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Abstract 
 
The current reference canister design for the disposal of high-level waste (HLW) and spent fuel 
(SF) in Switzerland is based on the use of carbon steel. However, Nagra is also exploring the 
feasibility of alternative designs and materials, including a copper-coated carbon steel canister. 
In this concept, a thin copper coating (in the range 3 – 10 mm) would provide resistance to 
corrosion and the carbon steel sub-structure would provide structural stability. One significant 
advantage of a copper-coated canister is that the rate of gas generation would be much lower than 
for an all steel canister. Nagra is co-operating with other international waste management 
organizations in the ongoing development of the copper-coated canister design and this report 
describes the current status of the concept. 

Two techniques are currently under investigation for the application of the copper coating: 
electrodeposition and cold spray. Electrodeposition would be used to coat the main body and lid 
of the canister, except for a narrow strip for the final closure weld in the steel sub-structure. After 
the canister is loaded with HLW/SF and sealed, the weld region would be covered by a layer of 
cold spray copper. Alternatively, the body and two heads are coated by electrodeposition 
separately, leading to two welds which will then be coated by cold spray, one before and one after 
the loading of the canister. The current status of the development of the electrodeposition and 
cold spray processes for this application is reviewed, along with design concepts for the canister 
and a preliminary analysis of the structural performance under possible external loads in the 
repository. 

The corrosion behaviour of copper for use as a HLW/SF canister material has been studied for 
the past 30 – 40 years, primarily in the context of the copper-cast iron KBS-3 canister design. 
Although copper exhibits excellent corrosion properties, the use of a reduced wall thickness 
(compared with the 50-mm-thick copper shell of the KBS-3 canister design) necessarily requires 
a greater degree of certainty regarding the nature and extent of corrosion processes. A key 
question is whether the corrosion behaviour of electrodeposited and cold spray copper is the same 
as that for the wrought material that constitutes this existing knowledge base. The current state of 
knowledge of the corrosion of copper canisters is reviewed, including the general corrosion 
behaviour under both oxic and anoxic (i.e., sulfide-containing) conditions, the extent of localised 
forms of corrosion, and the likelihood of stress corrosion cracking and microbiologically 
influenced corrosion. Other corrosion processes, such as the effects of irradiation or radiation-
induced processes, hydrogen-related degradation, and galvanic corrosion, are also considered. 
Compared with single-shell canister designs, a copper-coated steel canister would be relatively 
insensitive to interactions between mechanical- and corrosion-related degradation modes, but the 
case of the stress corrosion cracking of the copper barrier is quantitatively assessed. Finally, 
approaches for predicting the lifetimes of HLW/SF canisters are also reviewed and a preliminary 
assessment is provided of the corrosion allowance for periods of 100'000 years and 1 million 
years. 

The development of the copper-coated canister concept is ongoing and areas requiring further 
study are identified in the context of the Swiss disposal concept for a repository in Opalinus Clay. 
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Zusammenfassung 
 
Das aktuelle Referenzdesign von Endlagerbehältern für hochaktive Abfälle (HAA) und 
abgebrannte Brennelemente (BE) in der Schweiz beruht auf der Verwendung von Karbonstahl. 
Die Nagra erforscht jedoch auch die mögliche Verwendung anderer Designs und Materialien, wie 
z.B. eines kupferbeschichteten Karbonstahlbehälters. Bei diesem Konzept würden eine etwa 
3 – 10 mm dünne Kupferbeschichtung für Korrosionsbeständigkeit und die Unterkonstruktion 
aus Karbonstahl für strukturelle Stabilität sorgen. Ein bedeutender Vorteil eines kupfer-
beschichteten Behälters ist eine im Vergleich zum reinen Stahlbehälter wesentlich geringere Gas-
produktionsrate. Zusammen mit weiteren internationalen Entsorgungsorganisationen arbeitet die 
Nagra an der laufenden Entwicklung eines kupferbeschichteten Behälters, und dieser Bericht 
beschreibt den gegenwärtigen Stand dieses Konzepts. 

Zum Auftragen der Kupferbeschichtung werden gegenwärtig zwei Techniken untersucht: die 
Galvanotechnik und Kaltgasspritzen. Der Hauptkörper und der Deckel des Behälters werden 
durch Anwendung der Galvanotechnik bis auf einen schmalen Streifen für die endgültige 
Verschlussschweissung in der Stahlunterkonstruktion beschichtet. Nach dem Beladen des 
Behälters mit BE/HAA und der anschliessenden Versiegelung wird der Bereich der Schweissnaht 
durch Kaltgasspritzen mit Kupfer beschichtet. Alternativ dazu werden der Körper und die beiden 
Endteile separat galvanisch beschichtet, was zu zwei Schweissnähten führt, die anschliessend, 
einmal vor und einmal nach dem Beladen des Behälters, mittels Kaltgasspritzen beschichtet 
werden. Der gegenwärtige Stand der Prozessentwicklung für die Galvanotechnik und Kaltgas-
spritzen für diese Anwendung wird zusammen mit den Designkonzepten für den Behälter und 
einer vorläufigen Analyse der strukturellen Integrität bei potenziellen externen Belastungen im 
Tiefenlager geprüft. 

Das Korrosionsverhalten von Kupfer als Material für BE/HAA-Behälter ist in den vergangenen 
30 – 40 Jahren untersucht worden, vor allem im Zusammenhang mit dem KBS-3-Behälterdesign 
aus Kupfer-Gusseisen. Trotz der ausgezeichneten Korrosionseigenschaften von Kupfer erfordert 
die Einführung einer verringerten Wandstärke (im Vergleich zur 50 mm dicken Kupfer-
beschichtung des KBS-3 Behälters) ein höheres Mass an Gewissheit bezüglich der Eigenschaften 
und des Ausmasses der Korrosionsprozesse. Eine zentrale Frage ist, ob das Korrosionsverhalten 
von Kupfer bei der Anwendung der Galvanotechnik und des Kaltgasspritzens mit dem des 
geschmiedeten Materials, auf das die vorhandene Wissensbasis beruht, übereinstimmt. Der 
gegenwärtige Wissensstand bezüglich der Korrosion von Kupferbehältern wird überprüft, 
inklusive des generellen Korrosionsverhaltens sowohl unter oxischen als auch anoxischen (d.h. 
sulfidhaltigen) Bedingungen, des Ausmasses lokal begrenzter Korrosionsformen und der Wahr-
scheinlichkeit von Spannungsrisskorrosion und mikrobiologisch beeinflusster Korrosion. Weitere 
Korrosionsprozesse, wie z. B. die Auswirkungen strahlungsinduzierter Prozesse, wasserstoff-
bedingter Degradierung und galvanischer Korrosion, werden auch berücksichtigt. Im Vergleich 
zu einem einschaligen Behälterdesign wäre ein kupferbeschichteter Stahlbehälter relativ 
unempfindlich gegenüber Wechselwirkungen zwischen mechanisch- und korrosionsbedingten 
Degradierungsformen, aber die Spannungsrisskorrosion der Kupferbarriere wird quantitativ 
beurteilt. Abschliessend werden auch Ansätze zur Vorhersage der Lebensdauer von BE/HAA-
Behältern geprüft, und eine vorläufige Beurteilung des Korrosionszuschlags für Zeiträume von 
100'000 Jahren und 1 Million Jahre wird vorgelegt. 

Die Entwicklung eines kupferbeschichteten Behälterkonzepts ist im Gange, und weiter zu 
erforschende Bereiche werden im Kontext des Schweizer Konzepts für ein Tiefenlager im 
Opalinuston identifiziert. 
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Résumé 
 
Le concept de référence suisse pour les conteneurs de stockage final destinés aux déchets de haute 
activité (DHA) et aux assemblages de combustibles usés (AC) est basé sur l'utilisation d'acier au 
carbone. La Nagra explore également la viabilité d'autres designs et matériaux, comme 
l'utilisation d'un revêtement en cuivre pour les conteneurs en acier. D'une épaisseur de 3 à 10 mm, 
ce dernier procurerait une certaine résistance à la corrosion tandis que l'acier au carbone fournirait 
une stabilité structurelle. Un des avantages indéniables d'un conteneur muni d'un revêtement en 
cuivre est la production de gaz nettement inférieure à celle produite par des conteneurs en acier. 
La Nagra collabore actuellement avec d'autres agences de stockage internationales pour la 
fabrication d'un tel conteneur. Ce rapport décrit l'état actuel des recherches. 

Deux techniques sont actuellement à l'étude en ce qui concerne l'application du revêtement en 
cuivre : l'électrodéposition et la projection dynamique à gaz froid. L'électrodéposition serait 
utilisée pour revêtir la partie principale ainsi que le couvercle du conteneur, à l'exception de 
l'emplacement de la soudure permettant la fermeture définitive du conteneur. Une fois le 
conteneur chargé de DHA/AC et scellé, la zone de soudure est recouverte d'un revêtement en 
cuivre par projection dynamique à gaz froid. La solution alternative consiste à appliquer 
séparément un revêtement en cuivre par électrodéposition pour la partie principale et les deux 
extrémités du conteneur. Cette technique engendre deux soudures qui sont recouvertes d'un 
revêtement en cuivre par projection dynamique à gaz froid, l'une avant et l'autre après le 
remplissage du conteneur. L'état actuel du développement des techniques de revêtement par 
électrodéposition et projection dynamique à gaz froid sont examinées, ainsi que la conception des 
conteneurs et l'analyse préliminaire de leur intégrité structurelle en cas de potentielles charges 
externes dans un dépôt en couches géologiques profondes. 

Le comportement à la corrosion du cuivre utilisé pour la fabrication des conteneurs les 
conteneurs pour DHA/AC a fait l'objet d'études ces 30 à 40 dernières années, particulièrement 
dans le cadre de la conceptualisation du modèle KBS-3 en cuivre-fonte. Malgré le fait que le 
cuivre montre d'excellentes propriétés de corrosion, l'utilisation de parois plus fines (par 
comparaison aux 50 mm d'épaisseur du conteneur KBS-3) nécessite un plus grand degré de 
certitude quant à la nature et l' ampleur des processus de corrosion. L'interrogation principale est 
de savoir si le comportement à la corrosion du cuivre déposé par électrodéposition et projection 
dynamique à gaz froid est le même que pour un matériau forgé, sur lequel se fonde le savoir 
existant. L'état actuel des connaissances sur la corrosion de conteneurs en cuivre sont passées en 
revue, ainsi que le comportement à la corrosion dans des conditions oxiques et anoxiques (en 
présence de sulfure), l'extension des formes de corrosion localisée, l'éventualité d'une corrosion 
sous contrainte et la corrosion influencée microbiologiquement. D'autres processus de corrosion, 
comme les effets liés à l'irradiation ou les procédés radio-induits, la dégradation induite par 
l'hydrogène ou la corrosion galvanique, sont également considérés. Par comparaison avec un 
design de conteneur monocoque, le modèle en acier avec revêtement en cuivre devrait être 
relativement insensible aux interactions entre les différents modes de dégradation mécaniques et 
corrosifs. Néanmoins, la corrosion sous contrainte de la barrière en cuivre a été évaluée 
quantitativement. Enfin, les approches de prédictions de la durée de vie des conteneurs DHA/AC 
ont été examinées et une évaluation préliminaire a été fournie estimant les épaisseurs de matériels 
corrodées sur des périodes de 100'000 ans et d'un million d'années. 

