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Abstract 
 
The project "Entsorgungsnachweis" presented by Nagra to the Swiss Federal Government in 
December 2002 assessed the feasibility of disposal of spent fuel (SF), vitrified high level waste 
(HLW) from reprocessing and long-lived intermediate level waste in an Opalinus Clay 
repository site in Northern Switzerland. Nagra proposed the use of carbon steel canisters for 
disposal of SF/HLW and it also put forward an alternative concept of copper canisters with cast 
iron insert. In its reply the Federal Government acknowledged that Nagra had successfully 
demonstrated the technical feasibility of disposal of SF/HLW. However, some of its experts 
raised a number of questions related to the choice of steel as canister material. Among others, it 
was questioned whether hydrogen formed by corrosion of steel in contact with saturated 
bentonite might adversely affect the barrier function of the Opalinus clay. It was also recom-
mended that alternative canister materials and/or design concepts should be evaluated.  

To deal with these concerns Nagra convened an international group of experts, the Canister 
Materials Review Board (CMRB), who were to review the existing information on canister 
materials that could be suitable for the proposed repository environment. Based on present 
knowledge of materials science, the CMRB was to recommend to Nagra the most suitable 
material(s) for meeting the performance requirements for SF/HLW canisters. Specifically, the 
CMRB was to consider corrosion, including hydrogen generation, and stress-assisted failure 
processes that could affect the integrity and projected life time of SF/HLW canisters or impede 
the functioning of geological barriers while keeping in mind the overall feasibility of manufac-
turing, sealing and inspecting the canisters. The CMRB was further asked to identify the needs 
and provide advice for further studies by Nagra on the long term performance and safety of 
SF/HLW canisters in the Swiss repository concept. 

For the assessment of the corrosion behavior of canisters, the CMRB distinguished four phases 
during which the corrosive environment is expected to gradually change from aerobic dry to 
anoxic wet conditions. Possible damage mechanisms of steel were identified for each phase and 
critically examined, including effects due to radiation, solid reaction products, microbial activity 
and the occurrence of stress assisted failures. The expected performance of other canister 
materials was also considered. The CMRB concludes that Nagra presents a convincing case that 
using steel canisters surrounded by bentonite as part of a multi-barrier system using Opalinus 
clay as the geological barrier is a viable concept for the safe disposal of SF/HLW under the 
assumption that the maximum acceptable hydrogen production rates given by Nagra can be 
confirmed in future. A few issues related to the long term performance of steel canisters need to 
be further elaborated and clarified by Nagra, but the CMRB found no major issue that would 
invalidate the use of steel canisters as part of the Nagra multi-barrier concept. The CMRB 
deems that the research program pursued by Nagra is carefully managed, effective and credible. 
Within the planning horizon for implementation of a repository for SF/HLW in Switzerland, the 
time table for canister development presented by Nagra is realistic. While vigorously pursuing 
the evaluation of the evolution of the near field environment and its effect on the corrosion of 
steel, Nagra should from now on initiate a comprehensive program on the evaluation of 
technological solutions for fabrication, welding, surface finishing and stress mitigation of thick-
walled steel canisters. 
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Zusammenfassung 
 
Das Projekt "Entsorgungsnachweis", das die Nagra dem Schweizerischen Bundesrat im 
Dezember 2002 vorlegte, beurteilt die Machbarkeit der sicheren Endlagerung von abgebrannten 
Brennelementen (BE), hochaktiven verglasten Abfällen aus der Wiederaufarbeitung (HAA) und 
langlebigen mittelradioaktiven Abfällen im Opalinuston in einem Standortgebiet im nördlichen 
Teil der Schweiz. Für die Endlagerung von BE/HAA wurden von Nagra Kohlenstoffstahl-
behälter vorgeschlagen und als alternatives Konzept Kupferbehälter mit Gusseiseneinsatz. In 
seiner Stellungnahme anerkannte der Bundesrat, dass Nagra die technische Machbarkeit einer 
sicheren Endlagerung von BE/HAA erfolgreich nachgewiesen hat. Von einigen der beauftragten 
Experten wurden jedoch Fragen aufgeworfen bezüglich der Wahl von Stahl als Behälter-
material. Unter anderem wurde die Frage gestellt, ob Wasserstoff, der durch Korrosion von 
Stahl in Kontakt mit gesättigtem Bentonit entsteht, nicht die Funktion der Opalinuston-Barriere 
negativ beeinflussen könnte. Es wurde auch empfohlen, andere Werkstoffe und/oder Aus-
legungs-Konzepte für die Behälter zu evaluieren. 

Um diese Fragen weiter zu klären, hat die Nagra eine Gruppe von internationalen Experten, das 
"Canister Materials Review Board" (CMRB) beauftragt, bestehendes Wissen über Werkstoffe, 
die sich für die vorgesehenen Endlager-Bedingungen eignen würden, zu beurteilen. Basierend 
auf neuesten Erkenntnissen der Materialwissenschaft sollte das CMRB der Nagra die best 
geeigneten Werkstoffe vorschlagen, welche die Anforderungen für BE/HAA-Behälter erfüllen 
können. Insbesondere sollte das CMRB durch Korrosion und Zugspannungen hervorgerufene 
Schädigungsprozesse in Erwägung ziehen, welche die Integrität und vorgesehene Lebenserwar-
tung von BE/HAA-Behältern beeinflussen, oder das Funktionieren der geologischen Barrieren 
durch Wasserstoffbildung beeinträchtigen könnten. Dabei war auch die grundsätzliche Möglich-
keit der Herstellung, des Verschlusses und Inspektion der Behälter im Auge zu behalten. Ferner 
sollte das CMRB die Bedürfnisse für weitere Studien der Nagra zum Langzeitverhalten und der 
Sicherheit von BE/HAA-Behältern im Rahmen des schweizerischen Endlagerkonzepts abklären 
und entsprechende Vorschläge machen. 

Für die Beurteilung des Korrosionsverhaltens der Behälter unterschied das CMRB vier zeitliche 
Phasen, während welcher die für die Korrosion massgebliche Umgebung von aerob/trocken zu 
anaerob/nass ändert. Für jede Phase wurden mögliche Schädigungsmechanismen identifiziert 
und kritisch beurteilt, einschliesslich Strahlungeffekte, feste Reaktionsprodukte, Aktivität von 
Mikroben und das mögliche Auftreten von spannungsinduzierten Schadensfällen. Das CMRB 
kommt zum Schluss, dass die von der Nagra vorgestellten Argumente überzeugend sind und 
dass die Verwendung von in Bentonit eingebetteten Stahlbehältern als Teil eines Multi-Barri-
erensystems, mit Opalinuston als geologischer Barriere, ein gangbares Konzept zur sicheren 
Endlagerung von BE/HAA-Abfällen darstellt unter der Voraussetzung, dass sich die von der 
Nagra angegebenen maximal vertretbaren Wasserstoffbildungsraten auch in Zukunft bestätigen 
lassen. Einige Aspekte im Zusammenhang mit dem Langzeitverhalten von Stahlbehältern ver-
langen nach weiteren Abklärungen durch die Nagra, aber das CMRB fand keinen Grund, der 
das auf Stahlbehältern basierende Multi-Barrierenkonzept der Nagra grundsätzlich in Frage stel-
len würde. Das CMRB meint, dass das von der Nagra präsentierte Forschungsprogramm sorg-
fältig geplant, effizient und realistisch ist. Innerhalb des Planungshorizonts für die Erstellung 
eines schweizerischen geologischen Tiefenlagers für BE/HAA-Abfälle ist der von der Nagra 
vorgesehene Zeitplan für die Behälterentwicklung realistisch. Während einerseits die Evaluation 
der Entwicklung der näheren Umgebungsbedingungen und deren Einfluss auf das Korrosions-
verhalten von Stahl konsequent weiter verfolgt werden soll, empfiehlt das CMRB der Nagra 
umgehend ein umfassendes Programm einzuleiten, um technische Lösungen für die Herstellung, 
das Schweissen, die Oberflächenbehandlung und die Spannungsminderung von dickwandigen 
Stahlbehältern zu evaluieren. 
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Résumé 
 
Le projet "Entsorgungsnachweis", dont les résultats ont été présentés par la Nagra au Conseil 
Fédéral en décembre 2002, évalue la faisabilité du stockage sûr des assemblages combustibles 
usés (AC), des déchets de haute activité vitrifiés issus du retraitement (DHA) et des déchets de 
moyenne activité à vie longue dans les Argiles à Opalinus d'un site d’implantation situé dans le 
nord de la Suisse. Pour le stockage des AC/DHA, la Nagra propose d'utiliser des conteneurs en 
acier au carbone ou, comme alternative, des conteneurs en cuivre avec insert en fonte. Dans sa 
prise de position, le Conseil Fédéral a confirmé que la Nagra avait démontré avec succès la 
faisabilité technique du stockage géologique des AC/DHA. Toutefois, le choix de l’acier pour 
les conteneurs a été remis en question par certains experts, qui se demandaient notamment si 
l'hydrogène généré par la corrosion de l'acier en contact avec la bentonite pourrait affecter 
négativement la fonction barrière des Argiles à Opalinus. Les experts recommandaient en outre 
d'évaluer d'autres matériaux, voire d'autres concepts de construction. 

Pour répondre à ces questions, la Nagra a chargé un groupe d'experts internationaux, le 
"Container Materials Review Board" (CMRB), de passer en revue l’information scientifique 
disponible sur les matériaux susceptibles de convenir aux conteneurs AC/DHA dans les 
conditions de stockage envisagées. En s'appuyant sur l’état actuel des connaissances, le CMRB 
devait recommander à la Nagra les matériaux qui répondaient le mieux aux exigences posées. Il 
devait en particulier prendre en compte les processus de défaillance dus à la corrosion et aux 
contraintes susceptibles d’affecter l'intégrité et la durée de vie des conteneurs ou d’entraver le 
bon fonctionnement des barrières géologiques du fait de la génération d’hydrogène. La 
faisabilité de la fabrication, du scellement et de l'inspection des conteneurs devait également 
être assurée. En outre, on a demandé au CMRB d’identifier les aspects de la performance à long 
terme et de la sécurité des conteneurs devant être l’objet d’études complémentaires, puis 
d’effectuer les recommandations correspondantes à l'intention de la Nagra. 

Dans son appréciation du comportement des conteneurs sur le plan de la corrosion, le CMRB 
distingue quatre phases durant lesquelles les conditions ambiantes passent progressivement du 
stade aérobe/sec à celui de anaérobe/humide. Pour chacune des phases, les mécanismes 
princepaux affectant l'acier ont été identifiés et examinés de façon critique, notamment les effets 
dus aux radiations, aux produits de réaction solides, à l'activité microbienne, ainsi que les 
éventuelles défaillances induites par les contraintes. La performance d'autres matériaux pour 
conteneurs a également été évaluée. Dans ses conclusions, le CMRB confirme que les argu-
ments présentés par la Nagra sont convaincants et que l'usage de conteneurs en acier – dans le 
cadre d'un système multi-barrières où les Argiles à Opalinus font office de barrière géologique – 
est un concept viable pour le stockage géologique sûr des AC/DHA, si l’on part du principe que 
les maximums acceptables proposés par la Nagra pour les taux de génération d’hydrogène sont 
confirmés par les recherches futures. Certain aspects ayant trait au comportement à long terme 
des conteneurs en acier demandent à être clarifiés et étudiés plus en détail par la Nagra, mais le 
CMRB n'a trouvé aucun problème majeur qui invaliderait l'utilisation de conteneurs en acier 
dans le cadre du système multi-barrières proposé. Le CMRB estime que le programme de 
recherche poursuivi par la Nagra est dans son ensemble bien dirigé, efficace et crédible. Etant 
donné l'horizon de la planification pour la mise en service d'un dépôt géologique en profondeur 
en Suisse, le programme proposé par la Nagra pour le développement d'un conteneur en acier 
paraît réaliste. Tout en poursuivant les études concernant l’évolution du champ proche et ses 
conséquences sur les processus de corrosion de l'acier, la Nagra devrait dès maintenant mettre 
en place un programme global visant à évaluer les solutions technologiques concernant la fabri-
cation, les procédés de soudure, le traitement de surface et l'atténuation des contraintes pour des 
conteneurs à parois épaisses en acier. 
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Executive Summary 
 
The project "Entsorgungsnachweis" presented by Nagra to the Swiss Federal Government in 
December 2002 assessed the feasibility of disposal of spent fuel (SF), high level waste (HLW) 
and long-lived intermediate level waste in a repository with Opalinus Clay as host rock in a 
potential site in Northern Switzerland. Nagra proposed the use of carbon steel canisters for 
disposal of SF and HLW and it also put forward an alternative concept of copper canisters with 
cast iron insert. In its reply the Federal Government acknowledged that Nagra had successfully 
demonstrated the technical feasibility of disposal of SF/HLW. However, its experts raised a 
number of questions related to the choice of steel as canister material. In particular it was 
questioned whether hydrogen formed by corrosion of steel in contact with saturated bentonite 
might adversely affect the barrier function of the Opalinus Clay. It was also recommended that 
alternative canister materials and/or design concepts should be evaluated.  

To deal with these concerns Nagra convened an international group of experts, the Canister 
Materials Review Board (CMRB), who were to review the existing information on canister 
materials that could be suitable for the proposed repository environment. Based on present 
knowledge of materials science, the CMRB was to recommend to Nagra the most suitable mate-
rial(s) for meeting the performance requirements for SF and HLW canisters. Specifically, the 
CMRB was to consider corrosion, hydrogen generation and stress-assisted failure processes that 
could affect the integrity and projected life time of SF and HLW canisters or impede the func-
tioning of geological barriers while keeping in mind the overall feasibility of manufacturing, 
sealing and inspecting the canisters. The CMRB was further asked to identify the needs and 
provide advice for further studies by Nagra on the long term performance and safety of SF and 
HLW canisters in the Swiss repository concept. 

The recommendations along with information supporting them were to be summarized in a 
report submitted to Nagra. To accomplish these tasks the CMRB met three times for a total of 
nine days in 2007 and 2008 at the Nagra offices in Wettingen Switzerland and it further delib-
erated and exchanged information through electronic channels. Its conclusions and recommen-
dations are contained in the present report. 

The report first recalls the essential features of the Nagra safety concept for SF and HLW under-
ground disposal that are relevant for the choice of canister materials (Chapter 2). Chapter 3 then 
discusses the evolution of the near field environment of the canisters over their projected life 
time as expected from numerical simulations by Nagra, and it addresses the consequences for 
corrosion. For the assessment of the corrosion behavior of canisters, four time periods can 
conceptually be identified. Phase 1 is the initial period after placement of the canisters in the 
underground tunnels. During Phase 1 the wall temperature rises rapidly to about 140 oC and 
aerobic dry conditions prevail. Phase 2 is an aerobic period during which the saturation of the 
bentonite and the relative humidity increase due to ingress of moisture and a decreasing 
temperature. Phase 3 corresponds to the transition from aerobic to partially saturated anaerobic 
conditions as the available the oxygen is being used up by corrosion reactions. Finally, Phase 4 
corresponds to the anoxic long term disposal conditions when the canisters are in tight contact 
with saturated bentonite and the temperature decreases to about 40 oC.  

Chapter 3 also contains an assessment of possible effects due to solid corrosion products, trans-
formation products and deposited layers. The CMRB estimates that these effects are not likely 
to impinge on the functionality of the bentonite buffer, but there is some concern that they might 
affect canister corrosion during the anaerobic phases and hence the rate of hydrogen gas 
evolution. Radiation, on the other hand, is not expected to play a significant role for canister 
corrosion because the radiation flux at the outer surface is too low. 
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In Chapter 4, fundamental considerations concerning hydrogen transport in clay materials are 
presented based on information received from Nagra. These data and simulations provide the 
framework and fix the boundary conditions for the evaluation by the CMRB of acceptable 
corrosion rates of canister materials. Through its studies on gas transport through Opalinus 
Clay, Nagra has developed valuable information on the capacity of different flow regimes to 
transport hydrogen in clay materials. Its numerical simulations indicate that the transport rate by 
a two phase flow mechanism is sufficient to evacuate all the hydrogen expected for an anaerobic 
corrosion rate of the steel canisters of 1 μm/y without negatively affecting the desired long-term 
hydraulic characteristics of rock. However, for the most conservative, and probably unlikely, 
assumption of a corrosion rate of 10 μm/y Nagra's numerical models predict that dilatancy flow 
may occur. At present this flow regime is considered undesirable because of limitations in 
understanding. The CMRB recommends that the problem of hydrogen evacuation be further 
studied. This involves (a) ascertaining the transport capacities of different flow regimes in 
Opalinus Clay by using numerical modelling of gas transport mechanisms that is based on 
realistic scenarios and supported by reliable experimental data and (b) ascertaining the maxi-
mum possible rate of hydrogen formation by anoxic corrosion as detailed in Chapter 5 of this 
report. 

Chapter 5 presents a critical evaluation of the expected performance of steel as canister material. 
Possible damage mechanisms are identified and critically examined for each of the four time 
periods identified previously. During Phase 1, uniform dry oxidation will lead to the formation 
of a thin surface oxide film that should not affect canister integrity. During Phase 2, atmospheric 
corrosion, an electrochemical process, may take place, as with decreasing temperature the 
moisture starts to condense on the iron surface. Corrosion cells could develop at the boundary 
between bentonite pellets and the support made of bentonite blocks as Nagra numerical simu-
lations suggest that, over a period of a few years, the humidity of the blocks exceeds that of 
pellets. A crude estimation suggests that the local corrosion damage will not affect container 
integrity, but there is some uncertainty as to whether oxidation products adhering locally to the 
surface might affect the corrosion behavior during later periods. The CMRB feels that these 
phenomena are not yet sufficiently understood and it recommends that Nagra carries out further 
studies in this area in order to assess in a more definite way how the hydro-thermal behavior of 
bentonite affects the aerobic corrosion behavior of steel during Phase 2. A first step in this 
direction is to refine the numerical model calculations by Nagra on the evolution of temperature 
and humidity at the canister surface. 

Corrosion during Phase 2 and possibly Phase 3 could be enhanced by the deliquescence of salts 
formed during cool down, leading to the formation of an electrolyte layer at the surface due to 
condensation. The CMRB estimates that the extent of corrosion damage caused by deliquesc-
ence is likely to be small owing to the limited availability of oxygen and the small volume of 
liquid involved. At this time, the CMRB does not deem experimental work in this area to be 
necessary. However, in connection with the simulations of the evolution of humidity and tem-
perature during cool down, Nagra should keep in mind and further analyze possible effects of 
deliquescence for specific conditions at the repository. 

