’ k= 260E-05 H + Oy -> HO; k= 2,00E+10

H + OH -> H;0 k= 143E+411 H + HO; —> H30; k= 8.50E+09
H0; > H' + HO; k= 356E-02 H + H0; —-> H,0 + OH k= 4.20E+07

H' + HO, > H.0, k= 200E+10 H + O; --> HO, k= 2.10E+10

E'+ H;0 -> H +ON k= 190E+01 HO,; + HO, -> H;0; + O; k= B.40E+05
H+OH -> E +HO k= 220407 HO; + O -> O, + HO; k= 9.60E+07

OH + OH -> H0 + O k= 1306410 OH + O --> HO; k= 1.80E+10

O + H;0 -> OH + OH k= 180406 O + O -> O, k= 1.00E+09

HO; —> He +0y k= 8.00E405 H;0; —> H,0 + O k= 3.80E-04

He +0, --> HO, k= 5.00E+10

E+H ->H k= 2.30E+10 [2]

E+E —>Hy + OH ¢+ OH k= 550E+09 X
e AR G Values (units of

E + 0y ~> HO; + OH’ k= 1.30E+10 Molecules / 100 eV)
E- + HO; --> HO; k= 2.00E+10 . e
£ 4 Hy0; —> OH + OH k= 1.10E410 SPecies y1eys
£+ 0, >0 k= 1.90E+10 G(e—aq) 2.60
E + HO; -> O + OH k= 350E+09 G(H) 0.66
OH + o.n —> HfO‘ k= 550E+09 G(Hs) 0.45
OH + E --> OH k= 3.00E+10 =2 =
OH + H -> H,0 k= 9.70E409 G(OH) 2.70
OH + HO; => H;0 + 0, k= 6.60E+09 G(Hzoz) 0.70
OH + Oy -> Oy + OW k= 1.00E410 G(HO») 0.02
OH + Hy0; > HO; + H0 k= 2.70E407 G(H™) 3.10
OH + Hy; —~> H + H0 k= 3A40E+07 G(OH—) 0.50
OH + HOy —> HO, + ONW k= 750E+09

H+H-> H, k= 7.80E+09

Karlsruhe, FZKA 6977

[2] Pastina, B., & LaVermne, J. A. (2001). Effect of molecular hydregen on hydrogen peroxide in water radiclysis. The Joumal of Physical Chemistry A, 105(40), 9316-9322.
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660 HOp+Cl — f}",i"cr*o’ 1x10°
6.61 r+Ch~ — 0T+ 2x mnln
[3] 660 | -0y +HCO — -CIOH-+O; 75x10°
663 HiO:+<Clym  —  20+-0r +2H 14%10
Reactions and Rate Constants Involving Chloride 6.64 Hih+Clh — Cly+HOy+H 19x 10]
rate constant® _, Cr+Oy+H+ H
hemical Reaction 250 665 H:0:+ HCIO o 17%10
Ortstors?) 6.66 «Cl~0H — ~CIOH +CI 7.3x10°
641 OH+CT “CIOH 43 x10 667 Ch+OH — HCOO+Cr 388x10"
642 -OH-HCI0O — +Cl0+H:O0 910 6.68 - —~ «C1+H0 ;

: . CIOH + H +Hy 21x10
643 -OH =~ HCIO: ~Cl0z ~ H:0 63x19 6.69 C1:0,+H0 — HCO-+HCO 210
T | N I il Y

= s N i
646 | - <CIOH — Cr-OF ~H0 10" 671 CLO-H:0 — 2HCO 1210
e e THCIO = IO 0 T 672 ClO:~H:0 — HCIO;~ HCIO; 110
548 e +Ch — Ol ™ 673 CLo+Ho — HA0=Cr=H- 1x10'
649 e +Cl-  —  Clr+CH+Hi0 1x10" P o = 0o0n <10
_ - + T -
I < W MR | aea - o YT
51| e ~HOO, — C0:- a8u 18 676 | Cr--ClOH- — (I, <OH- 9. 10°
632 i e 1x10 677 CFr+HCIO — Ch+OH "
653 HeClr  — J0-H 310 : . 110
654 ‘H--CIOH- — CF+H:0 110" a7e ar+c — cu 110"
6.55 H+Clh — «Clr+H 7%10 6.79 «CIOH — -oH-C 6.1x 10
5.56 ‘H-HCO — +CIOH-~H 1x10" 6380 Clr — Cl+Cr L1x10°
657 “H=Ch — CleCl <H° 1%10" 681 «Clr+Cly — Cr=Cl 7 10°
5.58 HO-Cli  — 20+ 0y+H 410 682 Cly — Ch+Cr 5% 10°
. . - ]
6.59 HOy+ Cly «Cly+ 03 +H" 1x10 683 CIO+CI0 — Chiy 15 10"
684 | Cl0;=-C0; — CLO: 110"
685 | CLO;+HCIO; — HOO:+CLO 1% 10°