La conception d'un conteneur à revêtement en cuivre est en cours de développement et les 
domaines nécessitant plus de recherches approfondies ont été ciblés dans le cadre du 
développement d'un dépôt géologique profond suisse dans l'Argile à Opalinus. 
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1 Introduction 

1.1 Background and aims 
The Swiss national programme for the disposal of radioactive waste (Nagra 2021a) foresees the 
disposal of spent fuel (SF) and vitrified high-level waste (HLW) in a deep geological repository 
in Opalinus Clay (Figure 1.1-1). The main facility of the HLW repository comprises an array of 
parallel emplacement drifts with lengths of ~ 800 m. The repository may also contain a facility 
for low and intermediate-level waste (L/ILW), pilot facilities, and demonstration and test areas. 
In the surface facility, SF and HLW will be packaged in disposal canisters, which will then be 
transported and emplaced in the emplacement drifts. The drifts have a diameter of about 3 m and 
will be supported by a concrete liner. The disposal canisters will be placed on pedestals made of 
compacted bentonite blocks with a dry density of about 1.8 Mg/m3. The region around and 
between the canisters will be backfilled with granular bentonite with a dry density of about 
1.45 Mg/m3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1.1-1: Schematic representation of a combined repository (not to scale) 
1: Surface facility 2: Auxiliary access facilities 3: Access shaft 4: Operations and ventilation 
shafts 5: L/ILW repository 6: L/ILW pilot repository 7: Testing and demonstration area 
8: HLW observation drift  9: HLW repository 
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At present, repository planning is proceeding through the Sectoral Plan for Geological 
Repositories (SGT). By about 2024, Nagra intends to make a General Licence application (RBG) 
for the repository. Included in the application will be descriptions of the options for materials and 
design concepts for the engineered barrier systems. It is expected that the main regulatory high-
level requirements related to the development of disposal canisters will be: 

• ensure that a broad range of canister materials and design options has been adequately 
considered  

• demonstrate feasibility of material choices and design concepts of at least one of the options 
based on current technology 

• provide evidence that operational and long-term safety can be assured 

Nagra aims to explore and develop a number of disposal canister options, while it is currently 
planned that the final canister concept will be selected at about 2035 (about 10 years before the 
Construction Licence application, expected at 2045) in order to take maximum advantage of 
progress achieved by other waste management organizations as well as general technology 
development. 

The development of options for SF/HLW disposal canisters is part of Nagra's RD&D plan (Nagra 
2021b), while the selection of design and materials options is done based on a set of generic 
canister requirements (Johnson & Zuidema 2013, Diomidis & Johnson 2014), the most important 
of which are summarized below: 

• Minimum lifetime: There is a regulatory requirement of a minimum lifetime (no breach of 
containment) of 1'000 years for SF and HLW canisters. However, Nagra proposes increased 
lifetime targets to provide a significant margin of safety with respect to the regulatory 
requirement. Currently, the lifetime design target for a carbon steel canister is 10'000 years 
(Patel et al. 2012). The target for a copper coated canister in Canada is 100'000 years (Scully 
et al. 2016). 

• Wall thickness: The canister waste loading and shielding concept provide the basis for the 
shielding calculation and derived wall thickness. Based on these, the radiation dose rate at the 
canister outer surface should be < 1'000 mSv/h to preclude radiation-induced corrosion 
(Diomidis & Johnson 2014, Johnson & King 2008). In addition, the wall thickness should 
ensure long-term structural integrity of the canister for the required lifetime taking into 
account the expected in situ stresses.  

• Welding method: There must be a satisfactory method for welding or sealing applicable to a 
thickness in the range in question. The weld depth need not be equal to the entire wall 
thickness if the requirements related to the structural integrity of the weld are met. The 
welding method must be suitable for remote operation, given the radiation field. The presence 
of a corrosion barrier, such as a copper coating, can lead to a modification of the requirements 
placed on the weld compared to an uncoated steel canister, where wall thickness loss and 
degradation of materials properties are of concern. 

• Structural integrity and inspectability: The stresses in the canister wall, lid, and base, 
including the weld region, should not give rise to structural failure causing breach of 
containment for the target canister lifetime as demonstrated by compliance with an 
appropriate design standard. The stresses in the weld region and heat-affected zone should be 
low enough to preclude the occurrence of stress-assisted failure processes such as stress-
corrosion cracking and hydrogen-induced cracking. The weld procedure should ensure any 
defects remaining in the canister after manufacturing are smaller than the critical crack length 
by a suitable margin, and the inspection process should be able to detect them. The inspection 
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method must be suitable for remote operation, given the radiation field. Any stress-reduction 
method employed for a fully loaded and welded SF or HLW canister should not damage the 
waste. The guidelines used are SF temperature less than 400 °C and HLW temperature less 
than 500 °C. 

• Gas production-corrosion rate: A limit in gas production rate is set to avoid excessive pressure 
build-up in the repository, which may affect the properties of the host rock. This requirement 
for the maximum rate of gas production in a SF/HLW repository in Opalinus Clay depends 
on parameters linked to repository layout, design and evolution, and local host rock properties 
(Diomidis et al. 2016).  

• Subcriticality: The loaded SF canisters should be subcritical when the void spaces are water 
filled.  

• Handling and retrievability: The canister must remain structurally sound without breach of 
containment during normal handling, retrieval, and incidents that might occur during 
handling. The stresses in the canister as a result of a handling incident should be less than 
values that would indicate a possibility of breaching determined on the basis of conservative 
assumptions and analyses. The canister must also satisfy the requirement for retrievability 
from the backfilled emplacement drifts during the operational phase.  

Based on such requirements, Holdsworth et al. (2014) have performed a feasibility evaluation 
study of numerous candidate canister designs and materials. The evaluation was based on the 
consideration of a wide range of factors grouped under four generic headings: mechanical 
integrity, environmental damage, fabrication, and costs. In terms of mechanical integrity, 
fabrication and costs, carbon steel canisters were deemed to provide by far the most superior 
solution for nuclear waste disposal. However, an important shortcoming was their susceptibility 
to environmental damage. The concerns associated with environmental damage can be overcome 
by coating a carbon steel or cast iron sub-structure with copper.  

Nagra has been actively involved in the development of copper-coated disposal canisters for the 
disposal of SF and HLW. This has been done through a collaboration with the Nuclear Waste 
Management Organization (NWMO, Canada) aiming to develop a copper coating technology 
applicable to the requirements of deep geological disposal of radioactive waste in Canada and in 
Switzerland. Additional work has been done through own experiments as well as international 
collaborations in the Mont Terri and Grimsel underground research laboratories.  

The aim of this report is to summarise the progress made to date in the development of copper 
coated canisters for the disposal of SF and HLW and to identify fields requiring further work in 
the future. More specifically, the report addresses the following subjects: 

The remainder of Chapter 1 discusses the benefits of copper as a material for disposal canisters 
and presents different copper-based canister concepts currently under consideration inter-
nationally. 

Chapter 2 presents the technology currently employed for the deposition of copper coatings and 
the properties of the obtained materials. 

The design of copper coated canister concepts, including the closure weld, is presented in 
Chapter 3. 
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The long term performance of a copper coated canister from a structural, corrosion and coupled 
corrosion-mechanical perspective is presented in Chapter 5. In addition, a prediction of canister 
lifetime and an estimation of the corrosion allowance, which leads to a proposal of the required 
copper thickness, are done in Chapter 5. 

Finally, the critical steps in the manufacturing and lifetime of the disposal canister that will require 
attention in the future as well as areas of further study are identified in Chapter 6. 

1.2 Copper as a disposal canister material 
The use of copper as a canister material for the disposal of HLW/SF was first reviewed by the 
Swedish Corrosion Institute in 1978 as part of the "Nuclear Fuel Safety Project" (KBS) (Swedish 
Corrosion Institute 1978). The KBS project was established by the nuclear utilities to satisfy the 
requirements of the "Conditions Act" passed by the Swedish Parliament, and which later lead to 
the establishment of the Swedish Nuclear Fuel and Waste Management Company (SKB) who 
have promoted the use of copper for this purpose ever since. 

Since that time, a number of other countries have either adopted or considered the use of copper 
for the disposal of HLW/SF in both crystalline and sedimentary host rocks. In Finland, Posiva are 
constructing the underground repository and applied for an operational license in 2021. The 
Finnish concept is virtually identical to that proposed by SKB. In Canada, the Nuclear Waste 
Management Organization (NWMO) have also adopted copper as the reference material for the 
corrosion barrier (Hall et al. 2021), although the canister design is different from that proposed 
by SKB and Posiva (see Section 1.3). Other countries have also considered copper as a candidate 
canister material, either as one of a number of different options as in Japan (JNC 2000) and the 
UK (RWM 2016) or as a reference material in preliminary safety assessments as in Korea (Choi 
et al. 2013) and Taiwan (TPC 2016). 

This widespread international interest in the use of copper results from a number of advantageous 
characteristics compared with other canister options (King & Padovani 2011). These charac-
teristics include (sections where more information can be found indicated in parentheses): 

• excellent, predictable corrosion performance as a result of the electrochemically active nature 
of the surface under repository environmental conditions, the limited amount of oxidants 
present in the system, and the limited rate of transport of reactants towards, and of corrosion 
products away from, the canister surface (Section 5.1) 

• long canister lifetimes (exceeding 106 years) supported by robust models (Sections 5.3 and 
5.4). 

• minimal impact on other barriers, in particular little or no hydrogen generation until the outer 
copper corrosion barrier is breached and, compared with steel, no adverse effect on the 
stability of the bentonite 

• the availability of natural and archaeological analogues to support long-term predictions 
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1.3 Copper-based disposal canister concepts 
There are currently two basic concepts for copper canisters, namely the shell-based concepts 
developed by SKB and generally referred to as the KBS-3 design (SKB 2010a) and copper-coated 
concepts under development in Canada and elsewhere and characterised by a thinner copper 
corrosion barrier (Boyle & Meguid 2015). The basic design and properties of these two canister 
concepts are described in the following sections, along with a critique of the advantages and 
disadvantages of each design from a Swiss point of view. 