During Phase 4, anoxic conditions prevail and the bentonite is completely saturated. Corrosion 
is expected to be uniform and hydrogen gas is formed by the cathodic partial reaction. A critical 
evaluation of the literature by Nagra indicates that the mean long term corrosion rate of steel in 
saturated bentonite will not exceed 3 μm/y, which is within the limit for gas evacuation by 
visco-capillary two-phase flow, and there is good evidence that actual corrosion rates will be 
much lower. Under these conditions, all hydrogen gas produced by corrosion can be evacuated 
without attaining the dilatancy-controlled flow regime and thus without impeding the safety of 
the Opalinus Clay barrier. However, the reported rates of corrosion and of hydrogen production 
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are based on a relatively small number of reliable experimental studies and they show consid-
erable scatter. The ability to evacuate hydrogen without altering the integrity of the Opalinus 
Clay barrier is of critical importance for the safety of the Nagra multi-barrier concept for 
nuclear waste disposal. Given the limited amount of reliable corrosion studies of steel in 
saturated bentonite and the limited understanding of the rate-limiting processes involved, the 
CMRB strongly recommends that Nagra initiates a program to produce additional experimental 
data supported by mechanistic information on the anoxic corrosion of steel in saturated 
bentonite under realistic long term disposal conditions. 

Microbially-influenced corrosion (MIC) has been identified as a damage mechanism of steel 
exposed to certain anaerobic soils. Nagra presents strong arguments that the probability of 
bacterial activity in dense saturated bentonite is low because of insufficient pore space, low 
water activity and a limited availability of nutrients necessary for the survival of bacteria. 
However, a total absence of bacterial activity during the long term anaerobic phase cannot be 
assured. The CMRB therefore recommends focusing on the evaluation of the sustainability of 
MIC and on the estimation of the maximum extent of possible MIC damage, rather than trying 
to prove the total absence of bacterial activity in saturated bentonite. In particular, it is recom-
mended that Nagra should develop testable models for the estimation of the maximum rate at 
which MIC can be sustained in the repository environment, taking into account the mass bal-
ance of nutrients and transport rates of metabolic products to and from the canister surface. 
Experimental studies may be needed to obtain critical model parameters.  

The CMRB considers that failure of steel canisters by stress corrosion cracking is unlikely 
under nuclear waste disposal conditions. According to some literature sources, carbon steels 
may be susceptible to the initiation and propagation of stress corrosion cracks in the presence of 
carbonates at near neutral pH, provided both pH and potential are within a critical range, but 
there are strong indications that the phenomenon only occurs under cyclic load. To further 
reduce uncertainties, the absence of stress corrosion cracking conditions should be ascertained 
by analyzing in more detail the evolution of the local environment at the canister surface during 
Phases 3 and 4. If needed, an experimental program could be initiated to determine the stress 
corrosion cracking susceptibility of carbon steel in the relevant environments. A more effective 
method to assure the long term integrity and safety of canisters is to avoid external tensile stress 
and residual stress. External stresses do not appear to be a problem because they are compres-
sive and furthermore, canisters are not expected to be subjected to cyclic loading. Residual 
stresses result from manufacturing processes, and can be reduced and controlled by specifying 
an appropriate thermal treatment or other stress mitigation procedure for the canisters. The 
CMRB recommends that Nagra initiate a vigorous program aimed at evaluating technological 
solutions for thick-walled steel canisters including welding, surface finishing and stress relieve. 
As a first step a series of white papers should be commissioned on these issues. 

Chapter 6 of this report deals with the evaluation of copper as an alternative canister material. 
Much work on copper canisters has been done in various countries, especially in Scandinavia, 
and the CMRB supports the decision of Nagra to use that work for its own evaluation, rather 
than duplicating it. The thermodynamic properties of copper exclude corrosion under anaerobic 
conditions unless complexing agents are present, and this permits the elimination of safety 
issues related to the evacuation of hydrogen. On the other hand, the uncertainties and safety 
issues related to MIC, to focused corrosion, effects of corrosion products and stress assisted 
failures are similar to those of steel. In particular, in anoxic environments copper is susceptible 
to microbially-influenced corrosion (MIC) in the presence of sulfate-reducing bacteria (SRB) 
which reduce sulfates to sulfides. This type of corrosion is more critical in the case of copper 
than in the case of steel because of the thinner wall thickness of the copper canisters. The 
CMRB considers that, provided MIC can be excluded, copper and copper-clad steel are suitable 
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materials for SF and HLW canisters as an alternative to steel. It recommends that Nagra 
continues tracking progress in this field made by programs in other countries. 

Chapter 7 presents an evaluation of alternative canister materials including (a) passive alloys 
such as stainless steel, nickel-chromium alloys and titanium alloys and (b) non-metallic inor-
ganic materials (ceramics). Passive alloys have been considered as canister materials for nuclear 
waste disposal by a number of countries. The corrosion resistance of passive alloys is due to a 
thin oxide film that forms on the surface. The oxide film is self-healing and acts as a barrier 
between the metal and the environment. Passive alloys therefore exhibit an extremely low 
uniform corrosion rate in most natural environments, but under conditions where the self-
healing capacity of the film is impaired they are susceptible to localized corrosion (crevice 
corrosion, pitting). Localized corrosion phenomena are more difficult to quantify and potentially 
more dangerous for canister safety than uniform corrosion. The danger of failure is enhanced by 
the fact that the walls of passive alloy canisters would be relatively thin because of manufac-
turing and cost limitations.  

Common stainless steels are not a feasible choice for Swiss repository conditions because they 
are prone to pitting and crevice corrosion, and in the presence of chloride ions, they are also 
prone to stress corrosion cracking. Nickel-chromium-molybdenum alloys and titanium alloys 
could perform adequately as canister materials in bentonite, but manufacturing and sealing 
issues would need to be evaluated and cost is a serious issue. Of the two categories, the 
evidence available to support the choice of Ti alloys is the most extensive. A strong argument 
can be made that Ti would resist corrosion over the lifetime of the repository, but one would 
have to ascertain that no significant hydrogen absorption occurs that could lead to hydrogen-
induced cracking. The CMRB sees no decisive advantage in the use of passive alloys over steel 
for the Swiss repository environment and there is no need for Nagra to initiate an experimental 
program of its own on passive alloys at this stage. 

Non-metallic inorganic materials, especially oxides have advantages over metals in terms of 
corrosion resistance (they are thermodynamically stable), but their mechanical properties are 
still unsatisfactory and they are prone to cracking. Recent scientific developments, especially 
the emergence of nano powder based materials, could perhaps change this situation in the 
future. The CMRB therefore recommends that Nagra keeps track of ongoing developments in 
the field of advanced functional ceramics, but without initiating an experimental program of its 
own at this time. Ceramic materials can also be applied as coatings on steel. Such coatings 
would reduce the rate of hydrogen formation during anoxic storage by reducing the size of the 
metal surface in contact with bentonite. On the other hand, unless the coating is free from 
defects and pores its presence could severely aggravate localized corrosion damage during the 
aerobic and the transition periods. Furthermore, suitable manufacturing and handling procedures 
for coated canisters would have to be developed. The CMRB recommends that Nagra reinforces 
its technology watch on advanced coating technologies for corrosion and wear protection. It is 
suggested to commission a white paper on recent developments and future prospects of plasma 
spray coatings made of materials such as metallic glasses, refractory ceramics, nanostructured 
materials and inorganic composites. 

Chapter 8 summarizes the principal conclusions of the CMRB review of canister materials and 
its recommendations to Nagra for further studies. The CMRB concludes that the research 
program pursued by Nagra is carefully managed, effective and credible. Nagra presents a 
convinceing case that using steel canisters surrounded by bentonite as part of a multi-barrier 
system using Opalinus Clay as the geological barrier is a viable concept for safe disposal of SF 
and HLW. Corrosion and stress-assisted failure processes that could affect the integrity and 
projected lifetimes of SF and HLW canisters or impede the functioning of geological barriers 
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have been identified and their impact on the safety of nuclear waste disposal for Swiss 
repository conditions have been critically evaluated. A few issues related to the long term 
performance of steel canisters need to be further elaborated and clarified by Nagra, but the 
CMRB found no major problem that would invalidate the use of steel canisters as part of the 
Nagra multi-barrier concept.  

Within the planning horizon for implementation of a repository for SF and HLW in Switzerland, 
the CMRB deems the time table for canister development presented by Nagra to be realistic. 
From this time forth, Nagra should initiate a comprehensive program on the evaluation of 
technological solutions for fabrication, welding, surface finishing and stress mitigation of thick-
walled steel canisters while vigorously pursuing the evaluation of the evolution of the near field 
environment and its effect on corrosion of steel during the aerobic and anoxic Phases 1 – 4. 
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1 Introduction  
 
The report on project "Entsorgungsnachweis" presented by Nagra to the Swiss Federal Govern-
ment in December of 2002 presented an assessment of the feasibility of disposal of spent fuel 
(SF), high level waste (HLW) and long-lived intermediate level waste in a repository in 
Opalinus Clay in Northern Switzerland (Nagra 2002). In the study, Nagra proposed the use of 
carbon steel canisters for disposal of spent fuel (SF) and high-level waste (HLW) and an 
alternative concept using copper canisters with cast iron insert was also put forward. In 
accepting the report the Federal Government acknowledged that Nagra had successfully shown 
that disposal of SF/HLW and ILW in Switzerland is technically feasible. Various government 
review groups made a number of recommendations with regard to RD&D work required for the 
advancement of the project, which have been summarized in Nagra (2008a). In particular, it was 
questioned whether hydrogen gas produced by corrosion of the steel canisters might adversely 
affect the barrier function of the Opalinus Clay. It was also recommended that alternative 
canister materials and/or design concepts be evaluated. To deal with these concerns Nagra 
established a Canister Materials Review Board (CMRB) to be convened for a limited time 
period with the task of preparing a report on the subject. Nagra invited a number of independent 
international experts in materials science and corrosion to join this CMRB.  

Mission of the CMRB 

The main objectives of the CMRB were: 

• To review the existing information on canister materials suitable for the proposed repository 
environment and, drawing upon present knowledge of materials science, recommend to 
Nagra the most suitable material(s) for meeting the performance requirements for SF and 
HLW canisters, 

• To consider corrosion and stress-assisted failure processes that could affect the integrity and 
projected lifetimes of SF and HLW canisters or impede the functioning of geological 
barriers while keeping in mind the overall feasibility of manufacturing, sealing and 
inspection requirements,  

• To identify the needs and provide advice for further studies by Nagra on the long term 
performance and safety of SF and HLW canisters in the Swiss repository concept. 

• To produce a report summarizing and supporting the recommendations.  

Composition and methodology of CMRB 

The CMRB included 4 members: 

• D. Landolt, Professor emeritus, Swiss Federal Institute of Technology Lausanne (EPFL), 
Lausanne, Switzerland, (Chairman) 

• A. Davenport, Reader in Corrosion Science, University of Birmingham, Birmingham, UK  

• J. Payer, Professor of Materials Science and Engineering, Case Western Reserve University, 
Cleveland, Ohio, USA 

• D. Shoesmith, Professor of Chemistry, University of Western Ontario, London, Ontario, 
Canada 

Biographical information regarding the CMRB members is given in Appendix 1.  
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The CMRB met three times for three days each at Nagra in Wettingen, on February 27 – 
March 1, 2007, September 5 – 7, 2007 and May 26 – 29, 2008. Members exchanged further 
information by electronic mail between meetings and after the last meeting. Technical support 
for the CMRB was provided by Nagra. L. Johnson (Nagra) and F. King (Integrity Corrosion 
Consulting Ltd., consultant to Nagra) participated in the discussions at the CMRB meetings and 
prepared the minutes. The CMRB also discussed issues with P. Zuidema (Swiss repository 
concept) and P. Marschall (hydrogen transport in bentonite and rock), both from Nagra. During 
preparation of its report the CMRB met in the absence of Nagra personnel and is solely respon-
sible for its content. 
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2 Nagra safety concept 

2.1 Multi-barrier system for SF and HLW disposal 
In this Chapter the safety concept presented to the CMRB by Nagra is briefly summarized. 
Nagra plans to dispose of SF (spent fuel), HLW (high level waste) and long-lived ILW (inter-
mediate level waste) in tunnels in a deep geological formation: Opalinus Clay in Northern 
Switzerland (Fig. 2.1). The safety concept, described in detail in the Nagra (2002) depends upon 
a "multi-barrier" system to limit the release of radioactive species to the environment. The 
components of the system are as follows:  

• a stable waste form that is resistant to dissolution 

• long-lived canisters 

• low-permeability backfill (based on bentonite clay) 

• low-permeability host rock (Opalinus Clay) that is self-sealing.  

Clay has beneficial properties for the repository. Cavities formed by natural discontinuities or 
mechanical damage will self-seal in the presence of water, and thus will not significantly 
influence its hydraulic properties. Its low hydraulic conductivity means that solute movement 
through the formation is predominantly by diffusion rather than advection. Furthermore, many 
of the radionuclides that could be released from the fuel show strong sorption on clay, and have 
low diffusion rates, leading to overall low permeability.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1: Diagram of the multi-barrier concept for nuclear waste disposal in canisters placed 
in the underground repository in Opalinus Clay, with a bentonite clay backfill 
(Nagra 2002). 
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is then refilled with bentonite pellets. The process of excavation, waste emplacement, back-
filling and tunnel sealing will be carried out such that a given emplacement tunnel will be open 
for only one to two years, thus avoiding significant alteration of the Opalinus Clay at the tunnel 
periphery (Nagra 2002). 

The canisters proposed by Nagra for high level waste (HLW) are 2 m in length and 0.94 m in 
diameter, while canisters for spent fuel (SF) are 5 m in length and 1.05 m in diameter. The wall 
thickness of the proposed steel canisters is 13 – 15 cm. Fig. 2.2 illustrates the location of the 
canisters inside the tunnels. Fig. 2.2a shows the cross section of the tunnel with a SF canister 
placed on bentonite blocks prior to backfilling. Fig. 2.2b shows a longitudinal section of HLW 
and SF emplacement tunnels. Tunnels will have a diameter of 2.5 m. It is anticipated that the 
rock will be self-supporting; although a light reinforcing mesh and rock bolts will be required to 
ensure operational safety (see Fig. 2.2a). These steel components also undergo corrosion during 
the evolution of the repository.  

Canisters contained in a transport shield will be moved by rail into position at the entrance of 
emplacement tunnels where they will be transferred onto bentonite blocks on an emplacement 
wagon, which is moved by rail to the final emplacement position. The region around the 
canisters will then be backfilled with granular bentonite that has a high density and low 
moisture content. As the repository saturates, the bentonite granules will swell, generating 
swelling pressure and a fully dense structure that is chemically and mechanically homogeneous. 
Once the repository is saturated the environment is anoxic. Furthermore, the bentonite provides 
pH buffering and extremely low transport rates of ionic species. These conditions favor uniform 
over localized corrosion, yielding hydrogen and ferrous ions as reaction products. Corrosion 
rates expected by Nagra are sufficiently low to permit evacuation of hydrogen without 
damaging the geological barriers. 

The primary role of the canister is to avoid any release of the radioactive species at least for the 
first 1000 years. The canister material is selected on the basis that it will survive the initial 
period following emplacement, and then have a slow predictable uniform corrosion rate in the 
prevailing water-saturated anoxic environment. It should provide complete containment during 
the period when there are thermal transients and the radiological toxicity is at its highest. The 
two canister materials proposed by Nagra are carbon steel and copper (Johnson and King 2002). 
In the latter case, the canister would have an internal structure of steel and an outer layer of 
copper. Carbon steel and copper are both corrosion allowance materials (see Chapter 5). 

A number of countries in Europe, Asia and North America are in the process of developing 
strategies for disposal of nuclear waste in underground repositories. The approaches differ 
depending upon the type of waste and the geology of the available sites. Nagra keeps track of 
these developments and regularly exchanges technical information with other groups.  
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Fig. 2.2: (a) cross section of the tunnel with a proposed SF canister placed on bentonite 
blocks prior to backfilling; (b) longitudinal sections of HLW and SF emplacement 
tunnels (Nagra 2002).  
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2.2 Planning horizon for canister development and repository 
implementation 

Nagra presented to the CMRB its planning horizon for implementation of a repository for SF 
and HLW in Switzerland (Nagra 2008b): 

2008 – 2015: Sectorial planning process for selecting a disposal site 
2015: Application for a general licence 
2020 – 2025: Underground exploration and URL construction 
2038 – 2040: Application for repository construction licence 
2045: Start of construction 
2050: Start of repository operation 
 

The timing of studies for materials selection and for the development of design and manufac-
turing concepts for canisters must be viewed in the context of the overall planning horizon. For 
the near future Nagra foresees the following actions: 

2007 – 2008: Review of canister materials  
2008 – 2010: Development of canister design concepts for steel  
2009 – 2012: Technology assessment including review of welding, inspection etc. for thick-

walled steel canisters and review of status of Cu canisters; evaluation of other 
concepts 

 

These studies should permit Nagra to develop a more detailed canister concept that is needed for 
the general license application in 2014. As the time to repository implementation is long, Nagra 
wants to keep open its canister options until 2025 – 2030, before it then applies for a repository 
construction license. Throughout these years Nagra expects to take maximum advantage of 
developments in other countries. For steel canisters hydrogen evacuation has been identified as 
a main issue by Nagra and it plans to continue a dual approach to this problem: (a) detailed 
studies of gas transport implications for repository and host rock (Opalinus Clay) performance, 
(b) evaluation of other materials than steel to avoid hydrogen production by corrosion. 
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3 Corrosive environment during expected canister lifetime 

3.1 Evolution of environmental conditions and corrosion reactions  
Corrosion behavior is determined by a combination of (a) the corrosion properties of the metal 
and (b) the corrosivity of the environment. Therefore, an understanding of the evolution of the 
environment in the repository over long periods of time is essential to the analysis of corrosion.  

The CMRB recognizes that there may be conditions inside the canister that could affect its 
overall performance, but these are beyond the scope of the present report which will focus 
exclusively on canister corrosion controlled by the external environmental conditions. The 
expected thermal-hydrological behavior of the repository was presented to the CMRB by Nagra. 
Conceptually, four phases are identified for the temperature-relative humidity (RH) at the 
canister surface from the time of emplacement up to one million years.  

• Phase 1 – Initial dry-out phase 

• Phase 2 – Aerobic unsaturated phase 

• Phase 3 – Anaerobic unsaturated phase 

• Phase 4 – Long-term cool, anoxic phase 

These four phases and schematic drawings of the metal/surface condition at various times are 
shown in Fig. 3.1. While the temperature/relative humidity phases given in the figure are 
conceptually correct, it should be stressed that the values of time, temperature and RH are 
approximate and newer calculations presented to the CMRB at their May 2008 meeting (Senger 
and Ewing 2008) yielded slightly different values (in particular, the temperature in the initial 
Phases 1 and 2 may be lower). The diagram, shown in Fig. 3.1, is, therefore, generic in nature 
and does not allow precise prediction of the duration of each phase and of the absolute values of 
temperature and RH. Nagra is continuing numerical modeling to define the parameter values 
more precisely. There is also some uncertainty as to the surface temperature and RH during 
placement of the canisters in the tunnels (before the beginning of Phase 1). Since the surface 
temperature is intimately related to the heat transport conditions in the environment, the initial 
temperature will gradually raise to the values indicated in the graph. Fig. 3.1 also shows a 
number of schematic diagrams for each phase, representing the expected composition of the 
canister/bentonite and bentonite/mesh interfaces, respectively, and illustrating the corresponding 
reactions. The temperature-RH diagram and the schematic diagrams were drawn for steel, and 
the following description highlights issues relating to steel corrosion, but in a generic way, they 
should apply to other metals as well. 