[3] Morco, R. P. (2020). Gamma-Radiolysis Kinetics and lts Role in the Overall Dynamics of Materials Degradation (Doctoral dissertation, The University of Western Ontario (Canada)).

LE-02

1.E03

1E-04

LE-05

LE-06

Concentration (M)

1LEAT

1E-08

Irradiation Time = 8 days

66 Gy/h; 60% sat

| WH2g) =02g) WH2{ag) WOag) = H2O2

000 003 al

w 0.25 050 0.5
[CI-] ()
660 Gy/h; 60% sat R

1LENZ i

g LENZ f

H

3

=

]

8

LB

Carbon steel corrosion modelling

eu

European Joint Programme
on Radioactive Waste Management

1.00

1E04 ;
1LEDS ;
1LEDG !
LEQ7 ' I
1E08 i

o.10

LEOZ

LEO3

LEO4

PP R TTPI

LEOS

LEOE

LEOT | I I
LE0E
o

Concentration [M]

diiia

0.50

0.25
[ ()

66 Gy/h; 100% sat
mH2(ag) m02(ag) wH202
.15 n2 ns 0.5

WHI{gl W02l WH2(onh WOZjaq) ®HZOL |

o

0.75 L

- EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report

Dissemination level: Public

< |

Date of issue of this report: 31/05/2024

0.3
[Ch] (M)

1

Page 168



NUMERICAL MODEL. CARBON STEEL CORROSION MODEL

2
* Anodic current 52
=B,
B i (‘prrev.i) 14 Fa™
JctFe = JoFe X € b R
—AHge ( 11 g 10
. _ .ref K \T ref = 0@ 5u
JoFe = JoFe X € Fe 3
5 ; 05
IErev,Fe = Erevpe + ) log(CFeZ+)| .
Jeorr= Jge=Jo, tIn* tIm,0 at @ =E, -15 =
* Parametrization 2 o8 » 2 8 B i AF o
pH
Symbol | Value | Unit
Standard potential (vs. SHE) Reference exchange current density Active enthalpy for exchange Reference temperature
Efeure -0.447 v - 10% 107 Afm? Abg, 37,500 1/mol ' 208.15 K
Efvvo, 0.401 v i, 14%107% Afm* AHo, 23,200 1/mol K3 30315 K
wrof
Erven ° v Jake 0.03 Afm? AHye 30,000 1/mol s 29815 ¥
red
Egeeii0 -0.828 v fi+- 14x10°% Afm? AHy o 30,000 1/mol Tiko 20315 ¥
™ 20315 K
Reference physical parameters
ot ‘ 0.4 I mol/m?®

NUMERICAL MODEL. CARBON STEEL CORROSION MODEL
« Electric potential () is calculated with Poisson’s equation assuming electroneutrality. Corrosion
potential is used as Dirichlet boundary condition on the metal surface

* Electrochemical boundary conditions: the cathodic currents are used as Neumann fluxes on the
metal surface in the transport equations

» Nernst-Planck equation is being solved for H* and OH-. Electromigration will be extended to all
relevant charged species in PhreeqC including Fe®+.

oc;
—L+V-N,+R, =0
VN +R

N, =-DV¢, -zu, Fc V4,
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NUMERICAL MODEL. LIMITATIONS

+ Only general corrosion.
« Bentonite alteration due to irradiation has not been considered.

« Porosity and transport properties have not been coupled with the precipitation/dissolution of corrosion
products for numerical stability (conservative approach).

* This feature will be implemented for the simulation of long-term scenarios.
« Initial oxic conditions have not been reproduced yet.
 Sudden Eh, pH jumps in PhreeqC can lead to numerical instabilities in COMSOL.