1.3.1 Shell-based concepts 
The KBS-3 canister comprises an outer copper shell for corrosion resistance supported by a cast 
iron insert (with steel lid) for structural strength (Figure 1.3-1) (SKB 2010a). Each canister would 
hold either twelve BWR or four PWR SF assemblies within the insert and is approximately 4.8 m 
long by 1.05 m in diameter. The insert is made from nodular cast iron with steel channel tubes to 
hold the fuel assemblies and is closed by a bolted steel lid. The composition of the cast iron is 
controlled to avoid gamma radiation hardening (copper content < 0.05 wt.-%) and to prevent 
criticality (Fe > 90 wt.-%, C < 6 wt.-%, Si < 4 wt.-%, as the thermal neutron capture cross 
sections for C and Si are small compared with that of Fe). High-purity copper (> 99.99 wt.-%) is 
specified for the corrosion barrier, with requirements on the phosphorus (30 – 100 wppm) and 
sulfur (< 12 wppm) contents to improve the creep ductility, hydrogen content (< 0.6 wppm) to 
avoid embrittlement during manufacture, and oxygen content (up to a few tens of wppm) to avoid 
grain boundary corrosion issues and cracking at elevated temperatures during welding due to 
hydrogen sickness (SKB 2010a). 

The canister design has evolved over the past 30 – 40 years. At the time of the initial corrosion 
assessment (Swedish Corrosion Institute 1978), a wall thickness of 200 mm was envisaged 
although no specific canister design was discussed. By the time that the KBS-3 concept was first 
proposed in 1983, two canister designs had been developed, one based on the use of lead as a 
filler material and the other involving the use of hot isostatic pressing (HIP) of copper powder 
filler to seal the canister (SKB 1983). Different wall thickness between 10 and 100 mm were 
considered. In 1993, the results of a comprehensive comparison of different repository designs 
and canister concepts (three copper-based and two steel-based) were published (SKB 1993). In 
addition to the lead-filled and HIPped canister designs, a third design featuring a copper corrosion 
barrier was proposed comprising a copper shell supported by an internal steel structural insert. 
This latter design was ranked highest overall on the basis of long-term performance, fabricability, 
and cost and essentially became the reference KBS-3 canister design from that time. Development 
continued, with further improvements to the design of the insert (replacement of steel by cast iron 
to simplify the fabrication of the long fuel channels), sealing procedure (friction-stir welding to 
avoid issues with high residual stress and weld porosity with electron-bean welding), and material 
composition (to improve the creep ductility of the copper). 

Considerable experience has been gained in the fabrication and sealing of KBS-3 copper/cast iron 
canisters. The current reference design calls for a nominal copper thickness of 49 mm. As of 2008, 
SKB had manufactured over 50 cast iron inserts, 40 large copper ingots, and 27 extruded copper 
tubes (SKB 2010a). A number of complete canisters had been assembled and sealed. Although 
the fabrication of steel and cast iron components of this size is relatively common, there is less 
industrial experience in producing copper tubes of the required size and, thus, the number of 
available fabricators is limited. Extrusion is the favoured method for production of the copper 
tubes. 
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Fig. 1.3-1: Schematic illustration of the various sub-components of the KBS-3 copper-cast iron 
canister, comprising (from left to right): copper base, copper tube, cast iron insert, 
steel insert lid, and the copper lid 
SKB (2010a) 

 
One feature of the copper shell/cast iron insert design is the gap between the inert and shell, which 
is nominally 1 – 2 mm (SKB 2010a). This gap is required to allow insertion of the insert and to 
allow for manufacturing tolerances. However, because of the low strength of the annealed copper 
shell (typical yield strength approximately 60 MPa), the shell will deform onto the insert under 
the external compressive load from the buffer swelling and hydrostatic pressures. Despite the 
ductility of oxygen-free, high-conductivity copper under rapid straining conditions, the creep 
ductility was found to be small and possibly less than the estimated deformation of 4% that could 
be expected as the shell deforms onto the insert. For this reason, a specific oxygen-free alloy 
containing added phosphorus (OFP copper) is specified for the outer canister shell due to its 
improved creep ductility (Yao & Sandström 2000). 

Development work has also been conducted on the sealing and inspection of the final closure 
weld in the copper shell (SKB 2010a). At one time, electron-beam (EB) welding was being 
considered for the final closure weld but friction-stir welding (FSW) is now the reference sealing 
method as it results in lower residual stress and fewer issues with porosity. Joint-line hooking and 
the occurrence of wormholes are the most likely defect types. Non-destructive testing (NDT) of 
the closure weld would be conducted using phased-array ultrasonics and radiography. 

From the viewpoint of the Swiss programme, there are a number of advantages and disadvantages 
to the use of the KBS-3-type canister. The advantages include: 

• extensive development work already conducted by SKB and Posiva in terms of design, 
material optimisation, final closure, and inspection 

• prior operational experience, on the assumption that the Swedish and/or Finnish programmes 
proceed as planned on the current timescale 

However, there are also disadvantages, including: 

• high cost and resource usage associated with the use of a thick-walled copper corrosion barrier 
and dual-wall canister 

• issues associated with creep and stress corrosion cracking due to the gap between the outer 
copper shell and cast iron insert 

• relatively complex design and fabrication process due to the dual-wall configuration 
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1.3.2 Coating-based concepts 
While there are significant advantages to the use of copper in terms of its corrosion resistance, 
there are concerns related to the cost and use of resources because of the 50-mm-thick copper 
corrosion barrier.1 For this reason, a number of countries are examining the possible use of a 
relatively thin copper coating applied to a steel substrate. The copper coating would be sufficiently 
thick to provide corrosion resistance for the desired containment period, with a suitable safety 
factor, as well as to resist through-wall damage during handling and emplacement. Development 
of this concept is well advanced in the Canadian programme, in which Nagra is collaborating with 
NWMO. Some development work has also been undertaken on Korea (Choi et al. 2010, Lee et al. 
2011) and the U.K. (Hernandez-Selva et al. 2015).  

As described in more detail in Chapter 2, the basic concept would be to pre-coat the canister body 
and head, load the canister, and then seal the steel insert and finally overcoat the weld with copper. 
An alternative route would be to pre-coat the body and heads, weld one head to the body, and 
overcoat the weld with cold spray, before bringing the canister to the surface facility for the 
remaining operations. The current preferred methods for applying the copper coating are 
electrodeposition for the pre-fabricated components followed by the use of cold spray for the weld 
overcoat (Giallonardo et al. 2017a, 2017b). Figure 1.3-2 shows a schematic illustration of a 
copper-coated canister for the disposal of spent fuel. A similar design is described by Diomidis 
et al. (2017) and discussed in more detail in Chapter 3. 

As with the massive KBS-3 canister, the outer copper layer is designed to provide corrosion 
resistance for the required canister lifetime. Because the copper layer and steel substrate are pre-
fabricated as a single unit, however, there is no requirement that the copper be self-supporting as 
there is for the KBS-3 design and the thickness can be optimised to provide the required corrosion 
resistance. Therefore, the copper layer can be much thinner than that for the KBS-3 canister 
design. NWMO's current reference coating thickness is 3 mm based on the expected corrosion 
performance (Hall et al. 2021). However, there is a need for greater certainty in the expected 
corrosion behaviour, especially if corrosion is localised, than there is for the 50-mm-thick KBS-3 
design where the safety margin is much greater. 

Although the copper-coated canister will still be subject to corrosion, this design does solve one 
of the major issues associated with the KBS-3 design; namely, the creep of the copper shell onto 
the load-bearing insert. Because there is no gap between the corrosion barrier and structural 
member, there can be no deformation of the copper shell. Furthermore, although the copper 
coating will still be under stress, the load will be largely compressive in nature and is distributed 
relatively uniformly thanks to the use of hemispherical heads (other head shapes may also be 
feasible). Thus, the possibility of environmentally assisted cracking (e.g., stress corrosion 
cracking) is also diminished since the only likely source of surface tensile stress is residual stress 
from fabrication or bending loads from uneven buffer swelling. Any impact of residual stress will 
disappear after the external compressive load is imposed. 

 
1  It is not considered feasible to reduce the wall thickness of the copper shell for the current KBS-3 canister design 

in order to reduce the costs and amount of copper required. When SKB International reviewed an earlier Canadian 
design based on the KBS-3 concept but with a 25-mm-thick copper shell, concerns were raised about the stiffness 
and rigidity of the thinner shell. The copper tube must be sufficiently straight that the insert can placed within the 
shell given the minimal 1 – 2 mm gap between the components. Furthermore, for a gap of the same size, the mean 
strain in the copper shell will be doubled if the wall thickness is halved, raising further issues related to the creep 
ductility of the material. 
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Fig. 1.3-2: Schematic illustration of a copper-coated disposal canister for spent fuel 
 
From the viewpoint of the Swiss programme, therefore, there are a number of advantages and 
disadvantages to the use of a copper-coated canister compared with the KBS-3 design. The 
advantages include: 

• simplified fabrication methods with a larger number of possible vendors, including Swiss-
based manufacturers 

• reduced cost and improved resource usage 

• absence of creep of the copper shell 

• reduced probability of environmentally assisted cracking mechanisms 

However, there are also disadvantages, including: 

• the need for much greater certainty in the nature and extent of corrosion because of the 
reduced wall thickness 

• possibility of coating damage during handling and emplacement 
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2 Copper coating technology 
 
Development of copper coating technology for SF/HLW disposal canisters is under way in a 
number of countries, most notably in Canada (Giallonardo et al. 2017a, 2017b, Hall et al. 2021, 
Keech et al. 2014, 2021), where the NWMO development work is being co-funded by Nagra and 
NUMO, Japan (Suzuki et al. 2021). The step-wise development work has been in progress since 
2011 and involves the following stages: 

• proof-of-concept 

• optimisation 

• technology scale-up 

• demonstration on full-size canisters 

Considerable progress has been made over the past decade and is expected to continue over the 
next decade. As of the date of this report, the proof-of-concept has been demonstrated and 
optimisation studies are commencing. 

2.1 Application of coatings  
At the current state of development, it is envisaged that two different coating technologies will be 
employed for the fabrication of SF/HLW disposal canisters: electrodeposition and cold spray, 
described in Sections 2.3 and 2.4 respectively. Electrodeposition will be used to coat the canister 
surface apart from a band of about 10 cm on either side of the weld, while cold spray will be used 
to coat the weld region and for repairs. Cold spray will also be utilized to coat the cylindrical 
component to the lower head following these welding operations, should the manufacturing 
strategy of separately producing the container body from the lower head be adopted. The 
properties of the two types of coating are discussed in Section 2.5. The properties of interfaces 
between electrodeposited and cold sprayed copper are discussed in Section 2.6.  