Aerobic dry Phase 1 – The canister is moved into its emplacement position where it rests on 
bentonite blocks. The granular bentonite backfill is then emplaced around the canister. The 
beginning of Phase 1 is defined as the time at which this backfilling is complete. This initiates a 
heat up period to the peak surface temperature of about 120 – 140 oC achieved after about 5 - 10 
years. This is followed by a long slow cool down period. Phase 1 continues until the time when 
the canister surface is first wetted with liquid water after about 20 – 40 years of emplacement.  
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Fig. 3.1: Evolution of temperature and relative humidity (RH) with time and the expected 
corrosion products and processes at the canister surface (lower diagrams) and at the 
outer bentonite/mesh/Opalinus Clay interface (upper diagrams).  
EDZ refers to the excavation-damaged zone in the Opalinus Clay (Source: Nagra, based on 
Senger and Ewing 2008). 
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For atmospheric corrosion of metals, there is a critical relative humidity for the formation of 
moisture on the metal surface and below which aqueous corrosion does not occur [Kucera and 
Mattson 1987]. For clean, smooth metal surfaces, this critical relative humidity is on the order 
of 80 %. Particulate covered and rough metal surfaces lower the critical relative humidity. At 
the time of emplacement, the blocks beneath the canister have a moisture content of 16 % while 
the granular material on top have a moisture content of about 5 % (L. Johnson, Presentation to 
CMRB, September 2007). Consequently, moisture initially flows from the partially-saturated 
bentonite blocks beneath the canister into the less moist granular material. The low moisture 
content of the bentonite and the high temperature of the canister surface maintain very low 
humidity values at the canister surface. Corrosion conditions throughout Phase 1 thus support 
uniform dry oxidation yielding trivalent iron oxide.  

Throughout Phase 1, oxygen is consumed by corrosion of the canister and of the steel mesh 
stabilizing the tunnel wall. Oxygen consumption by the latter may exceed that by canister 
oxidation because the bentonite at the mesh interface will be wet due to the presence of ground-
water and due to water movement away from the canister during Phase 1. Access of oxygen to 
the canister surface is expected to be uniform, despite the initial differences in density and 
moisture content of the bentonite blocks and pellets, because oxygen diffusion through partially 
saturated bentonite is rapid. Oxidation of sulfides in the backfill may contribute to oxygen 
consumption and would produce sulfate and thiosulfate. 

Some redistribution of salts within the bentonite may occur during Phase 1 and could lead to the 
precipitation of salts in the bentonite at locations away from the canister surface. Precipitation 
will be assisted by the desiccation of the bentonite. While the bentonite close to the canister will 
not swell, the redistribution of water to locations away from the surface could lead to develop-
ment of a swelling pressure around the periphery of the tunnel. 

Aerobic unsaturated Phase 2 – Dry conditions persist until cooling and an increasing level of 
saturation of bentonite causes the relative humidity to rise above the critical level for aqueous 
corrosion to become possible. Phase 2 spans the period from the onset of aqueous corrosion to 
the time at which all of the initially trapped oxygen in the tunnel is consumed. During Phase 2, 
the canister surface temperature decreases to values somewhat below 100 oC. At the end of 
Phase 2 all oxygen will be consumed through corrosion of the outer steel mesh and other rock 
support materials, by corrosion of the canisters and by oxidation of pyrite in the EDZ. Phase 2 is 
expected to persist for a period of 20 to 30 years. 

Progressive saturation by water inflow will cause swelling of the bentonite starting from the 
periphery of the tunnel and gradually progressing towards the centre. Previously precipitated 
salts will re-dissolve as the moisture content of the bentonite increases and the bentonite pore 
water will begin to equilibrate with the incoming water from the host Opalinus Clay. Eventu-
ally, the relative humidity reaches the critical value for the formation of thin films of moisture 
on the metal surface. The resulting thin electrolyte layer can support aqueous corrosion and 
formation of electrochemical corrosion cells. Wetting may be facilitated by deliquescence of 
salts. For a few years, differential wetting of the canister surface near the intersection of the 
bentonite blocks and pellets, respectively, could occur allowing the development of corrosion 
cells. 

Anaerobic unsaturated Phase 3 – Phase 3 corresponds to the period between the onset of anaer-
obic conditions, when all the oxygen has been consumed, and the time when all Fe(III) corro-
sion products formed on the canister surface during Phases 1 and 2, have been reduced to Fe(II). 
Corrosion of steel canisters during this period is driven by reduction of Fe(III) to Fe(II). Phase 3 
is expected to last about 50 years (to a total time after emplacement of about 100 years). During 
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this time the canister surface temperature will decrease to well below 100 oC. Equilibration of 
the bentonite pore water with that in the surrounding host rock will continue and progressive 
saturation of the bentonite will create swelling of the clay, starting from the periphery of the 
tunnel and gradually progressing towards the centre. By the end of Phase 3, the swelling 
pressure should have fully developed as bentonite reaches complete saturation. 

Long-term anoxic Phase 4 – At the onset of Phase 4 the bentonite is completely saturated and 
all oxidized corrosion products formed at the canister surface and the rock support structures 
have been consumed. The only oxidant available in the system is water. Corrosion under these 
conditions yields hydrogen gas by reduction of protons and water. Metal ions formed by corro-
sion may precipitate as carbonates or oxides/hydroxides near the canister surface or react with 
the bentonite. The temperature at the canister surface, and elsewhere in the repository, will 
continually decrease, eventually reaching a limiting value on the order of 40 oC after some ten 
thousand years. 

Over a period of a few hundred years after complete saturation has been achieved, the ground-
water pressure will slowly increase in the bentonite as the hydrostatic head is restored. Equilib-
ration of the bentonite pore water with that in the surrounding host rock will take place over a 
longer period until steady state pore-water chemistry has been established. In addition to the 
bentonite swelling pressure and the lithostatic pressures of about 15 – 22 MPa (plus an addi-
tional 5 MPa during periods of glaciation), the canister will be subject to a hydrostatic pressure 
of 4.5 – 8.5 MPa. These external loads on the canister are expected to be isotropic. 

3.2 Properties of bentonite  
Bentonite is a clay material composed predominantly of montmorillonite, a type of smectite. 
The composition of MX-80 bentonite considered by Nagra is given in Tab. 3.1. However, 
bentonite compositions can vary: for example, two Japanese bentonites (Kunigel VI and 
Kunipia-F) contain 0.001 % and 0.071 % NaCl, respectively. It should also be noted that 
MX-80 bentonite contains 0.3 wt% pyrite, which is potentially important since sulfur species 
may have an impact on corrosion processes.  

Tab. 3.1: Composition of MX-80 bentonite (data furnished by Nagra, after Müller-Vonmoos 
1983, Ochs and Telerico 2004) 

 

Mineralogy Wt. % 
smectite 75 
calcite 0.7 
siderite 0.7 
quartz 15.2 
pyrite 0.3 
feldspar 5-8 
mica < 1 
kaolinite < 1 
Organic carbon 0.4 
NaCl 0.007 
CaSO4 0.34 
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Nagra plans to use two forms of bentonite: highly compacted bentonite blocks that support the 
canisters, and a granular/powder mix for backfilling around the canister. As presented to CMRB 
by Nagra, the blocks have a dry density of ~ 1.57 Mg m-3 (emplaced at an assumed initial 
moisture content of ~ 16 %). The bentonite for backfilling is a mix of fine granules and powder 
with an average dry density of ~ 1.45 Mg m-3 and a moisture content of ~ 4 to 5 %. The thermal 
vapour diffusivity is high in unsaturated clay. There will therefore be a strong driving force for 
redistribution of water from the blocks to the pellets. As the repository hydrates, water is 
absorbed by the bentonite, which expands and extrudes into the sub-millimeter spaces, leading 
to a highly homogeneous distribution around the canister. The blocks are expected to be ~ 5 % 
more dense than the backfill. This represents a difference in porosity of 45 % for backfill 
material compared to 42 % for the blocks. This difference may decrease over very long times 
since bentonite is plastic.  

The compositions of the pore waters in Opalinus and bentonite clays are given in Tab. 3.2. The 
clay will buffer the pH in the neutral range. It is noteworthy that the bentonite pore water 
contains small amounts of sulfate which, under reducing conditions in the presence of microbes, 
could be converted to sulfide and thiosulfate, as will be discussed in more detail in Chapter 5. 
Bentonite is an ionic conductor and its conductivity will determine the extent to which corrosion 
cells can be established between different locations on the canister surface. Under early unsatu-
rated conditions, the high resistivity of bentonite will impede the establishment and maintenance 
of locally separated anodic and cathodic sites on the canister surface. On the other hand, satu-
rated bentonite has an ionic conductivity approximately equivalent to a solution of 0.01 M 
NaCl, which is sufficient to support electrochemical cells (see Section 5c).  
 

Tab. 3.2: Composition of the Reference Opalinus Clay and Bentonite Pore Waters 
(Nagra 2002) 

 Maximum expected variation 
 Opalinus Clay 

reference water 
Bentonite 

reference water 
Bentonite 

low pH 
Bentonite 
high pH 

pH  
log pCO2 [bar] 

7.24 
-2.2 

7.25 
-2.2 

6.90 
-1.5 

7.89 
-3.5 

Ionic strength [eq/L] 2.28 × 10-1 3.23 × 10-1 3.65 × 10-1 2.63 × 10-1 
CO3 2.70 × 10-3 2.83 × 10-3 6.99 × 10-3 5.86 × 10-4 
Na 1.69 × 10-1 2.74 × 10-1 2.91 × 10-1 2.49 × 10-1 
Ca 1.05 × 10-2 1.32 × 10-2 1.33 × 10-2 1.34 × 10-2 
Mg 7.48 × 10-3 7.64 × 10-3 8.91 × 10-3 6.15 × 10-3 
K 5.65 × 10-3 1.55 × 10-3 1.67 × 10-3 1.38 × 10-3 
SO4 2.40 × 10-2 6.16 × 10-2 6.39 × 10-2 5.59 × 10-2 
Cl 1.60 × 10-1 1.66 × 10-1 2.06 × 10-1 8.61 × 10-2 
Fe 4.33 × 10-5 4.33 × 10-5 7.74 × 10-5 8.00 × 10-6 
Al 2.17 × 10-8 1.92 × 10-8 1.53 × 10-8 7.55 × 10-8 
Si 1.78 × 10-4 1.80 × 10-4 1.80 × 10-4 1.84 × 10-4 
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3.3 Deliquescence of Soluble Salts  
Soluble salts in particulate and on a metal surface can result in the formation of an aqueous 
phase at higher temperature and lower relative humidity due to deliquescence. Pure NaCl 
deliquesces at nominally 75 % Relative Humidity (RH) and 105 oC. Multi-species salt mixtures 
can deliquesce at much higher temperatures and lower RH. At the deliquescence point a highly 
concentrated solution and hence small volume of solution forms. The solution becomes more 
dilute as temperature decreases and RH increases.  

This phenomenon is illustrated by the analysis of multi-species, nitrate-containing salts of 
interest for the proposed Yucca Mountain repository in the United States (Payer et al. 2006). For 
a binary mixture of NaCl and KNO3 soluble salts can deliquesce at nominally 40 % RH at 
125 °C. Mixtures of soluble salts comprised of sodium-potassium-calcium and chloride-nitrate-
other anions can deliquesce and form highly concentrated (80 – 100 molal) aqueous solutions at 
temperatures as high as 140 – 190 °C. At lower temperatures, the aqueous solutions are less 
concentrated. While this study is useful to describe deliquescence of dust and particulate on 
waste package surfaces, it is important to note that nitrate levels under Nagra repository 
conditions are low. 

A scenario that pertains to the analysis of the corrosion behavior of waste packages in the 
proposed Yucca Mountain repository, during time periods when deliquescence of salts can 
result in the formation of concentrated brines in the particulate layer, was recently presented 
(Payer and Kelly 2007). The findings were that for a high temperature particulate layer that is 
dry, the soluble salts within the layer can deliquescence with the formation of aqueous solution 
on cooling. For multi-component salts, the components must be in near proximity for the 
deliquescence to occur. Deliquescence within the layer would result in the formation of highly 
concentrated, nitrate rich droplets throughout the layer. A small fraction of the porosity of the 
layer would be filled with solution, and there would be limited direct contact of solution with 
the metal surface. The layer would have high permeability to gases from the atmosphere above 
the layer but a low conductivity to support electrochemical reactions. Further, there would be a 
large surface area for any chemical reactions between the aqueous solution and the mineral 
particles. For this case, it was judged that crevice corrosion would not be supported due to the 
highly limited amount of moisture, and accordingly the particulate layer was unlikely to fulfill 
the requirements for localized corrosion. 

For the conditions pertaining in the Nagra repository, deliquescence could occur during the 
heat-up stage (Phase 1) at locations where the metal is in contact with partially saturated (50 % 
RH) bentonite blocks, and overall on the canisters during Phases 2 and 3 during cool down. The 
T-RH conditions to promote deliquescence depend upon the composition, amount and location 
of soluble salts present in the bentonite. The amount of salt near the canister surface and the 
volume of liquid phase likely to form from deliquescence are expected to be small. This limits 
the extent of possible corrosion damage. The CMRB judges the impact of salt deliquescence on 
canister corrosion to be slight. At this time, the CMRB does not deem experimental work in this 
area to be necessary. However, in connection with the simulations of the evolution of humidity 
and temperature during Phases 2 and 3, Nagra should keep in mind and further analyze possible 
effects of deliquescence for specific conditions in the repository. 

3.4 Excavation-damaged zones (EDZ)  
Construction excavations could influence the barrier function of the host rock (Opalinus Clay) 
in undesirable ways by creating fractures around the excavation, de-saturation effects while the 
excavations are open, and chemical effects such as the oxidation of some sulfides (pyrite) to 
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intermediate valence states (thiosulfates) and to sulfates. The excavation-damaged zone (EDZ) 
is defined as the zone where hydrological/mechanical and geochemical modifications induce 
significant changes in flow and transport properties.  

The period for tunnel operations is approximately two years. During this time micro- and 
macro-scale fracturing may be caused by excavation in the Opalinus Clay. Increased transport 
of gas and ions and oxidation of minerals can occur along such fractures. Direct pathways for 
interaction between the EDZ and the canister surface are available from the time of backfilling 
until the saturation of the granular bentonite around the canister. Once the bentonite has swelled, 
the canister surface is isolated from the EDZ by the highly impermeable bentonite layer. With 
time, the EDZ will self-heal by re-saturation and swelling of the Opalinus Clay. 

The CMRB judges that any EDZ effects on canister corrosion will be restricted to the period 
from canister emplacement until the bentonite granules have swelled and sealed around the 
canister. A portion of this time will be in Phase 1 of the environment evolution, i.e. the dry 
period when no corrosion is expected in the absence of an aqueous solution on the canister. The 
other portion will be in Phase 2, the aerobic stage when moisture is present on the canister 
surface. While no EDZ induced effects (thermal, hydrological and chemical) have been 
positively shown to have significant influence on canister corrosion, it may be worthwhile to 
consider in more detail possible EDZ effects along with the development of a more precise 
description of the evolution of the environment, as recommended elsewhere in this report. 
Sulfides, thiosulfate and other reduced sulfur species can have significant effects on the 
corrosion of steel and copper. The tunnel support components such as steel mesh and rock bolts 
should also be considered since their corrosion will also influence the environment, e.g. their 
corrosion will consume significant amounts of oxygen.  

3.5 Transformation products and redistribution of salts 
As the near field environment evolves, steel corrosion products can be formed near the canister 
surface and can also react with the bentonite, leading to transformation products. In addition, 
there can be some redistribution of soluble salts. Experimental and modeling studies presented 
to the CMRB by Nagra (reference?) suggest that these processes will only affect a zone near the 
canister surface (5 – 10 cm over long periods of time) while the bentonite buffer is ~ 70 cm 
thick. Nagra therefore expects that these effects are unlikely to compromise the functionality of 
the bentonite buffer. The CMRB supports this assertion. 

On the other hand, the CMRB is concerned that, while the described effects of corrosion 
products, transformation products and deposited layers are not likely to affect the functionality 
of the bentonite buffer, they could significantly affect canister corrosion during the anaerobic 
phases and hence the rate and amount of hydrogen gas evolution. Although in the opinion of the 
CMRB the thermal-hydrological analysis has been well developed by Nagra and is progressing 
soundly, the evolution of the environment at the canister surface and the understanding of the 
corrosion processes leading to the evolution of corrosion damage deserve more study. While 
some experimental, analytical and computational work has investigated the steel/bentonite 
interfacial region and its evolution over time, the technical understanding in this area is not yet 
to the level of detail that matches its importance to long-term repository performance. The 
CMRB recommends that Nagra should promote and participate in a significant program to 
understand in more detail the evolution of the near field environment and its thermal-hydro-
logical behavior over time. This enhanced knowledge of the environment should then be 
coupled with a reevaluation of the corrosion processes with a primary focus on developing an 
enhanced mechanistic understanding of corrosion rates and controlling parameters for steel/ 
bentonite, steel/transformed products, and steel/corrosion products reactions during both the 
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aerobic and anaerobic unsaturated phases. There is a possibility that the state of the steel 
surface/environment interfacial region at the beginning of the anoxic saturated phase (4) might 
affect the corrosion rate and hydrogen gas generation during long term storage. 

3.6 Radiation Effects  
Of the three forms of radiation emitted by the fuel (α, β, γ) only γ-radiation is sufficiently pene-
trating to produce a field at the outer surface of the canister that could influence its corrosion. 
The maximum γ-radiation dose rate for the proposed Nagra steel canister design is < 35 mGy/hr 
(Johnson and King 2002), which is extremely low. For the Cu canister design proposed by SKB 
(Sweden) and Posiva (Finland) and likely to be adopted by Nagra if a Cu canister is deemed 
necessary, the surface γ-dose rate immediately after encapsulation would be ~ 0.5 Gy/hr (King 
et al. 2002). Since the γ-radiation fields are dominated by the decay of the radionuclide 137Cs, 
(t1/2 = 30 years), these canister surface fields would decay with a half life of ~ 30 years.  

The influence of radiation has been studied on various types of materials exposed to a wide 
range of environments. A comprehensive review of early studies on copper and copper-nickel 
alloys, carbon steels, stainless steels and nickel alloys, and titanium alloys has been published 
(Shoesmith and King 1999), and more recent studies were included in a comprehensive Euro-
pean review of canister corrosion performance (Kursten et al. 2004). A specific study of the 
influence of radiation on carbon steel corrosion in granitic environments was recently published 
(Smart and Rance 2005). From a materials perspective, the response of these materials to radia-
tion can be divided into two categories; the response of passive materials (stainless steel, nickel 
alloys, titanium alloys), and the response of the active (corrosion allowance) materials, iron/ 
carbon steel and copper/copper alloys. It is the latter materials which are most relevant to the 
present discussion, and this section will consider them together.  