« PhreeqC does not allow for electrochemical boundary conditions (fluxes). Ferrous iron must be
produced via a domain source. An infinitesimal steel domain has been considered.

+ A pure electrochemical model would be possible, provided that all relevant reactions are implemented
in COMSOL

» Not feasible in bentonite, but could be affordable in metal-water systems

APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE

19 mm

+ Setup based on CIEMAT's radiolytic cells with Nagra carbon steel coupon

+ FEBEX bentonite (dry density: 1.4 g/cm?)

1.55 mm
« Liquid degree of saturation: 100% -
mm
+ Dose Rate (DR): 0, 66 and 660 Gy/h. Irradiation Time: 9 days
« Radiolysis of water and chloride
» ThermoChimie database -
Ciemal

« 1D approximation

* 50 elements: from 0.02 to 0.5 mm.
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Corrosion potential (V)

Concentration (mol/L)

APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE

* Non-irradiated cell: results at the steel-bentonite interface

0
165
-0.05 160
155 7.8
o 150
-0.15 145 _E
— 140 5 7.78
-0.2| — Corrosion potential ;;' [ 1|
"""" == W% — Siderite
OB — Corrosion rate 130 3 — Greenalite
03| s & 7760 Fe2t
-0.35! 120
115
0.4 7.74
110
-0.45
107 107 107 107 107 10" 10° 107 107 107 10” 107 10
Time (d) Time (d)
+ No corrosion products further than Siderite and Greenalite due to the presence of Si and
carbonates in bentonite.
+ Highly reductive enviranment. Corrosion highly sensitive to pH.
APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE
« Irradiated cell (66 Gy/h): results at the steel-bentonite interface
207 — H2(aq)
10 H| — 02(3q)
|| 1202
1071 — cio2

10" 107 10° 10* 10"
Time (d)

+ Radiolytic species are approaching steady state after 3 days.
+ Oxic corrosion soon dominates over the anoxic one.

Current (A/m2)

Concentration (mol/L)

10” 107 10" 10°
Time (d)

+ Oxic corrosion steady state after reaching the solubility limit (non-hermetic cell)

- EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report

Dissemination level: Public

< |

Date of issue of this report: 31/05/2024

Page 171



APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE

+ Irradiated cell (66 Gy/h)

-0.432

-0.434

-0.436
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—— Corrosion potential

= Corrosion rate
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=
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10®

107 107 107 107"
Time (d)
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102 20,826

-
o {o.824
10°¢
. 10.823
107 q0.822
1072 Hf— J

-2 — Fel+ 0.821 .
1077 ) — Hematite fos2 =
wErf : &
108 —Eh {o.819
107 {0818
107

10.817
10-14
107 \'Y 0.816
107 - . - 0.815
107 107 10f 10!

Distance from coupon (mm)

« Corrosion rate slightly increases when oxic corrosion becomes dominant, but not significantly.

+ Oxidating conditions in the whole cell. Ferrous iron concentration becomes negligible, and the
system becomes dominated by the precipitation of hematite.

APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE

+ Irradiated cell (66 Gy/h)

» The sudden precipitation of hematite causes a steep (Eh, pH) adjustment, leading to non-convergence of

the

solver.

+ The progressive evolution of the system towards more oxidating regions suggests a future precipitation of
goethite, as found by CIEMAT.
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APPLICATION TO CARBON STEEL COUPONS EMBEDDED IN COMPACTED BENTONITE

+ lIrradiated cell (660 Gy/h)
+ Oxic corrosion steady state is reached one order of magnitude earlier, as observed in the Jacobs' case.

« Similar corrosion rate.

-0.43F
4200
-0.432F
41180
-0.434
S -0.436f 4150 =
3 — €
g '0'433__Tc_or_ro.sio_n?o_ter_uifl 150 E
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S . 2
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5 3
“ 0a4a} 190
-0.446 80
.0.448} J 17
107 107 107 107 107
Time (d}
r 1 EURAD (Deliverable n° 15.14) — ConCorD Synthesis Report
e U Dissemination level: Public
L <’ |

European Joint Programme

on Radioactive Waste Management Date of issue of this report: 31/05/2024 Page 173