It is expected that the canisters and lids will arrive at the surface facility with the electrodeposited 
copper coating. After an initial inspection, the sequential handling steps in the surface facility will 
be (Figure 2.1-1): 

• docking of canister at the hot cell 

• loading with SF or HLW 

• emplacement of inner lid 

• docking of canister at the welding station 

• welding of outer lid 

• machining, stress relief (if required), inspection 

• cold spray coating of the weld region 

• annealing, machining, inspection 

This general handling and fabrication scheme will be further developed and refined. 
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Fig. 2.1-1: Preliminary canister handling scheme indicating actions taking place inside and 

outside of the hot cell 
 

2.2 Coating requirements 
The following general requirements can be defined for copper coatings and for copper-coated 
canisters. 

• The thickness and corrosion properties of the copper coating must be sufficient to ensure that 
the coating is not penetrated within the lifetime of the canister (see below). This requirement 
ensures that the steel substrate is not exposed to the bentonite pore water for the lifetime of 
the canister. 

• The coating must be sufficiently ductile that it remains adhered to the steel substrate under 
expected external loading conditions, including at the intersection of coating types at the 
closure weld. 

• There should be no inter-connected porosity that would lead to accelerated through-wall 
penetration of the coating. 

• The coating should be sufficiently adherent to the steel substrate that delamination does not 
occur. 

• The coating must be sufficiently resistant to scratches and abrasion during handling and 
emplacement that the lifetime of the coating is not adversely affected. Alternatively, an 
emplacement method is required that minimizes the probability and severity of surface 
damage during emplacement. 

In addition to these specific coating requirements, there are a number of generic requirements that 
all canister designs must meet, as described above in Section 1.1 and by Diomidis & Johnson 
(2014). 

Coat canister/lid Fill with SF/VHLW Cover jointFinal seal (weld)

HOT CELL

Inspection
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2.3 Electrodeposition  

2.3.1 Fundamentals of electrodeposition 
Electrochemical deposition of metals and alloys involves the reduction of metal ions from 
electrolytes. The reduction of metal ions Mz+ in an aqueous solution is represented by 
 

Mz+
solution + ze → Mlattice (2.3-1) 

 

This is typically accomplished by means of an electrodeposition process in which z electrons (e) 
are provided by an external power supply. The deposition reaction presented by Eq. (2.3-.1) is a 
reaction of charged particles at the interface between a solid metal electrode and a liquid solution. 
The two types of charged particles, a metal ion and an electron, can cross the interface. Four types 
of fundamental process are involved in the overall process represented by Eq. (2.3-1): (1) the 
metal-solution interface as the locus of the deposition process, (2) the kinetics and mechanism of 
the deposition process, (3) nucleation and growth processes of the metal lattice (Mlattice), and (4) 
structure and properties of the deposits (Paunovic & Schlesinger 2006).  

The basic components of an electrodeposition cell are, as shown in Figure 2.3-1, a metallic anode 
(usually dissolvable and made form the plating metal), a cathode (the object to be plated), water 
containing dissolved ions (the plating bath consisting of a salt of the plating metal), and two metal-
solution interfaces: anode-solution and cathode-solution.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3-1: Electroplating setup for the electrodeposition of metal, M, from an aqueous solution 

of metal salt, MA 



NAGRA NTB 20-01 12  

2.3.2 Electrodeposition process 
Two types of electroplating solutions have been investigated; an alkaline pyrophosphate 
chemistry and an acidic copper bath. The advantages and disadvantages of each solution are 
presented in Table 2.3-1. The development of two different plating chemistries provides 
flexibility in the eventual selection and implementation of the electrodeposition process. 

Tab. 2.3-1: Advantages and disadvantages of alkaline pyrophosphate and acid copper electro-
deposition chemistries 

 

 Alkaline pyrophosphate Acid copper 

Advantages • High purity coating • Simpler chemistry 

• Simpler process with greater 
industrial experience 

• Plating rate 1 mm/day 

• Optimize coating properties by 
control of plating (waveform) 
parameters 

Disadvantages • Slower plating rate 

• Need for filtration, agitation, and 
rotation to avoid nodule formation 

• Sensitivity to condition of substrate 

• Higher impurity content, including 
C, H, S, and O 

 

2.3.2.1 Pyrophosphate-based plating solution 
A pyrophosphate-based electrodeposition process has been developed for the NWMO by Integran 
Technologies and is described in Canadian Patent 2674403 (Integran 2012). In addition to 
defining the composition of the plating solution, the patent also specifies the nature of the 
electrochemical control with the aim of depositing a coating with superior mechanical and 
corrosion properties. 

The patent provides an example of the bath chemistry for the pyrophosphate process: 

• 90 g/L copper pyrophosphate (Cu2P2O7⋅4H2O) 

• 400 g/L potassium pyrophosphate (K4P2O7) 

• 51 g/L potassium orthophosphate (KH2PO4) 

• 47 g/L potassium hydroxide (KOH) 

• 15 g/L potassium nitrate (KNO3) 

• 8.1 g/L ammonium hydroxide (NH4OH) 

• pyrophosphoric acid (H4P2O7) for pH adjustment 

• unnamed wetting agents and stress relievers 

• temperature 50 °C 

• pH 8.5 
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Electrodeposition can be achieved using direct current, pulsed current plating, and/or pulse 
reverse plating, with some form of pulsed plating preferred for optimum control of the grain size 
and grain boundary properties. By suitably controlling the peak current(s) and the pulse durations 
and intervals it is possible to achieve fine-grained electrodeposits with grain sizes in the range 
4 nm to 5 µm and with a high percentage of so-called special grain boundaries (SGB) with 
enhanced resistance to localised corrosion (see Section 2.5.2). A high-purity copper anode would 
be used as the main source of copper to be deposited. 

Giallonardo et al. (2017a) have defined a reference deposition process based on the following 
steps: 

• pre-treatment of the surface using both alkaline and acid cleaning steps to remove grease, dirt, 
and oxides 

• application of a 1 – 5 µm thick copper strike layer using a cyanide-based solution to ensure 
complete coverage of the surface 

• activation of the copper surface by removing oxides and etching the surface 

• copper deposition by the high-efficiency pyrophosphate treatment, with rotation of the 
surface to promote mass transport and uniform coating thickness 

• machining of the surface to the final desired coating thickness 

A deposition rate of the order of 0.4 – 0.6 mm/day was achieved using a peak pulse current 
density of 50 – 70 mA/cm2 and 20 ms on/off intervals, and was selected in order to produce an 
ultra-fine grained structure with a high frequency of SGB (Li et al. 2020). 

An advantage of the alkaline pyrophosphate treatment is that it results in a high quality coating 
with minimal C and O impurities (Section 2.5.1). During the process development, however, 
problems were encountered with the growth of "nodules", locations where 3D crystallite growth 
was favoured over 2D growth. Nucleation of these nodules was associated with impurities in the 
plating solution and improvements in the process and in the quality of the deposits were achieved 
by circulating and filtering the solution. 

2.3.2.2 Acid copper plating solution 
Industrially, the majority of copper electrodeposition is performed using an acid copper plating 
solution and the NWMO are investigating this procedure as an alternative to the alkaline 
pyrophosphate process. Large, cylindrical free-standing copper shells (several metres in length, 
1 m in diameter, and up to 16 mm thick) are already produced commercially by electrodeposition 
for the packaging and laminating industries (Hernandez-Selva et al. 2015). 

Integran (2012) describes the application of an acid copper bath comprising: 

• 150 g/L copper sulfate (CuSO4) 

• 190 g/L sulfuric acid (H2SO4) 

• 40 mg/L chloride ion (Cl-) 

• 3 g/L polyethylene glycol (PEG) 

• temperature 24 °C 

• pH 1 
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Plating was performed using a pulsed current process in order to obtain an electrodeposit with a 
grain size of the order of 1 µm. Although the procedure is still under development, the expectation 
is that the use of pulsed current and/or pulse reverse plating protocols will allow control over the 
grain size and properties of the electrodeposit. 

Hernandez-Selva et al. (2015) have also investigated the use of an acid copper bath to produce 
cylindrical shells for use as nuclear waste disposal canisters, with the aim of developing an 
alternative to the pierce-and-draw method for the 50-mm-thick outer barrier of the KBS-3 canister 
design. A similar acid copper bath to that described above was used in conjunction with direct 
current electrodeposition. One of the aims of the study was to compare the chemical composition 
of the electrodeposit with the SKB specifications for oxygen-free with phosphorus (OFP) copper; 
namely: < 0.6 ppm H, < 12 ppm S, less than some tens of ppm O, and 30 – 100 ppm P, the latter 
added to improve the creep properties of the material. One of the issues with electrodeposited Cu 
is the absorption of H as the result of the discharge of protons, especially for an acidic plating 
solution. For instance, electrodeposition using a solution similar to that above resulted in an 
absorbed H content of the copper of 4.2 ppm; far higher than the SKB specification. Various 
unnamed additives were tested in an attempt to reduce the H content, as well as to meet the 
specifications for O and S. One additive resulted in a H content of 0.7 ppm, close to the SKB 
specification, with low S and O contents as well (< 1 ppm and 9 ppm, respectively). Hernandez-
Selva et al. (2015) also investigated the addition of red phosphorus to the plating solution as a 
means for meeting the SKB specification of 30 – 100 ppm P in the electrodeposited Cu. The need 
to add P to the alloy would not be a requirement for a copper-coated canister since creep of the 
copper corrosion barrier is not an issue. 

2.4 Cold spray  

2.4.1 Fundamentals of cold spray technology 
In the cold spraying process, particles are injected into a supersonic jet by compressed gas and 
accelerated to a high velocity (300 – 1'500 m/s). Deposition takes place through intensive plastic 
deformation upon the impact of the particles on the substrate at a temperature well below the 
melting point of the spray materials feedstock. Compared to traditional thermal spray processing, 
the most distinct characteristic of cold spray processing is its lower processing temperature, which 
consequently has lower thermal effects to the feedstock materials. Cold spray heats up 
compressed gas to accelerate the feedstock material towards the substrate with lower processing 
gas temperature due to the lack of combustion and plasma jets. Therefore, cold spraying is 
particularly suitable for the preparation of coatings that are sensitive to oxidation or for 
applications in which oxidation and thermal influences during the coating process have to be 
avoided.  