The original review (Shoesmith and King 1999) compared materials performance in three 
distinct exposure environments; (A) the concentrated Mg2+-containing brines anticipated in salt 
deposits; (B) ground waters varying in salinity from those anticipated in Canadian granite (up to 
~ 1 mol/L in chloride) to the dilute ones typical of other granitic and sedimentary rock locations; 
(C) moist air and aerated steam conditions. While these test environments do not necessarily 
replicate the exact conditions anticipated in a Swiss sedimentary rock repository, they cover a 
sufficiently comprehensive set of conditions that they provide a solid basis upon which to assess 
radiation effects in such locations. This is particularly true of environments B and C, which are 
representative of early emplacement conditions prior to re-saturation of the local environment 
(C), and the long term repository period when anaerobic conditions have been fully established 
(B).  

Radiation effects on steel – Environment (A) is by far the most aggressive, and measured corro-
sion rates for iron and carbon steel are generally considerably higher than in the other two 
environments. For carbon steel, dose rates of 103 Gy/hr clearly accelerate general corrosion. The 
primary reason for this appears to the incorporation of Mg2+ into the corrosion product film on 
the steel surface to yield a Fe (II) hydroxide layer rather than the protective magnetite (Fe3O4) 
layer formed in the more relevant environment (B). At lower dose rates (1 to 102 Gy/hr) at 
90 oC, corrosion was not accelerated. In fact, at the lower end of the dose rate range (1 to 
10 Gy/hr) corrosion rates were reduced considerably, an influence attributed to the ability of the 
radiation to induce crystallization of a protective Fe3O4 layer. No mechanism for this process 
was offered. When the temperature was increased to 150 oC, a dose rate of 10 Gy/hr did lead to 
an increased corrosion rate, but only by a factor of ~ 1.5. Since this increase was only observed 
in Mg2+-containing brines and not Na+-containing brines, it is likely that the influence of 
temperature on the degraded protective film properties is the key influence.  
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In the more relevant environment (B), represented by deaerated synthetic seawater at 90 oC, 
increases in corrosion rate (from a value of 6 µm/y in the absence of radiation) by factors of 
~ 25, ~ 10, and ~ 1.5 were observed for dose rates of 103, 35, and 3 Gy/hr, respectively. 
Whether or not the increase at the lowest dose rate is actually significant is debatable. Corrosion 
took the form of shallow pitting with a decrease in number of pits as the dose rate decreased. 
This observation may suggest an influence of the relatively high Cl- concentration on the 
morphology of corrosion. More important, these measurements suggest that a dose rate of 
around 3 Gy/hr represents a threshold below which no influence of radiation should be 
observed. More recent results (Smart and Rance 2005), based on H2 generation rates under 
anaerobic corrosion conditions, support this claim. Experiments were conducted in bentonite-
equilibrated water ([Cl-] = 0.54 mol/L) and Allard water (a reference solution for Swedish 
granitic conditions with [Cl-] = 0.0014 mol/L), and, hence, are directly relevant to Swiss 
conditions. Dose rates of 11 Gy/hr and 300 Gy/hr (at 30 oC and 50 oC) caused an initial increase 
in rate in both solutions. However, in both cases, the rate decreased with time as corrosion 
products accumulated on the steel surface, and a long term steady-state rate greater than that in 
the absence of radiation was only sustainable at the higher dose rate (~ 0.8 µm/y compared to 
0.05 µm/y without radiation in the bentonite-equilibrated groundwater). At the lower dose rate 
of 11 Gy/h, the rate eventually (over a period of 100 to 300 hour) decreased to the value 
measured without radiation (~ 0.05 to ~ 0.1 µm/y in Allard water). The larger amount of corro-
sion products formed and their composition, determined by Raman spectroscopy (mainly Fe3O4 
with a small amount of FeOOH), confirmed a slight influence of radiation at the higher dose 
rate. These results clearly indicate that the influence of radiation on steel corrosion becomes 
marginal below ~ 10 Gy/h, and, once a protective film of magnetite has developed, insignifi-
cant. This supports the claim, based on the results of previous studies described above that a 
dose rate of ~ 3 Gy/h represents a threshold below which there is no influence of radiation on 
corrosion processes. It is important to note that irrespective of the material (active or passive) 
and the exposure conditions (environments A, B, C), no significant influence of radiation on 
corrosion has been observed at this dose rate (Shoesmith and King 1999).  

At the surface of emplaced Swiss waste canisters the dose rate on emplacement will be 
≤ 0.35 Gy/h which is well below the threshold for significant effects of radiation on the aerobic 
corrosion of steel. Furthermore, the radiation fields on emplacement are dominated by the decay 
of the radionuclide 137Cs which has a decay time of only about 30 years. Fully rewetted canister 
surfaces during the anaerobic Phases 3 and 4 will therefore experience even smaller radiation 
fields. Given the experimentally observed threshold of 1 to 3 Gy/h for an observable effect of 
radiation on steel corrosion, the CMRB concludes that radiation will not significantly affect the 
corrosion of steel canisters under Swiss repository conditions.  

Radiation effects on copper – The influence of radiation on copper and its alloys has been 
studied in both immersed aqueous systems and in moist air environments. The latter studies are 
particularly relevant to Swiss repository conditions since unsaturated aerobic conditions will 
exist in the early period after canister emplacement when radiation fields are at their highest. 
King et al. (1987, 1989) studied the influence of a dose rate of 27 Gy/h on copper immersed in 
both aerated and deaerated saline solutions typical of the ground waters anticipated in a 
Canadian granitic repository (~ 1 mol/L chloride). The temperature was 150 oC which is above 
the value expected by Nagra on the surface of a Swiss canister. For both redox conditions, a 
coherent protective film of Cu2O was formed (as determined by Auger spectroscopy). In the 
absence of radiation, the surface film was fractured and contained CuCl2.3Cu(OH)2, a clear 
indication that oxidative breakdown of the underlying Cu2O layer had occurred, producing 
soluble Cu2+ and the deposition of cupric solids. This apparent ability of relatively low dose 
rates (≤ 100 Gy/h) to improve the protective qualities of surface layers is not an isolated 
observation, similar observations having been published for the passive films on stainless steels 
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and titanium alloys. For unsaturated aerated conditions, Reed and Van Konynenburg (1991) 
performed a detailed study on Cu and a number of Cu alloys. The influence of temperature 
(90 oC to 150 oC) and relative humidity (0 % to 100 %) were studied at dose rates of 700 Gy/h 
and 100 Gy/h. At the higher dose rate cupric nitrate, (Cu2NO3(OH)3, was found, indicating 
surface redox conditions were sufficiently oxidizing to cause the oxidative breakdown of the 
Cu2O sublayer. At the lower dose rate no nitrate-containing corrosion products were obtained, 
and the corrosion rate was only marginally greater (~ 1.5 times) than that observed in the 
absence of radiation. This absence of Cu(II) corrosion products, and the marginal influence on 
corrosion rate, indicated that the influence of radiation on corrosion in moist aerated atmos-
pheres is negligible for dose rates < 100 Gy/h.  

The dose rate expected for Nagra copper canisters is on the order of 0.5 Gy/h. This value is far 
below levels where an adverse effect on corrosion has been measured. In fact, the influence of 
such low dose rates could even be beneficial given the observation that the formation of a 
protective Cu2O layer is promoted. The CMRB is confident that radiation effects on corrosion 
of copper and steel canisters are negligible.  
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4 Hydrogen gas transport in clay  

4.1 Introduction 
Corrosion of steel under anoxic conditions yields hydrogen gas which moves away from the 
canister surface by mass transport processes through the bentonite backfill and the Opalinus 
Clay geological barrier, the transport through the latter being rate-limiting. Transport of hydro-
gen through the geological barrier must occur without causing irreversible damage to the clay 
that could give rise to short circuit pathways and permit escape of radioactive products from the 
repository site. Nagra therefore has performed extensive studies on hydrogen transport in clay 
materials. The CMRB, composed of experts in corrosion and materials science rather than in 
geology, accepts these results without further evaluation. The present report will focus on the 
corrosion behavior of metal canisters and how this may affect the rate of hydrogen generation 
relative to the stated Nagra criteria for an acceptable rate of hydrogen gas transport through the 
geological barrier. 

4.2 Contribution of different flow regimes to gas transport 
The gas transport mechanisms which are relevant for the release of gases from a SF/HLW 
repository in the Opalinus Clay formation as described by Nagra (2004) comprise the following:  

(i)  advection and diffusion of gases dissolved in the pore water,  

(ii)  visco-capillary two-phase flow  

(iii)  dilatancy-controlled gas flow ("pathway dilation").  

Mechanisms (i) and (ii) pertain to gas transport in the pore space of the intact rock when the 
diffusion barrier function of the rock is sustained. Dilatancy-controlled gas flow is associated 
with rock deformation, leading to enhanced porosity and permeability by micro-fracturing. 
Experimental studies of dilatancy-controlled gas transport indicate a temporary permeability 
increase of up to an order of magnitude. Nagra gained diverse experimental evidence, sugges-
ting an efficient recompaction of Opalinus Clay at elevated effective stress ("geomechanical 
self-sealing"). Nonetheless, the complexity of dilatancy-controlled processes, the necessity of 
obtaining a much larger body of experimental evidence, and the need to invoke self-sealing, 
makes the safety arguments for this transport mechanism more delicate. Therefore, Nagra’s 
strategy is to avoid the dilatancy regime in the rock barrier. Nagra defines a threshold gas 
pressure of 80 - 90 % of the lithostatic pressure at repository depth (corresponding to 13 MPa at 
Benken) for the on-set of pathway dilation and transition from the visco-capillary two-phase 
flow regime towards the dilatancy-controlled gas transport in Opalinus Clay.  

4.3 Nagra model calculations of gas flow 
Nagra used a one-dimensional model (Fig. 4.1) to calculate the transport capacities of the 
different transport mechanisms as a function of upstream (bentonite-Opalinus Clay interface) 
pressure for different storage times. Initially the model domain is fully saturated. The down-
stream pore water pressure is assumed to be 6.5 MPa. At the upstream side (disposal area) fixed 
gas pressures between 7 and 15 MPa are applied. An intrinsic permeability of 1 × 10-20 m2 is 
assumed. This is reasonable in view of the reference values for the intrinsic gas permeability of 
the Opalinus Clay in Northern Switzerland of 1 × 10-20 m2 (horizontal component of the 
hydraulic permeability) and 2 × 10-21 m2 (vertical component of the hydraulic permeability). 
Anisotropy and spatial variability of the intrinsic permeability are not taken into account in the 
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evaluation of the gas transport capacity of Opalinus Clay. Nagra considers this to be a robust 
assumption, because of experimental and theoretical evidence that shows that even a low spatial 
variability of rock permeability tends to enhance the mobility of the gas in the formation.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1: Schematic sketch of the model for calculating gas flow through Opalinus Clay, 
showing the disposal area, gas path through the host rock (length 50 m) and a 
downstream pressure boundary at 6.5 MPa. (Nagra 2004)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig.4.2: Specific gas flow through the cross sectional area in Fig. 4.1 located 5 m down-
stream of the disposal tunnel, at two different times (1000 and 10000 years) versus 
gas pressure in the disposal area (upstream boundary). (Nagra 2004) 
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The calculations carried out by Nagra indicate that the transport capacities of the assessed trans-
port mechanisms vary considerably with time and transport distance. During the early stage of 
gas transport, the gas pressure largely creates a water flow and, therefore, transport of dissolved 
gas is the dominant process. After a certain time (> 100 years) the onset of a visco-capillary 
two-phase flow regime is observed. Water flow decreases steadily due to the displacement 
process while gas flow remains more or less stable. As soon as the gas front approaches the 
downstream model boundary (transport times > 10000 years) gas flow increases and eventually 
stabilises after gas breakthrough. Fig. 4.2 shows the dependence of the transport capacity on the 
gas pressure after 1000 and 10000 years, respectively, from the start of gas transport. The trans-
port capacity is defined as the specific gas flow through the cross section A (m3 gas per m2 cross 
sectional area per year at STP), located 5 m downstream from the disposal tunnel.  

Advection and diffusion of dissolved gas take place throughout the whole range of gas 
pressures. The transport capacity increases with increasing gas pressure, because advective pore 
water flow increases linearly with the pressure gradient between the up- and downstream 
pressure boundary and due to an increased amount of dissolved gas. When compared with 
advection, the contribution of diffusion is negligible even at a gas pressure as low as 7 MPa. At 
15 MPa the transport capacity of dissolved gas is in the range 0.8 – 2 × 10-5 m3/m-2y (STP). 
Visco-capillary two-phase flow starts when the gas pressure in the disposal area exceeds the 
total of in-situ pore water pressure and effective gas entry pressure. At a gas pressure of 13 MPa 
(corresponding to the threshold pressure pd for dilatant gas flow) the specific flow is about 
1 - 5 × 10-2 m3/m-2y (STP), which is more than 3 orders of magnitude higher than the gas trans-
port capacity of advection (and diffusion). 

4.4 Relationship between corrosion and gas generation rate 
The conversion of steel corrosion rate to gas flow per meter of tunnel length requires knowledge 
of the reaction stoichiometry. Two overall reactions, yielding divalent iron and magnetite 
respectively, are possible under anoxic conditions (King 2009): 
 

 Fe + 2 H2O  →   Fe2+ +   2 OH- + H2  
 

 3Fe + 4 H2O → Fe3O4 + 4 H2 
 

The latter reaction has been used by Nagra for its calculations because it presents a more 
conservative assumption in that corrosion of three moles Fe yields four moles of hydrogen gas. 
With the canister dimensions of 1.05 m in diameter and 4.60 m length and a spacing between 
canisters of 3.0 m, a corrosion rate of 1 μm/y yields a hydrogen generation rate of 0.0098 m3 

(STP) per year and meter of tunnel length. For the calculation of the specific gas flux, Nagra 
divides this value by the tunnel surface area per meter tunnel length (tunnel diameter 2.5 m). 
One thus gets a specific hydrogen flux of 0.0012 m3 (STP)/m2 y. Similarly, a corrosion rate of 
10 μm/y yields a specific gas flux of 0.012 m3 (STP)/m2y. This value is about five times lower 
than that of 0.06 m3 (STP)/m2y shown for the upper boundary in Fig. 4.2. To obtain the latter 
value Nagra assumed that both the inner and the outer surface of the canister corrode, and 
multiplied the value obtained by three, to take into account a possible contribution from steel 
mesh at the tunnel wall. The data of Fig. 4.2 indicate that for a canister corrosion rate of 1 μm/y 
the Opalinus Clay can accommodate the expected gas transport rate without any detrimental 
effects on its hydraulic properties. The same may be true even if a corrosion rate of 10 μm/y is 
assumed, but there is a strong probability that, at this higher rate, dilatancy flow could occur 
after a time period of a few thousand years.  
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4.5 Conclusions and recommendations 
Through its studies on gas transport through Opalinus Clay, Nagra has developed valuable 
information on the capacity of different flow regimes to transport hydrogen in clay materials. 
The numerical simulations indicate that the transport rate by a visco-capillary two phase flow 
mechanism is sufficient to evacuate all the hydrogen expected for an anaerobic corrosion rate of 
steel of 1 μm/y without negatively affecting the desired long-term hydraulic characteristics of 
rock. On the other hand, for the most conservative, and probably unlikely, case considered by 
Nagra a gas generation rate of 0.06 m3 (STP)/m2y), dilatancy flow will probably be needed to 
evacuate hydrogen. Because of inherent uncertainties in modelling dilatancy flow this flow 
regime should be avoided. The CMRB recommends that the problem of hydrogen evacuation be 
further studied. This involves (a) ascertaining the transport capacities of different flow regimes 
in Opalinus Clay by using numerical modelling of gas transport mechanisms that is based on 
realistic scenarios and supported by reliable experimental data and (b) ascertaining the maxi-
mum possible rate of hydrogen formation by anoxic corrosion as detailed in Chapter 5 of this 
report. 
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5 Evaluation of steel as canister material 

5.1 Choice of steel as canister material  
Nagra specifies three primary requirements for canisters: 

• Canister lifetime (the regulatory requirement is for a 1000 years lifetime) 

• Avoidance of detrimental impacts on other barriers  

• Retrievability during the operational phase (Nuclear Energy Law requirement) 

Other criteria for the selection of canister materials considered by Nagra include:  

• Availability of raw material  

• Cost (material, fabrication, handling) 

• Radiation shielding ability 

• Ease of sealing/inspection 

• Structural strength/robustness 

A wide range of metals and alloys has been considered internationally as canister materials, the 
choice being guided by regulatory requirements and the repository environment (geological 
barrier). Nagra in its project "Entsorgungsnachweis" proposes the use of steel canisters with 
15 cm wall thickness (Nagra 2002) and it provides strong evidence that the integrity of steel 
canisters will be maintained much longer than the minimum required life-time of 1000 years. A 
copper canister with cast iron insert has been proposed by Nagra as an alternative, although a 
thinner cladding on a steel canister might also be considered (see Chapter 6).  

From a corrosion perspective two broad categories of metallic materials may be distinguished 
for any given set of environmental conditions: active metals (corrosion allowance materials) and 
passive metals (oxide film protected metals). In the active state the metallic surface is in direct 
contact with an electrolytic environment and corrosion is usually uniform. Under Swiss reposi-
tory conditions copper, steel and cast iron may be considered as being an active metal, although 
partially protective corrosion product layers may be present at the metal-bentonite interface. 
Passive metals are typically highly unstable thermodynamically, but, in oxidizing environments, 
form a thin compact oxide film (1 – 3 nanometer) that is self-healing and acts as a barrier 
between the metal and the environment. As a consequence, passive metals usually exhibit very 
low uniform corrosion rates. On the other hand, passive metals are prone to localized corrosion, 
such as pitting or crevice corrosion, whenever environmental conditions are such that the self-
healing capacity of the passive film is impaired. Stainless steel, titanium alloys and nickel-
chromium alloys are typical passive metals and will be considered in Chapter 7 of this report.  

Steel possesses a number of advantages as a canister material for nuclear waste disposal. It is 
widely available and canisters can be manufactured at reasonable cost with thick walls that 
provide mechanical strength and adequate radiation shielding. Steel can be easily welded for 
sealing canisters, and possesses good shock resistance. The most critical issue is its corrosion 
resistance and possible detrimental effects of hydrogen gas formed by corrosion on the integrity 
of the Opalinus Clay barrier. The rate of hydrogen formation is directly proportional to the rate 
of anoxic corrosion of steel.  

Nagra has not specified a particular steel, and the generic term steel used in this report means 
conventional carbon steels that are in industrial use for thick-walled vessels. The corrosion 
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behavior of steel under Swiss repository conditions is conditioned by the evolution of the near 
field environment (temperature, humidity and availability of oxygen) with time, schematically 
presented in Fig. 3.1. The effect of initial conditions, especially the surface state (e.g., the 
presence of mill scale, roughness, air oxidation films) is also an important aspect. The following 
discussion will focus on how different corrosion mechanisms might affect the integrity of the 
steel canisters and of the barrier system as a whole during the four Phases identified in Chap-
ter 3: uniform aerobic corrosion, corrosion cell formation leading to focused (localized) corro-
sion, anoxic corrosion and hydrogen evolution, stress corrosion cracking (SCC) and micro-
bially-influenced corrosion (MIC). Fabrication related corrosion issues will also be considered.  