In cold spray, feedstock particles are accelerated and heated by preheated supersonic gas. The 
supersonic gas is generated inside a de Laval (convergence-divergence) nozzle as shown in 
Figure 2.4-1. Gas velocity drastically increases after passing through the nozzle throat. After 
passing out of the nozzle, gas velocity starts to drop since a high volume of air surrounds the high-
speed jet. In contrast, preheated gas temperature intensely decreases after passing through the 
throat owing to the gas expansion. Cold-sprayed particles are heated and accelerated by the 
working gas after being axially fed from the back of the spray gun. Gas velocity increases to sonic 
speed at the nozzle throat and further increases passing through the divergence nozzle. Due to its 
higher sonic speed, He gas can help to obtain a higher velocity than N2 gas. In contrast, the particle 
temperature heated by He gas is lower than the one with N2 gas since He gas expands much more 
than N2 gas in the convergence-divergence nozzle. 
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Fig. 2.4-1: Gas velocity and temperature distributions at typical cold spray conditions 

Huang & Fukanuma (2015) 
 
A schematic diagram of a typical cold spray system is shown in Figure 2.4-2. The system is 
composed of a gas supply, a gas pre-heat, a powder supply and a gun. The gas supply unit, 
including the gas source and gas pressure controller, provides the working gas at a preset pressure 
value (up to 5 MPa for current commercial cold spray systems). The gas-preheating unit heats the 
working gas to a preset temperature (up to 1'100 °C for current commercial cold spray systems). 
The powder supply unit feeds the cold spray powder to the gun at a specific rate. Last, the cold 
spray gun heats and accelerates the particles to a high speed with a de Laval nozzle (Huang & 
Fukanuma 2015).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.4-2: Schematic diagram of a typical cold spray system 

Huang & Fukanuma (2015) 
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2.4.2 Cold spray coating process 
For the coating of disposal canisters a reference coating system with the following parameters has 
been defined (Vo et al. 2015): 

• 10 – 70 µm spherical low oxygen copper powder 

• 25.4 mm minimum thick steel substrate 

• 100 µm bond coat, applied with He at 5 MPa and 800 °C 

• ≥ 3 mm top coat, applied with N2 at 5 MPa and 800 °C 

The substrate material may vary and includes the following steel types: A36, A516 grade 70, 
A106 grade B, welded A516 grade 70, as well as cast iron. The nominal compositions and yield 
strengths of A36 and A106 grade B are similar to A516 grade 70 steel, as shown in Table 2.4-1. 

Prior to any copper coating deposition, the substrate needs to be degreased with alcohol and then 
grit blasted. Alternatively, surface preparation can be done by polishing or laser ablation. During 
the development of the process a Canablast Model M101P with an air pressure of 0.276 MPa 
(40 psi) and with an approximate blasting distance of 150 mm at 30°C was used. The blasting 
time was adjusted to ensure complete coverage. Due to the size/weight capacity of the standard 
Canablast M101P unit, grit blasting of pipe substrates was performed using a portable Canablast 
RCM-12/100PX unit. The grit blasting material and size were alumina (Al2O3) grit 24 (~ 975 µm) 
(Figure 2.4-3). In addition, an air gun was used to remove extraneous alumina particles on the grit 
blasted substrate surface.  

The PCS-1000 and PCS-800 cold spray systems from Plasma Giken Co. (Toshima-ku, Tokyo, 
Japan) were used and the in-flight particle velocity during cold spraying was measured via the 
coldspraymeter (coldspraymeter-003, Tecnar, St-Bruno, QC, Canada). 

The cold spray nozzle remains stationary while the workpiece is rotated and gradually moved in 
the axial direction in order to coat the entire gap between the electrodeposited copper on the lower 
assembly and the hemispherical head. For the coating of a 559-mm (22 inch) diameter carbon 
steel cylinder (typical of that to be used for the steel inner vessel of an NWMO canister), a rotation 
speed of 15 rpm (revolutions per minute) and a gun traverse speed of 0.25 mm/s were used (Yu 
et al. 2019). Both the 100-µm-thick bond coat using He as the accelerating gas and the subsequent 
5-mm-thick coating with N2 gas (subsequently machined to 3 mm final thickness) were achieved 
with a nozzle stand-off distance of 30 mm. 

Tab. 2.4-1: Nominal compositions and yield strengths of A36, A516 grade 70, and A106 grade B 
steels 

 

ASTM Composition 
[%] 

Yield Strength, min 
MPa 
[ksi] 

C Mn P S Si Cu 

A516 Gr. 70 0.31 0.85 – 1.20 0.035 0.04 0.15 – 0.40 - 260 (38) 

A36 0.29 0.80 – 1.20 0.04 0.05 0.15 – 0.40 0.20 220 – 250 (32 – 36) 

A106 Gr. B 0.30 0.29 – 1.06 0.025 0.025 0.10 - 240 (35) 
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Fig. 2.4-3: Alumina grit characteristics 
Left: particle size distribution, right: alumina particle morphology 

 
Figure 2.4-4 shows an illustration of the cold spray process and of the resulting microstructure of 
the deposit which helps explain some of the features of the coating method. As described above, 
copper particles are directed towards the substrate at high velocity using carrier gas of either He 
or N2. Whether a particle adheres to the surface or not depends on the impact velocity 
(Figure 2.4-5). There exists a critical velocity (which for Cu on steel is of the order of 500 m/s, 
Poirier et al. 2019) below which the particles will rebound from the surface without adhering 
(Figure 2.4-4b). At velocities greater than the critical value, particles will adhere to the surface, 
creating deformed "splats" formed by gross plastic deformation of the pellets. This energetic 
deformation process creates various types of defects and deformed grains (Fig 2.4-4c,d). On 
smooth surfaces (Fig 2.4-5a), the degree of adhesion increases with particle velocity due to 
deformation of both the particle and of the substrate (Poirier et al. 2019). At very high velocities, 
the surface is eroded as the interfacial force exceeds the tensile strength of the particles and/or 
substrate. On roughened surfaces (Fig 2.4-5b), the degree of adhesion is independent of particle 
velocity above the critical value as the particles are not sufficiently energetic to create deformation 
of the surface over and above that present initially. At higher velocities, additional surface 
roughening does occur and adhesion increases, until the erosion limit is one again attained. 
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Fig. 2.4-4: Illustration of the cold spray deposition process and of the resulting microstructure 

of the deposit  
(a) the de-Laval nozzle, (b) the impact characteristics of the copper particles, (c) the structure 
of the deposit involving splats and (d) various types of defect, (e) a comparison of the length 
scale varying from defects all the way through to the entire coating thickness 

Yu et al. (2019) 
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(a)       (b) 

Fig. 2.4-5: Schematic illustration of the effect of surface finish on the adhesion probability as a 
function of particle velocity for cold spray coatings  
(a) polished surface, (b) roughened surface 

Poirier et al. (2019) 
 
The deposition process influences the properties of the coating in a number of ways. Clearly, the 
gross plastic deformation that occurs as the splats are formed results in significant work hardening 
(cold work) of the (copper) particles and the as-deposited coating is inherently brittle. Restoration 
of the ductility of the coating therefore requires heat treatment of the coated substrate. 
Furthermore, because the coating is made up of coalesced splats, there is inevitably a certain 
degree of porosity in the deposited layer, which is of significance for the behaviour of the material 
as a barrier coating. As discussed in more detail below, the powder characteristics are also 
important in determining various properties of the coating, including the chemical composition 
and the degree of adhesion. 

Although the reference cold spray technique is currently based on the use of He as a carrier gas 
for the initial contact layer, the NWMO are investigating a laser-assisted cold spray technique 
that would eliminate the use of He. The laser is used to heat the surface prior to deposition and 
helps to promote adhesion of the coating. 

2.4.3 Feedstock powder properties 
The nature of the powder used for the cold spray deposition influences not only the deposition 
process but also a number of properties of the coating. The powder consists of a range of particle 
sizes, ranging from small fines to coarser particles (Figure 2.4-6, Figure 2.4-7). In terms of the 
coating process, finer particles can lead to clogging of the nozzle and, for this reason, Poirier et 
al. (2019) recommend a minimum particle size of 5 µm. 
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Fig. 2.4-6: Secondary electron images of four copper feedstock powders in the (A) as-received 
and (B) etched conditions  

For later reference the powders are identified by their median particle size D50 (in µm); 
powder D50-33 in images labelled (a), D50-39 in images (b), D50-55 in images (c), and 
D50-66 in images (d). 

Poirier et al. (2019) 
  

(A) 

(B)
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Fig. 2.4-7: Particle size distribution for powders from Figure 2.4-6 

Poirier et al. (2019) 
 

The particle size also affects the particle velocity and, thereby, the adhesion strength. Figure 2.4-8 
shows a simulation of the particle velocity as a function of the particle size for He and N2 process 
gases and both with and without a substrate present (Poirier et al. 2019). A He process gas results 
in a higher particle velocity because the speed of sound in He is 2.9 times higher than that in N2 
at the same temperature so that the nozzle exit velocities are correspondingly higher. Particle 
velocities are slightly higher in the absence of the substrate because they are only affected by the 
expansion of the gas as it leaves the nozzle, whereas a substrate interacts with the bow shock 
associated with the particle. In general, however, the particle velocity decreases with increasing 
particle size, as would be expected. In turn, this means that larger particles are less likely to 
adhere, which is reflected in the bond strength as a function of particle size (Figure 2.4-9). This 
then helps define an upper bound to the particle size distribution based on a minimum desired 
bond strength. In the case of the NWMO, a minimum bond strength of 60 MPa has been defined. 
Based on the data in Figure 2.4-9, this requirement defines a ninetieth percentile particle diameter 
of < 60 µm (Poirier et al. 2019). Thus, a range of particle sizes can be specified for the power 
feedstock, bounded at the low end of the range based on the avoidance of clogging of the nozzle 
by small particles and at the upper end of the range by the requirement for a sufficient bond 
strength. 

The chemical composition of the feedstock powder is also of interest as this will, in part, 
determine the composition of the deposited layer. Table 2.4-2 lists the chemical composition of 
four different copper feedstock powders investigated by the NWMO (Guerreiro et al. 2019, 2020). 
Most of the powders are relatively pure and exhibit total metal atom contents of < 100 ppm, with 
the exception of Power 1 which seems to have been contaminated by an aluminosilicate. Of more 
interest is the O content of the powder as the presence of oxygen in wrought copper alloys has 
historically been associated with a phenomenon referred to as hydrogen sickness or steam 
embrittlement when exposed to high pressure, high temperature hydrogen atmospheres (Posiva 
2021, SKB 2019). For this reason, SKB specify an oxygen content of "up to some tens of ppm" 
for OFP Cu (SKB 2010a). Because of the high surface area of the feedstock powder, the amount 
of oxygen in the form of an air-formed oxide can be high. This oxygen can then be incorporated 
into the coating due to the extreme thermo-mechanical conditions associated with deposition.  
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Fig. 2.4-8: Simulated particle velocities as a function of particle diameter for He and N2 process 

gases and with and without a substrate present 
Poirier et al. (2019) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.4-9: Bond strength as a function of particle size  

D10, D50, and D90 are the tenth, fiftieth (median), and ninetieth percentile particle diameters, 
respectively. 