5.2 Aerobic general corrosion 
The temperature of the canister surface during the initial dry aerobic phase is in the range of 
100 – 140 °C and the rate of dry oxidation under these conditions is expected to be low. Terlain 
et al. (2001) carried out oxidation tests on iron and low alloyed steel in air with different water 
contents at a temperature range of 373 – 773 K for periods of 300 to 700 hours. The oxide films 
formed consisted mainly of Fe2O3 and Fe3O4. The weight gain for temperatures below 573 K 
(300 oC) was undetectable. At 573 K the oxidation kinetics for the first 300 hours could be fitted 
to a parabolic growth law, and subsequently by a logarithmic growth law. Extrapolation of these 
data to 100 years yielded 50 μm and 5 μm film thickness for parabolic and logarithmic growth, 
respectively. However because spalling may occur, the authors estimate that the maximum 
oxide thickness after 100 years should be 150 μm. Taking into account the thermal history of SF 
and HLW canisters under Swiss repository conditions the maximum film thickness will be 
much less. Dry oxidation occurring during Phase 1 is not considered to be a serious problem for 
canister safety. An alternative approach that does not invoke extrapolation of kinetic data 
supports this conclusion. It considers the corrosion loss that can be caused if the total quantity of 
available oxygen reacts with the canister surface. In reality oxygen will also be consumed by 
corrosion of the reinforcing grids and fixtures at the tunnel wall and possibly by oxidation of 
pyrite and siderite in the clay. Neglecting these factors, a mass balance yields a maximum depth 
of uniformly corroded steel of < 0.1 mm (Nagra 2002). Uniformity of dry oxidation is a good 
assumption because of the inverse relationship between the transport rate of ions through the 
oxide film and its thickness.  

During Phase 2, the environment is still aerated, and atmospheric corrosion will take place as 
the moisture starts to condense on the iron surface. Atmospheric corrosion is an electrochemical 
phenomenon and will lead to a variety of corrosion products: in addition to Fe3O4 and Fe2O3, 
hydrated ferric species including different forms of FeOOH and green rust will be present. 
Corrosion during Phase 2 may be influenced by the deliquescence of salts and by the presence 
of particulates on the surface. Furthermore it will not necessarily be uniform. These phenomena 
will be discussed in more detail in the following sections of this report. They remain insuffi-
ciently understood and it is recommended that Nagra initiates further studies that relate the 
hydro-thermal behavior of bentonite and the aerobic corrosion behavior of steel during Phase 2, 
especially the question to what extent the corrosive attack could be localized under these 
conditions. 

5.3 Focused corrosion 
Focused or localized corrosion processes result from the establishment of electrochemical cells 
due to spatial differences in the local environment or in the material properties. Localized attack 
is most likely under aerated wet conditions, but can also occur in anoxic environments. Nagra 
presented three possible mechanisms to the CMRB that could induce corrosion cells on steel 
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canisters during the aerobic wet period (Phase 2): (a) oxygen cells resulting from passivation of 
part of a surface ("active-passive cells"), (b) non homogeneous wetting of the surface, (c) cou-
pling between sites of oxide scale reduction and iron dissolution.  

Since dry oxidation should form a homogeneous film, the mechanism (a) is unlikely. Corrosion 
cells due to interaction between trivalent iron oxides and steel could possibly occur in the 
presence of mill scale on the steel surface formed during manufacturing. The CMRB therefore 
recommends that canister manufacturing specifications by Nagra require that the canister 
surface be smooth and free of mill scale. The possibility of non-homogeneous wetting is a more 
serious problem and will be discussed below. The third mechanism, involving the coupling of 
oxide scale reduction and iron dissolution is a possibility during Phases 3 and 4, but the process 
will be self limiting because of the limited amount of oxide available.  

Differential wetting during the transition from dry to wet during Phase 2 is expected near the 
border of bentonite blocks and bentonite pellets. In the repository concept considered by Nagra, 
steel canisters are placed on bentonite blocks which provide mechanical support and the 
remaining space is then filled with bentonite pellets (see Fig. 2.2). The original degree of 
hydration is different for the blocks and pellets. Theoretical modeling by Nagra of the time 
evolution of the local temperature and the relative humidity at the canister surface in contact 
with bentonite blocks and pellets indicate that, for a duration of about 15 years, there is a 
difference in temperature and relative humidity between the two locations (Fig. 5.1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1: Simulated evolution with time of temperature and relative humidity at the canister 
surface at different locations with respect to the cross-section center (data provided 
to CMRB by Nagra, based on Senger and Ewing (2008)) 

 
The results shown in the figure were obtained using a relatively coarse grid for the numerical 
calculations and few time points. Therefore, they do not reflect the exact surface conditions, but 
nevertheless, they provide a good conceptual picture. During the transition period from dry to 
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wet corrosion the relative humidity rises depending on location from 20 or 70 % to 100 % and 
the time when this occurs varies with location. During a limited time period, corrosion cells 
could therefore form near the boundary between pellets (dry aerated) and blocks (wet) with 
oxygen diffusion parallel to surface). The phenomenon is comparable to the so-called water line 
corrosion of partly immersed steel, where depth-dependent accessibility of oxygen can result in 
an increased corrosion rate slightly below the air-water interface. In the case of canisters 
embedded in bentonite, oxygen access to the canister surface in contact with the blocks is 
limited and it becomes anodic. The increase in local corrosion rate will depend on a variety of 
factors including the ionic conductivity of the environment, geometry, and the time dependence 
of local wetting and of oxygen consumption in the repository.  

The following arguments yield a crude estimation of the order of magnitude of the expected 
local enhancement of corrosion. It is assumed that focused corrosion affects a strip of metal of 
limited width near the block-pellet boundary and the width of the anodic zone is on the order of 
one centimeter. The size of the cathodic zone will evolve with time due to condensation. In the 
limiting case, when condensation is complete, it may include the entire canister surface in 
contact with pellets. For convenience it is assumed that all available oxygen is consumed by the 
corrosion cell. Nagra estimates that if all the oxygen initially present reacts uniformly with the 
steel canisters, the maximum corroded depth would be < 100 μm (Nagra 2002). The maximum 
corroded depth due to focused corrosion relative to the depth of uniform corrosion is given by 
the surface ratio of the cylinder and the anodic strips. Neglecting, for simplicity, the top and 
bottom areas of the cylinders, and assuming that the anodic zones have a width of 1 cm, one 
calculates thus a maximum corroded depth of ~ 16 mm. For a 10 cm wide corroded zone the 
maximum corroded depth would be 1.6 mm. Both these values are smaller than the wall thick-
ness of the container (15 cm), but not negligible. The estimation indicates that the corroded 
depth depends critically on the width of the anodic zones. This width is determined by a 
complex (and time dependent) interplay between anodic and cathodic reaction kinetics and 
charge transport processes in the electrolytic medium (bentonite). It must be kept in mind, 
however, that the presented mass balance based estimation is extremely conservative and 
grossly overestimates the extent of corrosion damage. On one hand, focused corrosion will be 
strongly mitigated by the fact that the differential aeration cells can be active only during a 
limited time period and on the other hand, other oxygen sinks are present in the repository 
environment.  

A more delicate question concerns possible long term effects of corrosion products formed in 
the differential aeration cell. Although unlikely, it cannot be definitely ruled out that solid 
corrosion products resulting from macro cells active during Phase 2 could stay on or near the 
surface well into the anaerobic wet period. For example, the local presence of magnetite could 
give rise to formation of a corrosion cell in saturated bentonite under anoxic conditions if 
magnetite acts as the cathode for hydrogen formation the adjacent iron being the anode. 
Although thermodynamically possible, there is no experimental evidence that this actually 
occurs. The CMRB considers it unlikely that such a mechanism poses a serious long term threat, 
but it recommends that the possibility of focused corrosion and its implications for long term 
canister safety be studied further. As a first step, it is recommended that Nagra should refine its 
numerical calculations of the evolution of temperature and humidity with time at different 
locations of the canister surface. This should permit a better definition of conditions that could 
lead to focused corrosion during heating and cooling periods. Such calculations would require 
the use of a finer space-time grid and the consideration of possible corrosion processes. 
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5.4 Anoxic corrosion in saturated bentonite  
In Phase 3, when all the oxygen will have been consumed, ferric corrosion products will remain, 
and their reduction on the canister surface could lead to a temporary enhancement of the corro-
sion rate of steel. In addition, it is possible that ferrous ions could reduce ferric corrosion 
products, leading to formation of magnetite, Fe3O4. However, one should keep in mind that all 
these reactions are intermediate steps in the overall consumption of the original oxygen trapped 
in the tunnel, the total consumption of which leads to a metal loss of only about 0.1 mm average 
depth 

Once all the oxygen and ferric corrosion products have been consumed, and the anaerobic 
conditions of Phase 4 are achieved, the cathodic reaction is reduction of H2O: 
 

 H2O + e- → ½ H2 + OH- 
 

Oxidation involves direct formation of Fe3O4, via a solid state reaction to produce a layer on the 
steel surface, 
 

 3Fe + 4H2O → Fe3O4 + 8H+ + 8e- 
 

and the anodic dissolution of Fe, 

 Fe → Fe2+ + 2e-  
 

Soluble Fe2+ may diffuse away from the canister surface and react either with the bentonite, or 
with water to generate ferrous hydroxide, Fe(OH)2, which can also transform to Fe3O4 via the 
Schikkor reaction 
 

 3Fe(OH)2 → Fe3O4 + 2H2O + H2 
 

These reactions are likely to lead to a porous oxide/hydroxide layer. In addition, the reaction of 
ferrous ions with carbonate ions present in the bentonite can form siderite, FeCO3. 

Experiments have been carried out in both compacted bentonite and simulated pore water to 
determine both the corrosion rates and the corrosion products formed. These have been 
reviewed by King (King 2009), who reported observations of Fe3O4, FeCO3 and, in some cases, 
Fe2(OH)2CO3. Similar investigations of the corrosion of iron in argillite clay show the formation 
of Fe3O4 (de Combarieu et al. 2007, Schlegel et al. 2008). King (2009) noted that a comparison 
of the metal loss and the thickness of the corrosion product layers indicated that some ferrous 
ions must diffuse out into the clay, consistent with the formation in the clay of an "altered layer" 
of Fe3O4, FeCO3, and ferrous ion-modified clay species. Comparable altered layers are also 
observed for archaeological analogues (Neff et al. 2006). 

Transport of Fe2+ ions into the clay raises the concern that its reaction with bentonite could 
change the swelling properties of the latter and its ability to sorb radionuclides. Possible 
reaction products include nontronite and saponite, which are swelling clays with similar 
properties to bentonite, and chlorite and berthierine, which are non-swelling clays. These could 
reduce the swelling pressure, and increase the hydraulic conductivity and diffusivity of 
radionuclides. Work by Carlson et al. (2007) on carbon steel wires in compacted bentonite at 
30 and 50 °C showed local iron concentrations as high as 20 wt% in some experiments with a 
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detectable decrease in cation exchange capacity and increase in hydraulic conductivity. 
However, formation of non-swelling clays such as chlorite or berthierine was not observed. At 
higher temperatures, a number of other studies reviewed by Nagra have indicated formation of 
phases such as berthierine, nontronite, chlorite and saponite. Modelling suggests that the 
properties of bentonite are only affected within 5 – 10 cm of the canister surface after 
> 100,000 years (Wersin et al. 2007). Since the buffer is ~ 70 cm thick, this is not regarded as a 
major loss of barrier properties. However, the CMRB recommends further experimental and 
modelling efforts in this area to provide a more detailed assessment of this risk.  

A major concern relating to the use of steel canisters is whether the corrosion rate will generate 
hydrogen at such a high rate that it may damage the barrier properties of the Opalinus Clay. 
King (2009) has presented a critical review of published anoxic corrosion rates of steel in condi-
tions relevant for nuclear waste disposal. These measurements have been made using a variety 
of experimental approaches and conditions. In only one case was a small increase in corrosion 
rate with increasing exposure time observed; in general, the corrosion rate was found to 
decrease with time. Rates measured in different studies varied over 2 to 3 orders of magnitude 
necessitating a critical analysis of experimental techniques and conditions used. The most 
relevant experiments are those made specifically for nuclear waste applications, usually by 
either weight loss or hydrogen evolution measurements. Weight loss measurements lead to an 
average rate taken over the time interval of the measurements. If the rate is decreasing with 
time, this value is higher than the actual rate at the end of the test, and extrapolation forward in 
time will over-estimate the extent of corrosion. Hydrogen evolution measurements, if not made 
continuously, provide a similar over-estimate of real corrosion rates. King (2009) noted that in 
addition to the general observation of a decrease in corrosion rate with time, pre-formed 
corrosion product films (Fe3O4 or FeCO3) decreased the corrosion rate, whereas the presence of 
welded material, the partial pressure of H2, and concentration of Fe(II) had little effect. 
Corrosion rates in either compacted bentonite or bentonite slurry tended to be higher than those 
in simulated pore-water. This was attributed to Fe2+ uptake by the bentonite.  

In general, King considers that the studies that can be regarded as "well-conducted" in relevant 
environments gave corrosion rates ≤ 1 µm/y. These values were obtained in long-term (> 6 
months) tests in which O2 was carefully excluded and from internally-consistent data sets with 
time-dependent behavior. A corrosion rate of ~ 1 µm/y is broadly consistent with evidence from 
archaeological artefacts thought to come from anaerobic exposure environments. One observa-
tion of potential concern was noted by King (2009): that corrosion rates could be increased by 
the presence of Fe3O4 powder (which was used to simulate accumulation of corrosion products 
over time). Although a subsequent experiment suggested that most of this effect was a result of 
reduction of magnetite (and therefore self-limiting), some increase in the hydrogen generation 
rate was observed. King also noted other observations which suggest Fe3O4 or mill-scale-
covered surfaces may show higher cathodic reactivity.  

Although the corrosion rates thought to be most reliable lie in the acceptable range of 1 µm/y 
and below, and this value is an order of magnitude below the value at which hydrogen transport 
becomes potentially problematic (see Chapter 4), the CMRB feels that, in view if the critical 
importance of hydrogen transport for long term safe nuclear waste disposal, more information 
on the anoxic corrosion process on steel in bentonite is needed. The CMRB therefore recom-
mends that Nagra establishes a vigorous program for the measurement of corrosion rates of steel 
in compacted bentonite, including the characterization of corrosion products and any potential 
local modification of the bentonite. The program should be oriented towards understanding of 
rate limiting processes and models that permit quantification of different possible effects. Such 
a program might also include issues such as the effect of prior aerobic exposure and the effect of 
transformation products (oxides, sulfides etc.) on cathodic reaction rates.  
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5.5 Microbially-influenced corrosion (MIC)  
Effect of bacterial activity on the corrosion of metals – Microorganisms including bacteria, 
algae and fungi are ubiquitous in the environment and play a critical role for all forms of life 
and for the geochemical cycles of many elements. They can also affect the corrosion of metals. 
This poses the question whether bacteria could accelerate the corrosion of nuclear waste 
canisters under Swiss repository conditions.  

Bacteria are prokaryotic single cell organisms that survive in a wide range of temperatures, pH 
and oxygen concentrations. Some types thrive in aerobic environments (aerobic bacteria) others 
in anaerobic (anoxic) environments (anaerobic bacteria). In their growth state or active state 
bacteria metabolize and proliferate, thereby consuming nutrients. Inactive bacterial colonies that 
simply exist without metabolizing are said to be in the resting state. In unfavorable environ-
ments, bacteria may form spores which are able to survive extreme conditions for long periods. 
When the environment becomes more favorable again, spores may retransform into active 
bacteria. Microbial populations are said to be culturable if they can be grown in the laboratory 
in a suitable growth medium or viable if they do not grow in the usual laboratory growth media 
but are active in natural environments. This behavior severely limits the generalization of infor-
mation on bacterial activity obtained from laboratory studies. To metabolize and proliferate, 
bacteria require nutrients and water. Nutrients provide the energy for the metabolic reactions 
and water is needed for all forms of life. Nutrients contain the chemical elements C, P, N and S 
which are required for cell growth and proliferation. A large variety of organic compounds may 
serve as nutrients in natural environments. In laboratory experiments lactates and tartrates are 
commonly used nutrients.  

Bacteria do not directly react with metals but can affect corrosion in a variety of ways because 
their metabolism can change the chemical composition and physical properties of the environ-
ment in contact with the metal surface. This in turn affects the thermodynamics and kinetics of 
the electrochemical reactions that determine the corrosion rate. A well known example is the 
formation of biofilms in aerobic environments. Biofilms typically contain water, bacteria, and 
extracellular polymeric substances together with material from the environment. The growth of 
non-uniform biofilms favors the development of aeration cells; the area underneath the film 
becomes anodic with respect to the adjacent surface which acts as the cathode for oxygen 
reduction. Under Swiss nuclear waste disposal conditions the near field environment of the 
canisters evolves with time from aerobic to anaerobic (anoxic). Accordingly, the type of 
bacteria able to survive and their metabolic processes will change with time.  

Bacterial activity under Swiss repository conditions – When the canisters are placed in the 
underground repository, aerobic conditions prevail. The temperature at the canister surface rises 
within a time span of about 1 – 5 years from 40 – 60 oC to well over 100 oC while the relative 
humidity drops to very low values. During placement of the canisters in the tunnels aerobic 
bacteria could be active and multiply, and if sufficient humidity is available, it is conceivable 
that biofilms could form on the canister wall and promote localized corrosion. However, 
because this initial period is rather short and the temperature increases rapidly, any resulting 
corrosion damage would remain small. More difficult to evaluate is the extent to which biofilms 
and corrosion products formed during this period could affect corrosion during later stages.  

During most of Phase 1, the canister surface temperature exceeds 100 oC and the activity of 
aerobes will stop for lack of water. During the transition from dry aerobic to wet anaerobic 
conditions (Phases 2 and 3), the surface temperature will decrease, and the relative humidity 
will increase while oxygen becomes gradually depleted. Aerobic bacteria that survived the high 
temperature dry conditions could become active again for a short period during Phase 2, 
provided sufficient humidity and oxygen are available. However, as oxygen becomes depleted 
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they will not persist. The risk of aerobic biofilm formation and MIC during Phase 2 will 
critically depend on the relative evolution with time of oxygen concentration and humidity. 
Generally, the risk of biofilm formation is expected to be strongly reduced by the presence of 
compacted bentonite around the canister. It is recommended that refined mathematical modeling 
of the evolution of humidity and temperature at the canister surface, as proposed for focused 
corrosion (Section 5c), be used to define more closely the possible time windows favorable for 
MIC by aerobic bacteria.  