Poirier et al. (2019) 
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Tab. 2.4-2: Chemical composition of four different copper feedstock powders 
Guerreiro et al. (2020) 

 

Element Chemical composition (ppm) 

Powder 1 Powder 2 Powder 3 Powder 4 

Ag 14 11 13 15 

Al 688 20 0.8 0.8 

Co 0.2 0.2 0.2 < DL 

Cr 0.5 0.3 < DL 0.2 

Fe 43 7 6 6 

In < DL < DL 11 < DL 

Mg 8 0.4 < DL < DL 

Mn 2 0.2 0.1 0.2 

Na 2 2 2 2 

Ni < DL 3 3 3 

Si 1'550 5 13 14 

Sn 7 8 35 14 

Ti 19 < DL < DL < DL 

Zn < DL 3 < DL < DL 

O 111 282 409 185 

 

2.5 Coating properties 
The coating properties should ideally be optimised to provide superior mechanical and corrosion 
performance. Microstructural factors and the chemical composition of the coating can affect the 
ductility and adhesion of the coating, as well as the resistance to various forms of corrosion, 
especially localised corrosion and environmentally assisted cracking. 

The measured coating properties can depend on the size of the specimen being coated. During the 
development stage, measurements were typically made on small-scale coupons or laboratory 
samples, and it is only more recently that measurements have been made on prototype canisters. 

2.5.1 Chemical composition 
The concentration of impurities in the copper can be important for the mechanical and, especially, 
the corrosion performance of the coating. For example, as noted above, high oxygen contents 
have been associated with a phenomenon known as "hydrogen sickness" when exposed to H2 
atmospheres at elevated temperature (SKB 2019). In addition, high absorbed H contents (typically 
associated with electrochemical charging) have been shown to affect the creep properties of 
copper and have been implicated in the stress corrosion cracking (SCC) of copper in sulfide 
environments (SKB 2019, Posiva 2021). 
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Table 2.5-1 compares the chemical composition of a cold spray copper coating and that of the 
copper feedstock from which it was formed. The impurity content is generally small, except for 
oxygen which is difficult to exclude since the precursor copper particles will inevitably have an 
air-formed oxide. 

Tab. 2.5-1: Chemical composition of cold spray powder feedstock and cold spray coating 
Tam et al. (2020) 

 

Element Cu powder feedstock Cold-spray copper coating 

Copper [wt.-%] 99.9+ 99.9+ 

Phosphorus [ppm] 10 10 

Sulfur [ppm] < 10 < 10 

Carbon [ppm] 13 12 

Hydrogen [ppm] < 10 < 10 

Oxygen [ppm] 360 280 

 
Table 2.5-2 summarises similar compositional information for electrodeposited copper coatings, 
both for the alkaline pyrophosphate coating and for the acid copper bath. Incorporation of 
elements from the plating components, (e.g., P from the pyrophosphate, C from the poly-ethylene 
glycol) is possible if the chemical components of the solution are not electrochemically stable at 
the current densities used in the coating process. Similarly, unless the deposition process is 100% 
efficient (i.e., 100% of the current passed results in the cathodic reduction of Cu ions), there is 
the possibility of the evolution of H2 accompanied by the absorption of H atoms. The discharge 
of protons is clearly more likely to occur with the acid copper chemistry than the alkaline 
pyrophosphate bath. 

As with the cold spray coating, relatively pure copper coatings can be formed by 
electrodeposition. The higher impurity contents reported by Integran (2012) in their patent are 
indicative for the two processes and are not representative of the purity of the optimised 
procedures used for the copper-coated canister application. Instead, the composition for the 
alkaline pyrophosphate bath reported by Tam et al. (2020) is considered to be typical of the high-
quality copper coatings possible with this treatment. As noted above, it is possible to control the 
concentration of the different impurities in the coating by adjusting the composition of the plating 
solution as demonstrated by the work of Hernandez-Selva et al. (2015). 
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2.5.2 Microstructure 
From a microstructural point of view, improved corrosion properties have been associated with 
smaller grain size, certain crystallographic orientations, and an increased number of so-called 
special grain boundaries (Jakupi et al. 2015, Li et al. 2017, 2020). The latter two properties, in 
particular, are reported to improve the resistance to localised corrosion, which could be important 
for thin copper corrosion coatings. Special grain boundaries are those with a low coincident-site 
lattice angle, especially Σ3 twin boundaries (Li et al. 2020). Small grain size is associated with 
more-uniform corrosion (Li et al. 2020) but, because the rate of corrosion of the canister by sulfide 
will be under transport control under repository conditions, it is not evident that a decrease in 
grain size of the coating will improve the long-term performance of the canister. 

 Tab. 2.5-2: Chemical composition of electrodeposited copper coatings 
 

Element Alkaline 
pyrophosph

ate bath 
(Integran 

2012) 

Acid copper 
bath  

 
(Integran 

2012) 

Alkaline 
pyrophosp
hate bath 

(Tam et al. 
2020) 

Acid copper bath 
(Hernandez-Selva et al. 2015) 

Additive-
free* 

Additive-
free, 

3 A/dm2 

Additive-
free,  
40 °C 

Additive A Additibe B Additive C 

Copper  
[wt.-%] 

ND ND 99.9+ ND** ND ND ND ND ND 

Phosphorus 
[ppm] 

< 50 < 50 < 10 ND ND ND ND ND ND 

Sulfur  
[ppm] 

8.8 15.6 0.3 ND ND ND < 1 10 < 1 

Carbon  
[ppm] 

121 404 16 ND ND ND ND ND ND 

Hydrogen 
[ppm] 

3 45 0.7 4.2 3.8 2.7 0.7 2.1 4.4 

Oxygen  
[ppm] 

< 50 330 4 ND ND ND 9 7 25 

*  The basic plating conditions used by Hernandez-Selva et al. (2015) were 200 g/L CuSO4⋅5H2O, 60 g/L H2SO4, 100 mg/L NaCl, 30°C, 6 A/dm2. 
**  Not determined. 

 
Tam et al. (2020) and Li et al. (2020) compared the microstructural properties of both ED and CS 
coatings in the as-deposited and annealed (350°C, 1 hr) conditions. Figure 2.5-1 shows an 
example of the microstructural characterization for an electrodeposited copper coating on a 
560-mm-diameter carbon steel substrate for a prototype NWMO container, including the grain 
orientation and grain boundary characteristics maps. Table 2.5-3 compares the grain size 
characteristics and the percentage of special grain boundaries for the two different materials, with 
and without heat treatment. Special grain boundaries are those with low Σ coincidence site lattices, 
defined by Σ ≤ 29. Control of the distribution of grain sizes is better for the ED copper. Thermal 
treatment results in a certain degree of grain growth for both materials and an improvement in the 
fraction of special grain boundaries. All of the coatings have favourable microstructural 
characteristics for localised corrosion based on the high fractions of special grain boundaries (Li 
et al. 2020). 

Cold spray coatings exhibit a certain degree of porosity and the optimisation of the deposition 
process has focussed, among other factors, on producing fully dense copper coatings (defined as 
a porosity of ≤ 0.4%) (Vo et al. 2015). Porosity decreases with increasing particle velocity, with 
the higher velocity creating greater deformation of the impinging particles. Smaller particles 
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produce higher velocities (Figure 2.4-8), which may also assist in minimising the porosity. 
Thermal treatment of deposited cold spray coatings at a temperature of 350 °C for 1 hr did not 
result in any change of porosity, although a similar treatment at 600 °C did result in an apparent 
increase in porosity due to sintering at the higher temperature (Vo et al. 2015, Giallonardo et al. 
2017b). 

Figure 2.5-2 shows the characteristic porosity of a cold spray coating on a 560-mm-diameter 
carbon steel pipe in the as-deposited and thermally treated conditions (350 °C for 1 hr) (Yu et al. 
2019). It is apparent from the total porosity (Figure 2.5-2c) and from the distribution of the 
sphericity of the pores as function of pore diameter (Figure 2.5-2d) that heat treatment under these 
conditions has relatively little effect on the pores. One interesting feature of the pore shapes is 
that the sphericity decreases with increasing pore size, so that the larger pores tend to be less-
round in shape. Larger, elliptical pores will have a higher stress intensification than smaller, round 
pores and are potentially more deleterious in terms crack initiation and growth under load. 

Tab. 2.5-3: Comparison of grain size characteristics and the fraction of special grain boundaries 
for pyrophosphate electrodeposited copper and cold spray copper coatings in the as-
deposited and heat-treated conditions 
Tam et al. (2020) 

 

 Cold-spray copper Pyrophosphate 
electrodeposited copper 

 As-deposited 350 °C, 1 hr As-deposited 350 °C, 1 hr 

Average grain size, 
equivalent diameter 
method [µm] 

N2 layer 

He layer 

4.9 ± 6.3 

2.0 ± 3.1 

2.7 ± 1.8 

3.8 ± 3.2 
2.0 ± 1.5 2.4 ± 1.5 

Median grain size [µm] N2 layer 

He layer 

1.5 

0.9 

4.5 

8.0 
1.3 3.5 

% special grain 
boundaries 

N2 layer 

He layer 

51 

41 

55 

72 
54 67 

 

  



 27 NAGRA NTB 20-01  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.5-1: Microstructural characterisation of a copper coating electrodeposited on a 560 mm 
diameter carbon steel pipe using an alkaline pyrophosphate chemistry 
The upper rows show the grain orientation maps in the radial, axial, and circumferential 
directions within the 3 mm coating layer and at the steel/copper interface. The lower rows 
show the corresponding grain boundary character maps based on the Brandon criterion for 
the characterisation of the boundary. 

Li et al. (2020) 
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Fig. 2.5-2: Effect of thermal treatment on the characteristics of the porosity in cold spray 
deposited copper  
(a) and (b) are secondary electron images of the as-sprayed and thermally treated (1 hr at 
350 °C) coatings, respectively. (c) and (d) show the measured porosity and the pore-size 
dependence of the pore sphericity (circular pore has a sphericity of 1 and elongated pores 
have a sphericity < 1)), respectively. The coating was sprayed onto a 560 mm diameter 
carbon steel pipe substrate using He as the process gas for the initial 100 µm-thick layer and 
N2 for the remaining 5 mm (subsequently machined to 3 mm). All measurements were made 
in the outer N2-gas-sprayed layer. 

Yu et al. (2019) 
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2.5.3 Mechanical properties 
Both the electrodeposited copper on the body of the canister and the cold spray layer covering the 
closure weld must remain intact and fully bonded as the canister is subject to external loads in the 
repository. The mechanical properties of interest include: the tensile properties of the coating, 
particularly the ductility; the hardness; and the adhesive bond strength (Boyle & Meguid 2015). 

Figure 2.5-3 shows a comparison of the stress-strain curves for electrodeposited copper and cold 
spray copper in the as-deposited and various heat-treated conditions. The tensile properties 
derived from the curves are summarised in Table 2.5-4. Electrodeposited copper exhibits both 
relatively high strength and excellent ductility and remains bonded to the steel substrate even 
when the arms of U-bend specimen are bent back completely (corresponding to a 180° bend). 
Cold spray copper, on the other hand, is extremely brittle in the as-deposited condition and 
exhibits a ductility of just 0.22% (black curve in Figure 2.5-3, Table 2.5-4). However, the ductility 
is significantly improved by heat treatment, with a 1-hr treatment at 350 °C sufficient to increase 
the ductility to that required for use under repository loading conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.5-3: Comparison of the stress-strain curves for electrodeposited coper and for cold spray 
copper in the as-deposited and thermally treated conditions 
Boyle & Meguid (2015) 
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Tab. 2.5-4: Summary of the tensile properties of electrodeposited and cold spray copper derived 
from the stress-strain curves in Figure 2.5-3 

 

Coating Condition 0.2% proof 
strength 

[σ0.2/MPa] 

Ultimate strength 
 

[σU/MPa] 

Elongation 
 

[ε/%] 

Pyrophosphate 
electrodeposited 

As-deposited 226 312 43 

Cold spray 

As-deposited 

350 °C, 1 hr 

400 °C, 1 hr 

600 °C, 1 hr 

- 

103 

97 

84 

171 

198 

194 

195 

0.22 

23 

26 

27 

 
A convenient measure of the ductility of the coating is the hardness. Figure 2.5-4 shows the effect 
of heat treatment at different temperatures on (a) the ductility and (b) the hardness, as well as 
(c) the correlation between the two parameters. As shown in the figure, the ductility increases and 
the hardness decreases with increasing temperature. Although there are advantages in terms of 
the mechanical properties in higher temperatures, a temperature of 350 °C is currently considered 
to produce sufficient ductility without adversely affecting the porosity of the coating (Vo et al. 
2015, Giallonardo et al. 2017b). The heat treatment would need to be optimised for individual 
canister designs. 

In addition to ensuring sufficient ductility, the strength of adhesion of the coating to the substrate 
can be directly measured in pull tests. Pull tests are typically performed either by machining a 
tensile specimen (Figure 2.5-5) or by gluing a stub to the top of the coating and then pulling on 
the stub until failure occurs (with "glue failure" occurring at about 60 – 70 MPa). Coating failures 
can be adhesive or cohesive, i.e., the failure occurs either at the coating/substrate interface or 
entirely within the coating layer, respectively. Table 2.5-5 summarises the bond strength of 
electrodeposited and cold spray copper coatings based on tensile tests with miniature tensile 
specimens. The electrodeposited coating exhibits very high bond strength in the as-deposited 
condition, as does the cold spray coating. However, heat treatment of the cold spray leads to a 
reduction in bond strength and a switch from cohesive failure to adhesive failure for a heat 
treatment temperature of 600 °C. Poirier et al. (2019) defined a bond strength of 60 MPa as a 
minimum requirement for the application of cold spray coating. 

Tab. 2.5-5: Bond strengths determined from miniature tensile specimens 
Boyle & Meguid (2015), Giallonardo et al. (2017a), Jakupi et al. (2015) 

 

Pyrophosphate electrodeposited copper Cold-spray copper coating 

330 MPa (cohesive) 

200 – 350 MPa (cohesive) 

83 MPa (cohesive) as-deposited 

61 – 124 MPa (adhesive) as-deposited 

67 MPa (cohesive) 350 °C, 1 hr 

46 MPa (adhesive) 600 °C, 1hr  
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(a) Effect of temperature on the % elongation  (b) Effect of temperature on the Vickers 

hardness 

 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Correlation between hardness and ductility 

Fig. 2.5-4: Effect of heat treatment on (a) the ductility and (b) the hardness of cold spray 
coatings and (c) the correlation between the two parameters  
Coatings were heat treated for 1 hour at the temperature indicated. 

Guerreiro et al. (2020) 
 
 
 
 
 
 
 
 
 

Fig. 2.5-5: Results of coating adhesion tests performed using miniature tensile specimens 

(A) as-deposited cold spray, (B) annealed cold spray (1 hr at 350 °C), (c) annealed cold spray 
(1 hr at 600 °C), and (D) pyrophosphate electrodeposition copper. 

Boyle & Meguid (2015) 
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For practical application of the coating technology, it is important to be able to demonstrate the 
properties of the coatings on large-scale specimens. As evidence that the mechanical properties 
of the copper coatings are also acceptable on the larger scale, the NWMO have pressure tested 
full-sized Canadian used fuel containers (approximately 2.5 m in length by 0.6 mm diameter) to 
failure (Giallonardo et al. 2017a). The coated container was hydrostatically pressure tested to 
45.2 MPa, equivalent to the maximum pressure in a Canadian DGR at the time of a future 
glaciation event with a 3-km-thick icesheet above the repository. The coating remained intact and 
exhibited no evidence of disbondment. Failure of the container occurred at 54.5 MPa. 

The feasibility of thermally treating a full-size used fuel container has also been demonstrated 
(Giallonardo et al. 2017b). Figure 2.5-6 illustrates the use of a thermal band to heat treat the cold 
spray coating over the closure weld of a prototype NWMO used fuel container. A temperature of 
470 °C was applied for 2 hrs in air and resulted in a 28% reduction in hardness, somewhat less 
than that observed for a shorter pipe sample without the hemi-head due to the greater thermal 
mass of the prototype container. Further optimisation of the heat treatment process is required 
based on specific canister designs, although the development of the laser-assisted cold spray 
process may preclude the need for post-deposition heat treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.5-6: Post-deposition treatment of a cold spray coating on an NWMO prototype used fuel 
container using a heated band  

The thermal treatment was conducted at a temperature of 470 °C in air for 2 hours. The 
container diameter is approximately 560 mm. 

Giallonardo et al. (2017b) 
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2.6 Material interfaces 
The final closure weld represents a complex intersection of the two types of copper coating and 
the steel substrate. At the "toe" of the tapered ED layer, there will be a triple intersection between 
steel, ED copper, and CS copper (Figure 2.6-1), while at the "heel" of the coated weld region 
there will be an intersection between the ED and CS coatings. These materials will have different 
microstructures because of the different thermomechanical processes used in their fabrication, 
and the steel and copper alloys will exhibit slight differences in thermal conductivity and thermal 
expansion. These differences make the coatings in the region of the closure weld of special 
interest. 

Tam et al. (2020) investigated the microstructural differences at the triple intersection between 
the steel vessel and the ED and CS coatings. The CS deposition was carried out with an initial 
pass using He as the propellant gas in order to achieve higher velocities and better adhesion, with 
the subsequent passes using N2 as the process gas. Specific attention was paid to the differences 
in grain size, orientation, and the grain boundary character distribution of the as-deposited 
coatings and following a 1-hr thermal treatment at a temperature of 350 °C (Figure 2.6-2). The 
as-deposited layers exhibit the typical microstructures observed in the individual layers, with 
small grains in the ED layer and in the smaller splat structures of the CS-He layer, and larger 
grains in the larger splats of the CS-N2 material (Figure 2.6-2). Upon heat treatment, the average 
grain size of the ED and CS-He layers increased whereas that of the CS-N2 decreased, resulting 
in a more homogeneous grain size distribution. There was also an improvement in the fraction of 
special grain boundaries, especially for the CS-He layer. The hardness of the CS layers also 
improved significantly, decreasing from a Vickers hardness of approximately 120 HV for the as-
deposited coatings to 70 HV after heat treatment. The three layers were reported, visually, to be 
well-bonded, but no adhesion studies were performed. Nevertheless, adhesion studies have not 
reported any internal failure of the CS copper coating (Jakupi et al. 2015, Poirier at al. 2019) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.6-1: Illustration of the material interfaces at the final closure weld and coating of a 
Canadian used fuel container 
(a) Interface between the steel inner vessel and ED coating on the lower assembly and hemi-
head of the container prior to the application of cold spray. The ED coating is tapered at a 
10o angle. (b) Following welding of the steel components, the weld region is overlain by an 
initial layer of CS copper sprayed using He gas. (c) The CS-He layer is then over-coated by 
a thicker CS layer deposited using N2 as the process gas. 

(Tam et al. 2020) 
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Fig. 2.6-2: Optical micrographs of the triple intersection between the steel substrate, 
electrodeposited (ED) copper, and cold spray (CS) copper layers in (a) the as-
deposited condition and (b) following thermal treatment at 350°C for 1 hr 
CS-He and CS-N2 indicate the initial CS pass using He as the propellent gas and the 
subsequent passes using N2 as the process gas. 

Tam et al. (2020) 
 

2.7 Inspection 
As for any canister design, there is a need to inspect the closure weld and cold spray overlay in 
order to identify any flaws. The NWMO are investigating a range of non-destructive examination 
(NDE) techniques in order to be able to detect various types of flaw in the copper coating 
(Liyanage et al. 2017), including larges pores, cracks, or areas of delamination. The NDE 
techniques being investigated include: 

• Phased-array ultrasonic testing (PAUT) – used to detect and size sub-surface volumetric and 
planar-type flaws (including cracks and lack of fusion). A liquid couplant is required between 
the probe and the object under inspection. 

• Time-of-flight diffraction (TOFD) – another ultrasonic technique, particularly useful for 
detecting and accurately sizing sub-surface crack-like flaws. TOFD identifies all flaws 
regardless of their orientation and has some advantage over PAUT for detecting volumetric-
type flaws. The accuracy of sizing by TOFD is typically better than for PAUT. 

• Eddy current testing – used to detect surface-breaking (and, near surface) defects, including 
cracks and gouges. 