Eventually, bentonite in contact with the metal becomes saturated with water and the relative 
humidity will reach 100 %. Anoxic conditions then prevail, and sulfate-reducing bacteria (SRB) 
that survived the previous aerobic phases in an inactive state could now possibly become active. 
SRB oxidize organic nutrients using sulfate as a terminal electron acceptor for respiration, 
thereby generating sulfide. SRB thrive in anaerobic environments in the presence of organic 
carbon and sulfate, both substances being present in bentonite. However, several factors 
combine to make saturated bentonite an inhospitable environment for SRB: a small pore size 
compared to bacterial dimensions, a low water activity, a limited availability of nutrients and an 
uncertain survival probability of SRB during the previous aerobic high temperature phase 
(Stroes-Gascoyne 2005, Stroes-Gascoyne et al. 2006, King 2008). Under Swiss repository 
conditions, Nagra expects the water activity to be equal or lower than 0.96. Such a low water 
activity at a high swelling pressure is expected to severely limit the growth of active SRB 
strains. The population of different strains of SRB in saturated bentonite was found to decrease 
during swelling (Pedersen et al. 2000a, 2000b) and "very few" cells were expected to be present 
in bentonite at full compaction. Consistent with these results, a recent study using a radioactive 
labeling technique found that the rate of copper sulfide formation due to MIC of copper 
decreased with increasing swelling pressure (Masurat et al. 2008). At the highest swelling 
pressure corresponding to a water activity of 0.96 the corrosion rate was within the scatter band 
for corrosion in the absence of SRB and two to three orders of magnitude lower than the rate 
required to reduce the copper canister life time to 105 years (Masurat et al. 2008). Groundwater 
was considered the main source of SRB but some SRB were thought to originate from the 
original bentonite and seemed to have survived a heat treatment of 120 oC. No similar experi-
ments measuring the effect of SRB on the rate of corrosion of steel in bentonite have yet been 
performed, and Nagra might want to consider an experimental project in this area. 

Mass balance and mass transport considerations – As discussed in the previous paragraph, the 
scientific literature contains credible arguments that, due to a combination of factors, the risk of 
bacterial activity and resulting MIC in saturated bentonite under anaerobic conditions is very 
low. However, a definite proof for the total absence of bacterial activity cannot be given. 
Rather, the study of Masurat et al. (2008) indicates that a limited number of active SRB may 
exist even in saturated bentonite having undergone heat treatment. For this reason the CMRB 
feels that it is worthwhile to consider alternative approaches to the analysis of the risk of MIC 
during Phase 4. Rather than trying to demonstrate the total absence of SRB activity in 
unsaturated bentonite one should focus on the sustainability of MIC in the repository environ-
ment and on the maximum extent of possible MIC damage. This type of reasoning would be 
based on mass balance considerations involving the amounts of available nutrients and sulfate 
and on mass transport rates of metabolic products to and from the canister surface. A more 
complete model may include both aspects. An advantage of this approach is that knowledge of 
the number of bacteria is not critical. On the other hand, such models require knowledge of the 
overall stoichiometry of the reactions involved and of the rate of ionic transport processes in 
bentonite.  

A mass balance approach to MIC of steel canisters for nuclear waste disposal was first proposed 
by Marsh and Taylor (1988), who assumed that the maximum metal loss due to MIC is limited 
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by the total amount of organic nutrients available in the backfill. SRB oxidize organic carbon 
compounds to CO2 or carbonate and reduce sulfates to hydrogen sulfide in stoichiometric 
proportion. The total amount of material that reacts in a given volume of bentonite is limited by 
the amount of organic matter or of sulfate present. Marsh and Taylor assumed that the hydrogen 
sulfide produced by the bacteria reacts with iron as follows:  
 

 Fe + H2S   →   FeS + 2 H2 
 

or  
 

 Fe + HS- + H2O   →   FeS + H2 + OH- 
 

According to these reactions the reduction of one mole of sulfate by SRB leads to the reaction 
of one mole of Fe, liberating one mole of hydrogen gas. Each mole of sulfate reduced requires 
the oxidation of a distinct number of moles of organics that depends on the type of molecules 
reacting. The maximum depth of corrosion due to SRB which is limited by the availability of 
nutrients and sulfate can thus be calculated, subject to two conditions. Firstly, for the calculation 
of corroded depth from the total amount of transformed material one must know the corroding 
surface area. For corrosion of steel canisters in saturated bentonite it is reasonable to assume 
that the entire canister surface corrodes uniformly and the corroded area is equal to the canister 
surface. Secondly, according to the model equations given above the increase in steel corrosion 
due to MIC is proportional to the amount of hydrogen sulfide generated by SRB. It can not be 
entirely ruled out that hydrogen sulfide affects the kinetics of other corrosion reactions 
involving reduction of water. This would have to be verified experimentally. 

Mass balance models give an extremely conservative estimate of the possible corrosion damage 
due to MIC because they consider that all sulfate present in the bentonite backfill is transformed 
to hydrogen sulfide that then reacts with the canister surface over a specified time period. 
However, transport processes may be too slow for this to occur. Indeed, to affect corrosion, 
metabolic products must be present in the immediate vicinity of the canister surface. They must 
either be generated there or reach the surface by diffusion. The metabolic activity of SRB at the 
metal surface, and hence the rate of sulfide generation there, is limited by the rate of supply of 
organic nutrients and of sulfate. Transport of either one of these species may be rate limiting. 
Bacteria, on the other hand, are much larger and unlikely to diffuse in bentonite. In transport 
models SRB may therefore be considered as a stationary volume source of metabolic products. 
Diffusion coefficients of ions in saturated bentonite are two orders of magnitude lower than in 
aqueous solution, so diffusion is a slow process and one expects a marked decrease of reaction 
rate with time.  

The CMRB recommends that Nagra initiates a program to model transport processes in 
bentonite with the aim of quantifying the extent to which the transport of nutrients and sulfate 
could limit the sustainability of MIC in saturated bentonite. Consideration should also be given 
to the possible effects of the accumulation of corrosion products and their rate of evacuation 
from the surface. While bentonite acts as a pH buffer, a local pH change near the surface due to 
MIC cannot be excluded and could lead to precipitation of reaction products and a further 
influence on the rate of corrosion. 

In conclusion, the CMRB recognizes that a number of studies present credible arguments that 
SRB are unlikely to metabolize in saturated bentonite and therefore the risk of MIC is small. 
However, the presence of active SRB in saturated bentonite cannot be ruled out conclusively. 



NAGRA NTB 09-02 30 

As an alternative approach, the CMRB recommends that Nagra explore simplified models that 
can be experimentally tested and that do not rely on postulating total absence of active SRB. 
The goal would be to predict to what extent MIC damage, if it occurs, can be sustained or will 
be self-limiting. 

5.6 Stress-assisted failure processes  
Stress-assisted failure processes need to be evaluated for their potential effect on the integrity 
and projected lifetime of canisters. A major attribute of steel as a canister material is its 
mechanical strength and fracture toughness, i.e. resistance to brittle fracture. However, there are 
a number of failure processes and degradation modes caused by detrimental environment/steel 
interactions. These include stress corrosion cracking (SCC), corrosion fatigue and hydrogen 
related degradation processes. Corrosion fatigue can be eliminated as a possible failure mode 
because there are no cyclic loads applied to the canisters. SCC and hydrogen damage are 
potential failure modes which need to be evaluated further.  

The susceptibility to SCC failure increases with increasing mechanical strength of the steel. 
Conventional steels for pipelines, tanks and pressure vessels have greater resistance over a 
broader range of service conditions than higher strength steels. The materials selection for 
canisters should therefore be restricted to these conventional steels. Pushing to higher 
mechanical strength steels would increase the uncertainty with regard to susceptibility to 
hydrogen-induced stress corrosion failures. The fact that the canisters are emplaced and 
encapsulated in clay followed by a single slow heat up stage followed by an extremely slow 
cool down stage lowers the risk of stress assisted failures. Unlike nearly all other industrial 
applications, the canisters are not exposed to cyclic stresses or multiple thermal cycling. On the 
other hand, residual tensile stresses on the canisters are a primary concern. Creep deformation of 
steel under applied loads can also be an issue with regard to SCC. 

Stress corrosion cracking – Stress corrosion cracking is caused by the combined action of a 
corrosive environment and tensile stresses on a susceptible material and results in cracking of an 
otherwise ductile material. There are a wide range of environments that will corrode steel; 
however, the number of environments that will promote stress corrosion cracking is more 
limited. The analysis of SCC of steel by Nagra was summarized by F. King for the CMRB. 
Solutions known to cause SCC of steels include concentrated alkaline solutions, concentrated 
nitrate solutions, carbonate-bicarbonate (HCO3

-/CO3
2-) solutions, (HCO3

-/CO2) solutions and 
high-temperature water (> 200 oC). Hydrogen sulfide can increase the susceptibility of steel to 
SCC, but concentrations of H2S are expected to be well below levels that are known to be 
problematic. The limiting concentrations accepted in the petroleum industry are 3 × 10-4 MPa 
and 50 ppm of H2S, respectively, in wet gas and dissolved in water (Bush et al. 2004). While 
these limits refer to the threshold for sulfide stress cracking it should be noted that low levels of 
H2S can affect the stability of surface films and the rate of hydrogen absorption. These 
processes could play a role during Phase 4 and should be considered in connection with MIC 
and hydrogen formation. Except for carbonate-bicarbonate solutions, other SCC environments 
are unlikely on the canister surfaces after emplacement; therefore, the former deserves careful 
analysis.  

There is a wealth of relevant literature on the SCC behavior of buried pipeline steels and the 
controlling parameters for SCC in carbonate-bicarbonate solutions. Two forms of SCC have 
been defined based on carbonate-bicarbonate solution composition: (a) high-pH SCC with pH 
9.5 – 11.5 and [HCO3

-/CO3
2-] ~ 0.1 – 1 M and (b) near-neutral pH SCC with pH 5.5 – 7.5 and 

[HCO3
-/H2CO3] ~ 0.01 M. For carbonate-bicarbonate, as for all SCC environments, there is a 

critical potential range for susceptibility of steel to SCC. For high-pH SCC, potentials in the 
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critical range could pertain during the aerobic stage and the transition between the aerobic and 
anaerobic stages. For near-neutral pH SCC, potentials in the critical range could pertain during 
the anaerobic stage.  

The CMRB notes that the presence of carbonate-bicarbonate SCC environments on portions of 
the canister surface at some times during Phases 2 and 3 (on cool down, when aqueous solutions 
are on the surface) cannot be ruled out. An SCC environment and a potential in the critical range 
must be present simultaneously for stress corrosion cracks to initiate and propagate. SCC of 
pipe line steel at high pH has been associated with an increase of surface pH resulting from 
cathodic protection and is unlikely to be a problem in nuclear waste disposal. According to King 
[F. King, personal communication] neutral pH stress cracking is usually thought to require 
cyclic loading, but there are 1 or 2 studies (out of several hundred) that suggest crack growth 
occurs under constant load. The CMRB agrees with Nagra's evaluation that it is unlikely that 
conditions will be established at the canister surface that allow carbonate/bicarbonate SCC at 
high or neutral pH. However, this process cannot be definitely excluded at this time and there-
fore it is recommended that Nagra refines its analysis of the evolution of the environment over 
the projected period of canister integrity. If necessary, an experimental program should be 
initiated to determine steel SCC susceptibility in the expected environments.  

The third simultaneous requirement for SCC, in addition to a specific solution and a critical 
potential, is for high tensile stresses at the metal surface and/or low strain rates of the metal. 
Therefore, it is prudent to incorporate SCC mitigation actions into the design, fabrication and 
transport/handling of canisters. Mitigation of tensile stresses on the steel canisters is the most 
important and beneficial action to avoid SCC damage. Operating modes on the canisters are not 
of great concern (although strain rates should be further analyzed), but residual tensile stresses 
due to mechanical deformation and processing are a crucial issue. The CMRB is aware that the 
initiation of stress corrosion cracks on the canisters does not constitute failure; rather continued 
propagation through the canister wall is necessary for penetration failure. As presented by 
F. King, cases have been observed where shallow stress corrosion cracks (less than 1 mm deep) 
arrest and cease propagating on buried pipelines. Sustained tensile stresses at the propagating 
crack tip throughout the canister wall thickness are unlikely. On the other hand, residual tensile 
stresses through the wall thickness at welds can occur unless effective mitigation is practiced 
through the selection of weld processes and post weld treatment. Residual tensile stresses can 
also result from mechanical impact, dents and gouges on canisters.  

Hydrogen degradation modes – A number of degradation modes exist as a result of the 
detrimental interaction of hydrogen absorbed into the steel: hydrogen embrittlement, hydrogen 
induced cracking, hydrogen blistering, and hydride formation. There is a wealth of information 
on the phenomenology and controlling parameters of hydrogen degradation of steels. Based on 
this information, none of these degradation modes are judged to be a significant threat to the 
canisters. Hydrogen embrittlement is a concern for high strength steels but not for the conven-
tional steels recommended for canisters. Hydride formation is a degradation process for metals 
such as titanium and zirconium, but not for steels. Hydrogen blistering and hydrogen cracking 
are not likely degradation modes to be considered because of the lower intensities of hydrogen 
absorption and the higher metallurgical quality of present day conventional steels. Earlier grades 
of steel with high levels of manganese sulfide inclusions were much more susceptible to 
blistering and hydrogen induced cracking damage.  

An area worthy of further evaluation is the influence on the steel of the hydrogen produced by 
anaerobic corrosion over the projected lifetime of the canisters. In the aerobic stage, oxygen 
reduction is the primary cathodic reaction of steel corrosion, and no hydrogen is produced. In 
the anoxic Phase 4, proton (H+) and water reduction result in the formation of hydrogen adatoms 
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(Hads) on the steel surface. Two adsorbed atoms of hydrogen can combine to form hydrogen gas 
which is transported into the surrounding environment, or they can be absorbed into the metal 
(Habs) where they promote hydrogen degradation.  
 

 Hads  +  Hads  →   H2 (g) 
 

 Hads  →   Habs 
 

The corrosion rates during the anaerobic stage are extremely low, and hence the generation of 
hydrogen is slow. However, this process continues for an extremely long time. The relevant 
issues then are the absorption rate, concentration and distribution of hydrogen in the steel over 
time. There is a dearth of information on hydrogen effects from low rates of hydrogen absorp-
tion over long periods, and the issue is worthy of further evaluation. To the extent that hydrogen 
is absorbed in the steel canisters, the issue of the fate of hydrogen gas and its effects on the clay 
barrier is diminished.  

5.7 Fabrication, sealing and handling issues 
While the detailed design, analysis, testing and engineering specification for canisters are not to 
be completed for several years, information on the current commercial capabilities and practices 
for manufacture and fabrication are important considerations for material selection and for the 
comparison of alternate materials of construction. Further, these capabilities and practices can 
have significant impact on risk and reliability related to corrosion of the canisters. While Nagra 
has dealt with these issues to some extent, the CMRB recommends that a more formal 
"technology assessment" program be initiated and maintained. It is recommended that this be 
carried out by commissioning a series of white papers in appropriate topic areas regarding 
fabrication methods and procedures. The availability and capabilities of inspection methods are 
also important. Based on the technology assessments, Nagra will be better informed to plan and 
undertake any development, experimental or modelling initiatives that are deemed to be 
necessary. The manufacture and fabrication processes for canisters can have a significant effect 
on their corrosion performance. Of special interest for corrosion resistance are residual stresses 
at the outer surfaces and through the wall thickness, and stress risers due to thermal expansion 
or external load. The CMRB strongly recommends that Nagra initiates a program to track 
technological advances in this area for steels. Recommendations for white papers include: 

Manufacture of thick steel cylinders and lids for canisters – A critical review of the manufac-
turing capabilities with respect to wall thickness, size, shape, and dimensional tolerances should 
include a number of issues related to (a) steel quality cleanliness, segregations, porosity, cracks 
and other potential defects, (b) inspection methods and quality control and (c) cold work and 
residual stresses. 

Welds – It is prudent to incorporate SCC mitigation actions into the design, fabrication and 
transport/handling of canisters. A most important and beneficial action is to mitigate tensile 
stresses on the steel canisters. Operating loads on the canisters are not of great concern, with the 
possible exception of creep deformation which should be further analyzed. Residual tensile 
stresses due to mechanical deformation and processing are a crucial issue. Welds are the most 
susceptible areas for SCC, and the most problematic weld is the final closure weld to seal the 
canister after it has been loaded with nuclear waste. The residual tensile stresses in welds can be 
reduced by selection of the welding process and post-weld treatments. Post-weld stress 
mitigation includes thermal stress relief and processing to introduce residual compressive 
stresses at the surface such as shot peening, laser peening or low plasticity burnishing.  
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Mill scale/surface finish – The steel surface condition can greatly affect corrosion and stress 
corrosion cracking behavior. Mill scale is a thick iron oxide layer that forms on steel during the 
hot rolling process for steel plate. It is our understanding that Nagra currently has plans to 
remove the mill scale from the canister surfaces prior to emplacement, and the CMRB strongly 
supports this procedure. Mill scale can be problematic in a number of ways including localizing 
corrosion attack, affecting the potential of the steel surface, and trapping salts or impurities.  

Handling during manufacture, transport and emplacement – Dents, gouges and scratches on the 
steel surface can result in residual tensile stresses and provide preferential sites for initiation of 
corrosion and cracking. Practices will have to be developed to mitigate and protect against such 
damage.  
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6 Evaluation of copper as canister material 

6.1 Introduction  
Copper has been the canister material of choice in the Swedish and Finnish nuclear waste 
disposal programs for over 25 years, and was adopted in the Canadian program approximately 
12 years ago after extensive experimental and modeling research. Extensive reviews of these 
studies and modeling efforts have been published (King and Kolar 2000, King et al. 2002), and 
considerable effort has also been expended, primarily in the Swedish program, on the details of 
canister design and fabrication (Werme 1998, Andersson et al. 2004). The primary reason for 
adopting copper is that it should be thermodynamically stable under the anoxic conditions 
anticipated in the long term in granitic repositories. Since similar anoxic conditions should 
eventually prevail in sedimentary clays, this rationale for using copper is equally appropriate in 
the Swiss program. The major advantages of adopting copper, as opposed to carbon steel, would 
be the absence of hydrogen production and the need to consider its dispersal from the near-field 
environment. 

While bulk copper canisters are considered to be a good alternative to steel in terms of corrosion 
resistance and safety, there are serious questions over the economics of its use, especially in 
view of the limited availability of copper minerals. Using copper-cladding on steel avoids these 
problems, but puts much more stringent demands on the specification of an acceptable corrosion 
allowance.  

6.2 General corrosion behavior in nuclear waste disposal environments  
Given the long term immunity of copper under anoxic conditions, the accumulation of corrosion 
damage should be limited to the early repository period when aerated conditions prevail. During 
this period, aerobic corrosion will lead to the formation of a Cu2O base layer and the deposition 
of an outer layer of Cu(II) solids. In chloride dominated environments, this deposit tends to be 
primarily CuCl2.3Cu(OH)2. Based on Canadian studies, King and Kolar (2000) developed a 
mixed potential model which predicts the depth of canister wall penetration by uniform corro-
sion will be limited to a maximum of 11 µm, an insignificant amount compared to the Swedish 
reference wall thickness of 50 mm. While the corrosion front observed experimentally was 
rough there was no evidence for localized corrosion in the form of pitting: a convincing 
mechanism involving the coalescence of incipient pits was presented.  

The transition from aerobic to anaerobic conditions should be less critical with copper than with 
carbon steel, since the oxide-covered surface (Cu2O/CuCl2.3Cu(OH)2) cannot support water 
reduction and hence maintain the long-term separation of anodes and cathodes to support 
localized corrosion. Experimental studies show that the transition from aerobic to anaerobic 
conditions will be accompanied by the redissolution of Cu(II) deposits and their reduction on 
the exposed copper surface to cause some additional corrosion damage. This effect is included 
in the calculation of maximum penetration depth and does not lead to significant corrosion 
damage. However, it does minimize any compositional changes in the bentonite adjacent to the 
canister surface due to Cu2+ ions diffusing into the bentonite clay by a cation exchange process. 
By contrast, the corrosion product, Cu+, will be stabilized in the anionic form (e.g., as CuCl2

-) 
and will not adsorb on the bentonite via cation exchange. Thus, the adoption of copper, would 
eliminate, or at least drastically reduce, any fears that canister corrosion would degrade the 
properties of bentonite clays. 
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Despite the demonstrated limited period when localized corrosion could be supported by 
aerobic conditions, conservative evaluations of pit penetration depths have been undertaken. 
Using an extreme value statistical analysis of pit depth data from a US National Bureau of 
Standards (NBS) study of buried copper alloy pipes (2 – 14 years) (Denison and Romanof 1950, 
Romanoff 1989) and a Swedish study of archaeological bronzes (3000 years) (Bresle et al. 
1983), it was shown that there was an effectively negligible probability that any pit on any one 
of 10,000 canisters would reach a depth > 8 mm in 106 years. This analysis is extremely 
conservative since it assumes pit growth can continue despite the aerobic-to-anaerobic transition 
when oxygen will no longer be available to support the process. Again, penetration to this depth 
would not constitute a meaningful threat to the integrity of a 50 mm-thick canister but might 
cause penetration of copper-cladding with a more limited wall thickness and lead to the 
subsequent establishment of a corrosion cell between copper and steel.  

6.3 Microbially-influenced corrosion (MIC)  
The general issues regarding the sustainability of microbial activity in the compacted bentonite 
adjacent to the canister are identical to those for carbon steel and are discussed in the Chapter 
dealing with that material. In the case of copper there is an added complication: microbial 
activity remote from the canister under anoxic conditions could produce sulfides which, when 
transported to the canister surface render the copper unstable in contact with water. Corrosion 
then leads to the formation of copper sulfide and hydrogen: 
 

 2Cu  +  HS-  →  Cu2S  +  H+  +  2e-   
 

 2H2O  +  2e-  →  H2  +  2OH-    
 

The above corrosion reactions occur close to the equilibrium potential for the anodic reaction 
(Smith et al. 2007) and they are relatively rapid. As a consequence, the rate of corrosion is 
expected to be controlled by diffusion of SH- ions from the bulk bentonite to the canister 
surface. A Swedish model (Werme et al. 1992), based on mass transport, estimates that all the 
sulfide available in the repository would be slowly consumed in ~ 850,000 years, leading to the 
uniform loss of ≤ 1 mm of canister wall thickness.  

As for steel, the evaluation of the risk of MIC for copper can be made along two lines: (a) dem-
onstrating that no viable SRB are present under Swiss repository conditions or (b) modelling the 
extent of sustainability and maximum damage of MIC assuming the presence of bacterial 
activity. The Swedish and the Canadian programs have presented convincing experimental data 
concerning the first approach. They indicate, with high probability, that SRB do not metabolize 
in any significant way in saturated bentonite but recent data suggest that some active SRB may 
survive in saturated bentonite (Masurat et al. 2008). The second approach involves the evalua-
tion of the sustainability of MIC and could essentially follow the same path as described in 
Section 5f for steel. It is clear that Nagra benefits considerably from Scandinavian (SKB/ 
Posiva) and Canadian research programs on copper. It is stated that Nagra will closely monitor 
these programs and, if required, adapt the knowledge from these programs to the specific 
groundwater conditions anticipated in a Swiss repository. Given the comprehensive scope of 
these programs, this seems an appropriate strategy. As the Nagra program on modelling sus-
tainability of MIC on steel progresses, it is recommended to extend it to the evaluation of MIC 
of copper. 
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6.4 Stress-assisted failure processes  
An attribute of copper is its resistance to brittle fracture. However, in general risk assessment 
there is a need to consider a number of failure processes and degradation modes caused by 
detrimental environment/metal interactions. These include stress corrosion cracking (SCC), 
corrosion fatigue and hydrogen related degradation processes. Corrosion fatigue can be elimi-
nated as a possible failure mode because there are no cyclic loads applied to the canisters. 
Copper is not known to be susceptible to hydrogen degradation processes. SCC of copper is a 
potential failure mode and needs to be evaluated further. The fact that the canisters are emplaced 
and encapsulated in clay, and subsequently subjected to a single slow heat up stage followed by 
an extremely slow cool down stage is a significant positive contributor to lowering the risk 
associated with stress assistant failures. Unlike nearly all other industrial applications, the 
canisters are not exposed to cyclic stresses or multiple thermal cycling. From the mechanical 
stress perspective, any residual tensile stresses on the canisters are the primary concern.  

There are a wide range of environments that will corrode copper; however, only a limited 
number of environments will promote stress corrosion cracking. The SCC of Cu has been 
reported in environments containing agents which could occur in repository environments such 
as ammonia, nitrite, and acetate. Some of these species can be produced by microbial activity. 
Because SCC of copper requires aerobic conditions, the probability of SCC damage will 
diminish as anaerobic conditions are established. A well argued case can be made that either the 
environments able to sustain SCC will never arise since aerobic conditions will disappear before 
SCC agents are generated, or that the switch to anaerobic conditions will lead to the arrest of 
crack growth before it becomes significant. While it is unlikely that SCC will occur under long 
term repository conditions, the subject is under further investigation in the Scandinavian 
programs and the CMRB recommends that Nagra keeps track of these studies.  

Although the known SCC behavior of copper indicates SCC damage to the canisters to be 
unlikely, it is difficult to definitely eliminate concerns by arguing only in terms of environment 
and potential. Therefore, it is recommended that SCC mitigation actions be incorporated into the 
design, fabrication and transport/handling of canisters. The most important and effective action 
is to mitigate tensile stresses on the copper canisters. Important residual tensile stresses due to 
mechanical deformation and processing are to be expected. For copper canisters metal creep 
under high loads should also be considered. The most susceptible areas for SCC are welds, and 
the most problematic weld is the final closure weld to seal the canister after it has been loaded 
with nuclear waste. The residual tensile stresses can be reduced by selection of welding process 
and also by alternative post-weld treatments. These are discussed more in the section on issues 
regarding canister fabrication.  

6.5 Fabrication, sealing, handling issues 
A broader discussion of the fabrication issues is presented for steel canisters, and several of the 
issues raised there are also relevant to copper canisters. Information on the current commercial 
capabilities and practices for manufacture and fabrication are important considerations for 
material selection and design. While Nagra has dealt with these issues to some extent, the Board 
recommends that a more formal "technology assessment" program be initiated and maintained. 
Information from the Swedish program and others evaluating copper canisters will be most 
useful.  

The manufacturer and fabrication processes for canisters can have a significant effect on the 
corrosion performance. Of special interest for corrosion resistance are residual stresses at the 
outer surfaces and through the wall thickness, and stress raisers encountered during thermal 
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expansion and under load. For copper canisters, an issue worthy of special analysis is the effect 
of creep deformation after emplacement on stress corrosion cracking. Topic areas for tech-
nology assessments include 

• Manufacture of thick copper cylinders and lids for canisters 

• Welds 

• Post-weld stress mitigation 

• Surface finish 

• Handling during manufacture, transport and emplacement 

It is clear that Nagra benefits considerably from Scandinavian (SKB/Posiva) and Canadian 
research programs on copper. It is stated that Nagra will closely monitor these programs and, if 
required, adapt the knowledge from these programs to the specific groundwater conditions 
anticipated in a Swiss repository. Given the comprehensive scope of these programs, this seems 
an appropriate strategy.  
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7 Evaluation of other canister materials  

7.1 Introduction  
The alternative to the active (or corrosion allowance) materials, carbon steel and copper, would 
be the use of passive (film-protected) materials, such as stainless steels, Ni alloys and Ti alloys, 
used as a thin-shell (~ 1 cm thick) covering a load-bearing insert (Johnson and King 2002). 
These materials rely for their corrosion resistance on the presence of a thin surface film of 
passive oxide, and while the chemical inertness of this oxide should significantly suppress 
uniform corrosion rates, there is the possibility that localized corrosion could be enhanced, 
especially during the initial aerobic phase. Thus, the primary performance assessment require-
ments would be; (i) to justify that passivity would be maintained indefinitely; and (ii), to 
demonstrate that, if it occurred, any period of localized corrosion would be short, and the 
accumulation of corrosion damage would not threaten the long term integrity of the canister. 
Passive materials have been evaluated as canister materials in a number of programs. 

7.2 Stainless steels  
Early literature reviews ruled out stainless steels as candidate materials under Canadian granitic 
conditions (Johnson et al. 1994), since groundwater analyses showed that substantial chloride 
concentrations, (up to ~ 18,000 mg/L) were possible. Since the question of whether or not 
oxidizing conditions were sustainable was not considered, it was impossible to rule out, or place 
limits on, localized corrosion processes. More recently, a considerable amount of research has 
been conducted under the argillaceous conditions anticipated in Belgium and in the 
cementitious conditions proposed for intermediate and low level waste repositories in the 
United Kingdom. More limited testing has also been conducted in the granitic/bentonite waters 
expected in Spain (Kursten et al. 2004). 

Irrespective of exposure environment, uniform corrosion rates have been found to be very low. 
For Belgian clay conditions, even at temperatures as high as 170 oC, corrosion rates were 
≤ 0.15 μm/y and commonly as low as 0.003 μm/y. No influence of gamma radiation was 
observed at a dose rate as high as 400 Gy/h. Similarly, low rates of 0.03 to 0.1 μm/y were 
obtained in anaerobic alkaline environments (Kursten et al. 2004, and references therein), and 
under aerobic conditions rates were only slightly higher at 0.8 μm/y (pH = 13, 80 oC). Surface 
analyses of specimens corroded in isotopically-labelled water confirmed that passivity was 
maintained under anaerobic conditions by reaction of the steel with water (Wood and Crossland 
1999, Smart and Montgomery 2001). 

Of greater relevance for passive materials is their susceptibility to localized corrosion. While the 
chloride concentration in Belgian and bentonite pore waters are expected to be quite low (tens 
of mg/L) experiments were conducted in solutions containing up to 50,000 mg/L. Based on the 
standard electrochemical practice of determining susceptibility to pitting by comparing pitting 
breakdown potentials to corrosion potentials, it was shown that pitting should not occur since 
the chloride levels in the near-field environment should be considerably lower than those 
required for pit initiation (~ 560 mg/L at 140 oC). An additional safety margin was introduced 
by the demonstrated inhibitive effect of SO4

2- which would also be present in bentonite pore 
water. 

In the UK cementitious environments, considerable groundwater Cl- contents are expected, but 
this is offset by the strong maintenance of passivity in alkaline solutions. Electrochemical 
testing showed that considerable Cl- concentrations could be tolerated without breaching the 
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criteria for pitting susceptibility (50,000 mg/L at pH = 13 for 304L, and 50,000 mg/L for 316L 
(45 oC)). The margin of safety against crevice corrosion was lower than for pitting 
(Kursten et al. 2004). Even greater uncertainty arose in trying to determine whether or not 
stainless steels would be susceptible to SCC, especially in the presence of thiosulfate (S2O3

2-). 
Susceptibility to SCC was synergistically dependent on Cl- and S2O3

2- concentrations, with the 
threshold for susceptibility to one species decreasing as the concentration of the other increased 
(Kursten et al. 2004). 

The cementitious environments are not particularly relevant to Swiss repository conditions, but 
those studied in Belgian clays are. The considerably higher Cl- concentration anticipated in 
Switzerland (5,000 to 10,000 mg/L) means that stainless steel could be susceptible to pitting 
during the early aerobic phase. While it can be argued that the short duration of this phase 
would mean that little localized corrosion damage should be sustained, there seems little 
incentive to tolerate the uncertainties introduced by a switch from the present reference 
materials to stainless steel. Also, while thiosulfate levels are not likely to be high, their presence 
cannot be ruled out (due to the presence of pyrite in the Opalinus Clay) and a test program 
would be required to investigate the possibility of SCC.  

So far, little or no attention has been paid to the possibility of MIC on stainless steels despite a 
wealth of literature confirming that localized corrosion can be initiated under biofilms (Thierry 
and Sand 2002 and references therein). It can be argued that biofilm formation on canister 
surfaces emplaced in compacted bentonite is highly unlikely on stainless steel, just as on carbon 
steel and on copper.  

7.3 Nickel alloys  
A primary advantage of Ni alloys is the tolerance of Ni for the addition of alloying elements 
without the onset of phase instabilities. This compatibility has led to the development of alloys 
with excellent corrosion resistance to a wide range of extreme environments. Particularly 
important attributes are their resistance to SCC and MIC. 

A number of Hastelloys (C4, C276, C22) and Inconels (primarily 625) have been examined, 
especially in the extremely aggressive conditions anticipated in salt deposits (Kursten et al. 
2004, Smailos and Fiehn 1994) and the oxidizing, potentially extremely saline conditions 
feasible in the Yucca Mountain repository in the USA (Gordon 2002). To a lesser degree some 
of these materials were studied in Belgian clay environments and in the saline granitic waters 
anticipated in Canada. In all of these environments uniform corrosion rates are extremely low; 
less than 0.02 μm/y in clay environments (up to 170 oC) and only in the range 0.2 to 0.9 μm/y 
(90 oC to 200 oC) in Mg-containing Q-brines.  

A major asset of these alloys compared to stainless steels, is their resistance to SCC which has 
been demonstrated in a wide range of repository environments (Kursten et al. 2004, Gordon 
2002, Andresen et al. 2004). Although resistance to MIC has not been as thoroughly tested 
experimentally, linear polarization measurements on Alloy 22 (C22) in a solution containing 
6,700 mg/L chloride strongly enhanced with a bacterial growth medium showed only a doubling 
of the uniform corrosion to rate (to 0.022 μm/y) (Lian et al. 1999). This increase can be consid-
ered insignificant and, perhaps within the margin of error for this type of measurement. More 
significantly, no localized corrosion was observed despite the ready supply of nutrients. 

The standard anodic polarization technique was used to determine susceptibility to localized 
corrosion and, in some cases, susceptibility to these processes was claimed (Johnson et al. 1994, 
Kursten et al. 2004, Postlethwaite 1991, Schmitt and Koster 1986) especially at higher Cl- 
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concentrations and temperatures. This can be primarily attributed to the relatively low threshold 
for transpassive dissolution in these alloys, a direct consequence of the high Cr and Mo contents 
of the alloys. Recent studies on C22, conducted in 5 mol/L NaCl at 120 oC, indicate that condi-
tions must be sufficiently oxidizing to form CrVI in the passive film before crevice corrosion can 
initiate. When evaluating these materials for use in Swiss environments, these tests must be 
considered very conservative, since such high potentials are unattainable in aerated conditions 
and even less so under anoxic conditions. This conclusion is confirmed by electrochemical tests 
with C4 and C22, which were found to resist pitting in Belgian clays up to 140 oC and in 
solutions containing up to 50,000 mg/L chloride under anoxic conditions (Kursten et al. 2004). 

Immersion tests up to 170 oC in the presence of a radiation field of 400 Gy/h showed no meas-
urable effect on localized corrosion (Kursten et al. 2004). This insensitivity to gamma radiation 
is consistent with more general observations on the influence of radiation on passive materials, 
which show that "moderate" dose rates of 10 to 100 Gy/h lead to improvements in passive film 
properties (Shoesmith and King 1999). The previously reported susceptibility of Alloy C4 to 
pitting in the presence of relatively low gamma dose rates (10 Gy/h) is a specific feature of the 
behavior of this alloy in extremely aggressive Mg-containing Q-brines which become acidic at 
high temperatures (90 oC). Under these conditions, the passive region for the alloy (the differ-
ence between the onset of cathodic current and the onset of transpassivity) is reduced from 
900 mV at 25 oC to 50 to 250 mV at 90 oC (Schmitt and Koster 1986) making it easy for even 
small concentrations of radiolytic oxidants to cause initiation of localized corrosion. However, 
even in this environment, there is no visible localized corrosion at a dose rate of 1 Gy/h.  

Based on these results, uniform corrosion rates under Swiss repository conditions would be 
negligibly small. In the moderately saline Swiss ground waters no cation hydrolysis leading to 
aggressive brines typical for salt deposits would occur, and reservations about the use of these 
materials in the presence of gamma radiation would not apply, even if thinner-walled canisters 
allowed dose rates to rise above the 1 Gy/h level. Considerably higher dose rates are certainly 
tolerable, given that immersion testing in clay environments found no response to gamma radia-
tion at salinities and temperatures similar to Swiss levels. Given the short duration of significant 
radiation fields at the canister surface, this uncertainty seems unimportant.  

Attractive properties of nickel alloys are their demonstrated resistances to SCC and MIC. Also, 
the demonstrated resistance to localized corrosion can be expected to allow them to resist well 
during the transitory Phases 2 and 3 in the Swiss repository design. This eliminates the corro-
sion issues related to the transition from aerobic to anaerobic conditions that are more critical 
for carbon steel and copper.  

7.4 Titanium alloys  
Of all the passive materials, Ti alloys are the most corrosion resistant in a wide range of waste 
disposal environments including in clay environments similar to those anticipated in a Swiss 
repository (Johnson and King 2002, Kursten et al. 2004). Titanium alloys are also one of the 
most thoroughly reviewed categories of material for use in waste disposal environments 
(Shoesmith and Ikeda 1997, Hua et al. 2005). The primary asset of these materials is the chemi-
cal inertness of the titanium oxide passive film which leads to negligible uniform corrosion rates 
even in hot, extreme saline environments (Johnson and King 2002, Kursten et al. 2004). A 
second advantage is the absence of an oxidation state higher than the TiIV state existing in the 
passive oxide which precludes the possibility of transpassivity. Furthermore, the alloys are 
immune to pitting at corrosion potentials normally achievable in aqueous environments. 
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In early studies it was feared that crevice corrosion might be a critical failure mechanism, but 
studies over the past 10 to 15 years have clearly demonstrated that this process can be 
completely avoided in even extreme environments (e.g., 10 % FeCl3 or 20 % NaCl saturated 
with Cl2 at pH = 2) up to 200 oC if the metal is properly alloyed with Pd or Ru (Hua et al. 2005, 
Schutz 1996). Even for the considerably cheaper commercial Grade-2 alloy, the penetration 
depths measured for propagation of artificially optimized crevices in aerated solutions is 
confined to ~ 2 mm (He et al. 2005). For clay conditions, when natural crevices would be 
avoided and oxic conditions transitory, the accumulation of crevice corrosion damage is 
expected to be negligible.  

Different studies show that the α-Ti alloys exhibit high resistance to SCC in a variety of expo-
sure environments (Hua et al. 2005) regardless of applied stress, metallurgical condition, or 
exposure temperature. The one example of crack growth under dynamic loading conditions (in 
solutions with a Cl- concentration of 178,600 mg/L at 110 oC) (Andresen et al. 2002) is not 
relevant since canisters will not be subjected to dynamic loading within the repository. 

Hydrogen-induced cracking (HIC) is a possible mechanism by which Ti alloys may fail. Under 
the anoxic conditions which will prevail in saturated bentonite, slow uniform corrosion of Ti 
would be sustained by reaction with water to produce hydrogen. While the loss of wall thick-
ness is negligible even for a thin shell canister design, hydrogen absorption could lead to the 
onset of HIC. The phenomenon has been analyzed extensively in the Yucca Mountain project 
(Hua et al. 2005) based on a corrosion scenario developed for granitic Canadian conditions. 
This corrosion scenario is extremely conservative since it assumes that the alloy will absorb 
hydrogen despite considerable evidence that the passive oxide is an excellent impermeable 
barrier to absorption, and that residual stresses would be relieved by creep. Most recent studies 
indicate absorption is only feasible through the corrosion of residual impurities in grain bound-
aries, a process which does not appear sustainable for long periods, especially in Pd/Ru-con-
taining alloys (Hua et al. 2005, Zhu et al. 2008).  

7.5 Overall evaluation of passive alloys 
Passive alloys would eliminate the problems associated with hydrogen buildup in the disposal 
system, because their uniform corrosion rate is extremely low. However, common stainless 
steels are not a feasible choice for Swiss repository conditions because they are prone to pitting 
and crevice corrosion and in presence of chloride ions they are prone to stress corrosion 
cracking. Both Ni and Ti alloys would effectively eliminate, at some financial cost, localized 
corrosion during the early aerobic phases, but manufacturing and sealing issues would need to 
be evaluated. Of the two categories, the evidence available to support the choice of Ti alloys is 
the most extensive. A strong argument can be made that Ti would resist any form of corrosion 
over the lifetime of the repository, although it would be judicious to further investigate whether 
significant hydrogen absorption could occur and lead to hydrogen-induced cracking.  

7.6 Bulk ceramics  
Bulk ceramics, and particularly ceramic oxides, could be of interest because of their high level 
of environmental stability under repository conditions. However, there are a number of tradi-
tional concerns regarding the use of bulk ceramics as canister materials: (a) difficulty in the 
manufacture of large structures, (b) difficulties in handling and in service due to low fracture 
resistance and toughness of ceramic structures and (c) limitations with the effective and reliable 
sealing of ceramic components. While there has been progress, and there are continuing devel-
opments in ceramic processing and sealing, these concerns are difficult to overcome with the 
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current state of knowledge. At this time the CMRB does not recommend bulk ceramics as 
canister materials, but it does recommend that Nagra set up a process to track developments in 
this area.  

7.7 Advanced coatings  
Ceramic coatings and highly corrosion-resistant metallic coatings can provide additional 
corrosion protection for metal canisters. Two projects from the U.S. repository program are 
described below to illustrate the progress and identify some of the issues regarding the use of 
coatings on canisters. The CMRB does not recommend the specification of canister coatings 
now, but it does recommend that Nagra set up a process to track developments in this area. 

Ceramic coatings – Ceramic coatings were investigated to enhance the corrosion protection of 
waste packages for the proposed Yucca Mountain repository in the U.S. (Haslam et al. 2004). 
Ceramic oxides were identified as promising corrosion-resistant materials for waste packages. 
The materials evaluated were magnesium aluminate spinel, aluminum oxide, titanium dioxide, 
and zirconia-yttria. The spinel was the major focus. Each of these materials is chemically stable 
and found in nature. They dissolve in water at a rate of a few millimeters per million years. 
They were thought to be of interest as a protective coating on steel and other metal waste 
packages. The following is the abstract of the Haslam et al. paper cited above. It is interesting 
because it presents a combination of evaluation test results for sprayed coatings and also an 
approach to modeling corrosion protection for steel over long periods of time.  

"Ceramic coatings applied to plain carbon steel substrates by several thermal spray techniques 
have been exposed to 90 °C simulated ground water (at ten times typical concentration) for 
nearly 6 years. Thermal spray processes examined in this work included plasma spray, High 
Velocity Oxy Fuel (HVOF), and Detonation Gun. Some thermal spray coatings have demon-
strated superior corrosion protection for the plain carbon steel substrate. In particular the HVOF 
and Detonation Gun thermal spray processes produced coatings with low connected porosity, 
which limited the growth rate of corrosion products. It was also demonstrated that these 
coatings resisted spallation of even when an intentional flaw (which allowed for corrosion of the 
carbon steel substrate underneath the ceramic coating) was placed in the coating. An approach 
for a theoretical basis for prediction of the corrosion protection provided by ceramic coatings is 
also presented. The theoretical development includes the effect of the morphology and amount 
of porosity within the thermal spray coating and provides a prediction of the exposure time 
needed to produce a crack in the ceramic coating".  

Thermal Spray Metallic Glass Coatings – Amorphous metals (metallic glasses) had been 
restricted to thin ribbons or small-particle powders because of the need for extremely high 
cooling rates to retain the metallic structure. Over the last ten to fifteen years, a number of 
metallic glasses with much lower critical cooling rates have been developed. With critical 
cooling rates as low as 1 K/s, these alloys can be produced with thicker cross sections, and the 
term "bulk metallic glasses" (BMG) is used to distinguish this subset from the other metallic 
glasses. The corrosion behavior of bulk metallic glasses was reviewed recently with focus on 
Zr-, Fe-, Ni-, Al-, and Mg-based alloy systems (Scully et al. 2007). Progress has been made to 
enhance the fundamental understanding of the corrosion behavior and mechanical interactions 
of this emerging class of materials and to provide input to the development of design guidelines 
and a materials properties database for designers and engineers.  

Iron-based, high-performance amorphous-metal thermal-spray coatings are under development 
for potential applications to naval ships and crafts and potentially for use to coat canisters for 
the transportation and long-term disposal of spent nuclear fuel. (Farmer et al. 2006). Two 
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compositions have been found that have a corrosion resistance superior to the nickel-based 
alloy, C22, in some very aggressive environments, including concentrated calcium chloride 
brines at elevated temperatures. While nickel-based alloy C22 and 316L stainless steel lose their 
resistance to corrosion during thermal spraying, the amorphous-metal coatings can be applied 
with thermal spray processes without significant loss of corrosion resistance.  
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8 Conclusions and recommendations  

8.1 Overall evaluation of Nagra program on canister materials 
The present report reviews materials selection and corrosion issues that are pertinent for 
meeting the performance requirements for SF and HLW canisters in the multi-barrier safety 
concept proposed by Nagra. Corrosion and stress-assisted failure processes that could affect the 
integrity of the canisters have been critically examined for different materials keeping in mind 
the overall feasibility of manufacturing, sealing and inspecting the canisters. Particular attention 
has been given to the evaluation of the corrosion behavior of carbon steel which is Nagra's 
primary choice for canisters.  

Overall, the CMRB observes that Nagra, within its means, is pursuing a carefully managed 
research programme that is effective and credible. Nagra presented a straightforward, clear and 
defensible safety case for disposal of SF and HLW nuclear wastes in steel canisters surrounded 
by bentonite in a multi-barrier system with Opalinus Clay acting as the geological barrier. 
Several aspects pointed out in this report need further study, but no major issue has come up 
that would invalidate the approach followed by Nagra. The CMRB found no "show stopper". 

Within the planning horizon for implementation of a repository for SF and HLW in Switzerland, 
the CMRB deems the time table for canister development presented by Nagra to be realistic. It 
is recommended that from this time forth, Nagra should initiate a comprehensive program on 
the evaluation of technological solutions for fabrication, welding, surface finishing and stress 
mitigation of thick-walled steel canisters. 

8.2 Evolution of the corrosive environment  
The CMRB has been presented with valuable information about the expected time evolution of 
the temperature and the humidity at the canister surface. This information has been obtained by 
Nagra from model calculations that are continually being refined. While conceptually the 
evolution of the environmental conditions seems well established, the numerical values of 
temperature and humidity provided to the CMRB are less certain (Fig. 3.1) and likely subject to 
future change. This could modify somewhat the projected corrosion behavior, but the conclu-
sions drawn in this report should not be affected in a major way. 

With respect to the corrosion behavior of metals, in particular steel, four time periods (Phases) 
can be distinguished: Phase 1 corresponds to aerobic dry conditions, Phase 2 to aerobic with 
partially saturated bentonite, Phase 3 corresponds to the transition from aerobic to anoxic, 
partially saturated conditions, and Phase 4 characterizes the long term anoxic period during 
which the canister surface is in tight contact with fully saturated bentonite. The general 
corrosion conditions for Phases 1 and 4 are quite well defined. On the other hand, for Phases 2 
and 3 some uncertainties remain concerning (a) the probability and possible extent of salt 
deliquescence during cool down which could affect the corrosion rate; and (b) the different 
wetting rate of bentonite pellets and blocks which might give rise to the establishment of 
corrosion cells. To deal with these issues, CMRB recommends that Nagra continues its 
modelling efforts and refines its numerical calculations aimed at the prediction of the evolution 
of the local temperature and relative humidity at the canister surface. 
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8.3 Evaluation of steel as the canister material 
Steel presents a number of advantages as a canister material for nuclear waste disposal. It is 
widely available and permits canisters to be manufactured at reasonable cost with relatively 
thick walls that provide mechanical strength and contribute to radiation shielding. Steel permits 
welding to be used for sealing of canisters. The most critical issue with steel is its corrosion 
resistance. To deal with this issue the CMRB has considered different corrosion mechanisms 
that could be active during the four phases defined above, and their effect on canister integrity. 

Aerobic general corrosion – During the Phase 1, dry oxidation of the steel surface results in the 
formation of a uniform oxide film that should not negatively affect canister safety. On the other 
hand, during the placement of canisters in the tunnels, atmospheric corrosion could occur. 
Although this is not believed to be detrimental to canister safety, the corrosion products formed 
could affect behavior during later phases, a point that deserves to be clarified. During Phase 2, 
the relative humidity of bentonite increases and there is a possibility that salt deliquescence 
leads to formation of an aggressive electrolyte layer at the surface. Its effect on corrosion should 
remain small, however, due to the limited amount of oxygen available and because of the small 
volume of liquid. At this time, the CMRB does not deem experimental work in this area to be 
necessary. However, in connection with the simulations of the evolution of humidity and 
temperature during cool down, Nagra should keep in mind and further analyze possible effects 
of deliquescence for specific conditions at the repository. 

Focused corrosion – Nagra plans to use bentonite blocks as a support for the canisters, while 
filling up the remaining space in the tunnels with bentonite pellets. Recent calculations by 
Nagra suggest that during cool down local differences in relative humidity develop for a limited 
time period due to different heat transport properties of pellets and blocks. This could permit the 
development of corrosion cells at the boundary between support blocks and pellet backfill. 
Although the effect may be of limited importance for canister integrity, the CMRB recommends 
that the possible impact of focused corrosion be evaluated further. A first step should be 
refining the numerical model calculations of heat and mass transport in bentonite.  

Anoxic corrosion and evacuation of hydrogen – Through its studies on gas transport through 
Opalinus Clay, Nagra has developed valuable information on the capacity of different flow 
regimes to transport hydrogen in clay materials. The numerical simulations indicate that a two 
phase flow mechanism can evacuate all the hydrogen expected for an anaerobic corrosion rate 
of the steel canisters of 1 μm/y, without any negative effect on the desired long-term hydraulic 
characteristics of rock. On the other hand, for a corrosion rate of 10 μm/y, the most conserva-
tive, and probably unlikely, case considered by Nagra, dilatancy flow will contribute to the 
evacuation of hydrogen. Because of inherent uncertainties in modelling dilatancy flow with the 
present state of knowledge, this flow regime is to be avoided. The anoxic corrosion rates of steel 
in saturated bentonite reported in the literature scatter considerably, but they are generally below 
3 μm. The values thought to be most reliable lie in the range of 1 µm/y or less, well below the 
critical value for the onset of dilatancy flow for the evacuation of hydrogen.  

Hydrogen evacuation without damaging the host rock formations is perhaps the most critical 
canister-related issue for the option of using steel disposal canisters. The CMRB feels that only 
relatively few reliable experimental data are available at present on the anoxic corrosion of steel 
in saturated bentonite, and the mechanistic understanding is limited. It is recommended that 
Nagra establishes a vigorous program for the measurement of corrosion rates of steel in 
saturated bentonite under realistic long term disposal conditions including the characterization 
of corrosion products and of any local modification of the bentonite layer adjacent to the 
surface. The program should be oriented towards understanding of rate limiting processes and, 
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when ever possible, the establishment of quantitative models. Such a research program might 
also include other issues such as the effect of transformation products (oxides, sulfides, etc.) on 
the rate of the anodic and cathodic partial reactions.  

Stress-assisted failures – The CMRB agrees with Nagra's evaluation that it is unlikely that 
conditions will be established at the canister surface that could lead to carbonate/bicarbonate 
SCC failures at high or neutral pH. However, establishment of SCC conditions cannot definitely 
be excluded at this time as the ionic concentrations and the potential at the canister surface are 
insufficiently known. To clarify this issue it is recommended that Nagra refines its analysis of 
the evolution of the near field environment of the canisters over the projected period of canister 
integrity. If necessary, an experimental program may be initiated to determine steel SCC 
susceptibility in the expected environments.  

An alternate method to lower the risk of stress corrosion cracking failures involves stress 
mitigation actions during design, fabrication and transport/handling of canisters. Residual 
tensile stresses due to mechanical deformation, processing and welding are most critical. 
Residual tensile stresses can also result from mechanical impact, dents and gouges on canisters. 
Residual stresses can be relieved by an adequate thermal treatment. The CMRB recommends 
that Nagra initiate a vigorous program aimed at evaluating technological solutions for thick-
walled steel canisters including welding, surface finishing and stress mitigation. As a first step a 
series of white papers should be commissioned on these issues. 

Microbially-influenced corrosion (MIC) – Nagra presented strong arguments that, due to a 
combination of factors, the probability that bacterial activity in saturated bentonite can be 
sustained under anaerobic conditions is very low because of insufficient pore space in bentonite, 
low water activity, limited availability of nutrients and limited survival probability of bacteria 
during the early high temperature aerobic period. However, no definite proof for the total 
absence of bacterial activity can be given and the most recent literature suggests that some 
sulfate-reducing bacteria may survive the initial aerobic dry period. The CMRB recommends 
that instead of trying to prove the total absence of bacterial activity, Nagra should turn its focus 
to evaluating the sustainability of MIC and the maximum extent of possible MIC damage. In 
particular it is recommended that simplified testable models be explored in order to determine if 
MIC can be sustained or is self-limiting in the repository environment. Such models should take 
into account the mass balance of nutrients and the mass transport rates of metabolic products to 
and from the canister surface. Accompanying experimental studies may be needed to obtain 
critical model parameters.  

8.4 Evaluation of other canister materials and of coatings 
Copper – The CMRB judges that copper and copper-clad steel are suitable backup materials for 
nuclear waste canisters, although the use of bulk copper might pose a problem in regard to 
sustainability of the copper supply. There has been much work on copper in different countries 
and the CMRB approves the decision made by Nagra to use that work for its own evaluation 
rather than duplicating it. The thermodynamic properties of copper normally prevent corrosion 
under anaerobic conditions, and therefore render hydrogen evacuation a non-issue. However, 
the safety issues related to MIC, to focused corrosion, to corrosion products and stress assisted 
failures are comparable to those of steel. In particular, in the presence of sulfides (formed by 
bacteria) copper becomes susceptible to anaerobic corrosion, which also generates hydrogen, 
although probably at a low rate. Such a process would be more critical with copper than with 
steel because of the thinner wall thickness. The CMRB recommends that Nagra continues to 
track the progress made in this area by programs in other countries without initiating its own 
program. 
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Passive alloys – Stainless steel, nickel alloys and titanium alloys have been considered by 
various countries as materials for nuclear waste canisters. They belong to the class of passive 
alloys that form a thin self healing surface oxide film (passive film) which acts as a barrier 
between the (thermodynamically unstable) metal and the environment. Passive alloys exhibit 
extremely low uniform corrosion rates in nuclear waste disposal environments, and therefore 
hydrogen generation is not an issue. However, under certain conditions they become susceptible 
to localized corrosion (crevice corrosion, pitting). Localized corrosion phenomena are more 
difficult to quantify and potentially more dangerous for canister safety than uniform corrosion, 
the more so as the canister wall thickness would be relatively small due to manufacturing and 
cost limitations.  

Common stainless steels should be excluded all together from consideration because they are 
prone to localized corrosion and because at the expected temperatures there is a substantial risk 
of stress corrosion cracking in the presence of chloride ions. Nickel-chromium-molybdenum 
alloys and titanium alloys are likely to perform adequately as canister materials in bentonite, but 
manufacturing and sealing issues would need to be further evaluated and cost of these materials 
is a serious issue. Of the two categories, the evidence available to support the choice of Ti alloys 
is the most extensive. A strong argument can be made that Ti would resist corrosion over the 
lifetime of the repository, but one would have to ascertain that no significant hydrogen 
absorption occurs that could lead to hydrogen-induced cracking. The CMRB sees no decisive 
advantage in the use of passive alloys over steel in the expected Swiss repository environment, 
under the assumption that the maximum acceptable rate of hydrogen production can be 
confirmed. There is thus no need for Nagra to initiate an experimental program on alternative 
alloy materials at this stage. 

Non-metallic materials – Non-metallic inorganic materials (ceramics), in particular oxides, 
present certain advantages in terms of corrosion behavior due to their thermodynamic stability, 
but their mechanical properties are still of concern. It is possible, but highly uncertain, that 
recent scientific developments, especially the emergence of nano powder based materials, could 
change this situation in the medium term. The CMRB therefore recommends that Nagra tracks 
developments in the area of non metallic inorganic materials relevant for nuclear waste disposal, 
without initiating a research and development program of its own at this time.  

Coatings – Corrosion resistant coatings on steel are expected to reduce the rate of hydrogen 
formation by anoxic corrosion in saturated bentonite by reducing the metal surface in direct 
contact with bentonite. On the other hand, unless coatings are free of defects and pores, they 
present a danger of localized corrosion during the aerobic Phase 2. Also, suitable manufacturing 
and handling procedures of coated canisters remain to be developed. At present the CMRB does 
not recommend to start a major effort aimed at developing a nuclear waste disposal technology 
relying on coatings. However, significant progress in coating technology could change this 
situation in the future and the CMRB therefore recommends that Nagra reinforces its tech-
nology watch in this area. In particular, Nagra is encouraged to prepare a white paper on recent 
developments and future prospects of plasma spray and related technologies for the fabrication 
of advanced coatings of metallic glasses, refractory ceramics, nanostructured materials and 
inorganic composites that could be relevant for SF and HLW steel canisters. 
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EDZ Excavation-damaged zone 

HIC Hydrogen-induced cracking 

HLW High level waste  

MIC Microbially induced corrosion 

RD&D Research, development and demonstration 

RH Relative humidity 

SCC Stress corrosion cracking 

SF Spent fuel 

SRB Sulphate-reducing bacteria 

STP Standard temperature and pressure 
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