Initial development work has been performed, with the ultimate aim of being able a detect a 
critical flaw with a probability of detection (POD) of 90% at the 95% confidence level (Liyanage 
et al. 2017). A dual approach has been used based on calculating the POD for a range of flaw 
sizes using software that simulate the capabilities of the different inspection techniques, along 
with experimental validation using artificial flaws. Artificial flaws consisted of either side-drilled 
holes (SDH) machined into the edge of a copper-coated steel specimen or flat-bottomed holes 
(FBH) of various diameter and depth machined into the surface of the coating. The SDH, 
representing sub-surface volumetric flaws, were either of various diameters (0.5 – 1.5 mm) and 
located in the centre of the coating layer or had a constant diameter (1 mm) and were located at 
various depths within the coating. The FBH were used to represent surface-breaking flaws and 
regions of delamination. SDH with diameters < 0.8 mm were challenging to detect, which was 
consistent with the simulation software that predicted a POD of 90% for a diameter of 0.71 mm. 
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Surface-breaking FBH of diameters of 1 mm and greater could be detected, which was consistent 
with the calculated POD of 90% for 1 mm holes. The consistency between measured and 
simulated POD provided validation for the inspection software. Simulated delaminations of all 
diameters tested (1.2 – 26.2 mm) could be detected by PAUT. Based on the simulation software, 
surface notches approximately greater than 0.3 mm in depth can be detected using eddy current 
testing. 

Development of the coating inspection methods continues. At some stage, the inspection sizing 
and detection capabilities will need to be compared with the critical flaw size estimated based on 
an engineering critical assessment in order to demonstrate that injurious defects can be detected 
with sufficient reliability. 

The inspection of the closure weld in the steel vessel would be performed using similar techniques 
to those proposed for the carbon steel canister design (Patel et al. 2012, Pike et al. 2010). 
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3 Canister design 

3.1 General design requirements 
With regard to the main canister structure or substrate, Nagra is evaluating a wide range of 
concepts, which are differentiated from the point of view of waste type and number as well as 
from the point of view of design, material and manufacturing method. 

Since cutting or any alteration or damage of the waste is to be avoided, the size and shape of the 
waste imposes one of the major constraints on the design of disposal canisters. As a result different 
canister designs need to be developed for SF and HLW, adapted to the size and shape of each 
waste type. Furthermore, different SF canister designs are required for PWR (4 fuel assemblies) 
and BWR fuel assemblies. Concepts containing 2 or 3 HLW flasks, and 9 or 12 BWR fuel 
assemblies are explored. While these alternative scenarios are being considered, in the remainder 
of this report it is assumed that the HLW canister contains 2 flasks and the SF-BWR canister 
contains 9 fuel assemblies. The dimensions of the different fuel assembly types and the vitrified 
HLW flasks are shown in Table 3.1-1. 

Tab. 3.1-1: Dimensions of spent fuel assembly types and vitrified high-level waste flasks 
Patel et al. (2012) 

 

 KKL BWR KKM BWR KKG PWR KKB PWR HLW 

Length [mm] 4'481 4'474 4'293 3'518 1'335 ± 2 

Width/Diameter [mm] 139 × 139 139 × 139 215 × 215 198 × 198 430 ± 2 

 
A number of additional options exist regarding the material (steel, cast iron), manufacturing 
method (forging, casting) and the form of the internal structure (basket in a tube-shaped canister, 
cylindrical canister with integral fuel channels, cylindrical canister with drilled fuel channels).  

In this chapter, as well as in the remainder of this report, the described concept is based on a 
forged carbon steel tube-shaped canister. This concept was developed based on the know-how 
acquired during the previous development of a carbon steel canister for the disposal of SF and 
HLW by Patel et al. (2012). In that study, canister requirements were developed for the specific 
concept and issues like materials selection, closure weld design, post weld stress relief, inspection, 
manufacturing, corrosion and structural performance were addressed.  

3.2 Canister design 
The general design of the copper-coated canister is a modification of the design developed for the 
carbon steel canister by Patel et al. (2012) (see Figure 3.2-1). From the point of view of the design 
of the canister body and internal structures the two concepts are identical. Their only difference 
is the wall thickness of the canister body. 

The carbon steel canister design is based on the assumption that during disposal, steel will 
undergo anoxic corrosion at a rate of 2 µm/yr. This will lead to a wall thickness loss of 2 cm after 
10'000 years, which is the target lifetime of the carbon steel canister. As a result, the carbon steel 
canister has a wall thickness of 14 cm, 2 cm of which provide the required corrosion allowance. 
The sub-structure of the copper coated canister is protected by the coating and thus does not 
corrode. As a result, a wall thickness of 12 cm is sufficient. The structural integrity of such a 
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canister is analysed in detail in Chapter 4. A consequence of the decreased wall thickness is the 
decreased shielding provided. Shielding calculations have indicated that the surface dose rate, 
even though slightly higher than the for the carbon steel canister, remains below the required 
1'000 mS/hr (Gutiérrez et al. 2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.2-1: Design of the BWR carbon steel disposal canister  
Patel et al. (2012) 

 
Important differences in the designs of the carbon steel and coper coated canisters exist at the lid, 
base and closure area. The external surface of the canister sub-structure needs to be compatible 
with the application of the copper coating as described in Chapter 2. This mainly means that 
corners and sharp edges, as was the case for the carbon steel canister with a flat lid and base, and 
handing features, are no longer possible. Based on preliminary structural analyses of different lid 
shapes, e.g. elliptical, torispherical, hemispherical (Thomson et al. 2016), a hemispherical lid and 
base was selected. As a result, the copper coated canister has an external shape similar to the one 
selected for NWMO's copper coated canister design (Figure 3.2-2). 

The wall thickness of the ends can be decreased to 5 cm, from the 16 cm that was the case in the 
SF steel canister concept, due to an increase in the structural strength resulting from the 
hemispherical shape. In addition, the redesign of the ends leads to differences in the closure weld 
design (see next Section). Other characteristics of the SF canisters, such as the internal lid and the 
basket remain unchanged. Based on the design characteristics described above, the dimensions of 
the steel sub-structure of the different canister types are shown in Table 3.2-1. For the total 
external dimensions of the canisters the thickness of the copper coating will have to be added (see 
Section 5.3).  
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Fig. 3.2-2: Photograph of a copper coated NWMO canister prototype (courtesy NWMO) 
 
 
 

Tab. 3.2-1: Preliminary approximate dimensions of the steel sub-structure of different canister 
types 

 

Canister type HLW SF-9BWR SF-PWR 

Outer Radius [cm]  34 50.5 

Inner Radius [cm]  22 38.5 

Total external length [cm] 329 567 548 

Body[tube] length [cm] 261 466 447 

Wall thickness body [cm]  12 

Wall thickness base/lid [cm] 5 

Wall thickness internal lid [cm] - 5 

Box internal dimension [cm]  - 15.9 23.5 

Box wall thickness [cm] - 1 

Box length [cm] - 454 435 

Number of boxes  - 9 4 
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3.3 Closure weld 
The development of the design of the closure weld was governed by the following conditions and 
requirements: 

• There is a wish to avoid or at least limit the need for post-weld heat treatment (PWHT) for 
mitigation of welding induced residual stresses. This is required since it has been 
demonstrated by Patel et al. (2012) that local PWHT causes the contents of the canister to be 
exposed to unacceptably high temperature. In addition, PWHT would be time consuming and 
lead to slow throughput, which would be impractical for hot cell operations. 

• Due to the presence of the copper coating, corrosion of the external surfaces is precluded and 
thus hydrogen production is virtually eliminated. As a result, no degradation of material 
properties as a result of hydrogen absorption takes place. 

Finite element analyses were employed to calculate stress intensity factors and limit loads for 
fracture analyses and plastic yielding analyses, respectively. These were used to construct 
BS 7910 (2013) failure assessment diagrams (FAD) used to perform the engineering critical 
assessment (ECA) (Bastid et al. 2015). These analyses indicated that for a canister with an outer 
diameter of 1'020 mm, a wall thickness of 120 mm and hemispherical caps with a wall thickness 
of 50 mm fabricated from ASTM A106/SA 106 Grade C steel, the preferred closure weld design 
has a radially-oriented root gap, as shown in Figure 3.3-1. These analyses also indicated that such 
a design would give acceptable ECA results assuming a partial penetration depth of s ≥ 25 mm. 
The structural integrity of such a design is discussed in Chapter 4. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.3-1: Sketch of closure weld design 
 
An evaluation of welding processes (friction and friction stir welding, tungsten inert gas and metal 
active gas arc welding, electron beam welding, laser beam welding) specific to the partial 
penetration welding requirements of s = 25 – 32 mm for the selected closure weld design shown 
above was done (Allen et al. 2016). The evaluation was done based on requirements related to the 
process itself as well as the resulting weld joint. Twenty five different selection criteria were used 
for the evaluation. Of these, sixteen are identified as being of greatest importance to Nagra's 
application, and have been assigned weights of greater than or equal to seven. These are: 
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• Technology readiness level: The TRL has been defined according to the scale proposed by 
the European Commission2. This criterion was assigned a weighting of seven. Although a 
mature TRL is important, a lower, but maturing, TRL could also ultimately prove acceptable, 
as it could be developed to maturity in the time available.  

• Automatic and remote process operation: Whether a given process can or could be carried out 
automatically (i.e. without any manual intervention) and remotely (i.e. at a distance). This 
criterion was assigned a weighting of ten, assuming that having an automatic process is 
essential to the application. 

• Process equipment for hot operation: This criterion relates to the further consideration of 
whether welding process equipment for automatic and remote operation in a radioactive 
environment is currently available or not. This criterion was assigned a weighting of seven, 
assuming that equipment developments could be carried out prior to later application. 

• Monitoring equipment for hot operation: This criterion relates to the related consideration of 
whether weld process monitoring equipment for QA/QC during (remote) operation in a 
radioactive environment is currently available or not. This criterion was assigned a weighting 
of seven, again assuming that equipment developments could be carried out prior to later 
application. 

• Equipment down time: This criterion relates to the length of any likely down time associated 
with periodic repairs of welding equipment and/or replacement of consumable items 
associated with that equipment. This criterion was assigned a weighting of eight, since 
minimising this down time is essential in order to meet production targets.  

• Suitability for 2G/PC welding position application: It is assumed that the canister axis will sit 
vertically during filling, and then remain so during the closure welding of the lid. With this 
orientation and the joint design shown in Figure 3.3-1, this requires that the given welding 
process is capable of welding the closure joint in a 2G/PC welding position. Those processes 
which cannot operate in this position would not be considered at all. Those processes which 
have difficulties in operating in this position, e.g. because of an increased propensity to weld 
defects, e.g. lack of sidewall fusion, weld metal porosity, weld profile slumping etc. would 
be assigned a lower score. As successful application in a 2G position is considered critical for 
this application, this criterion is given a weighting of ten.  

• Suitability for rotating application: The processes which can be readily rotated around a fixed 
canister would be considered preferable (and thus scored higher) to those that can only be 
used with fixed equipment and would thus require the canister to rotate (and thus scored 
lower). Avoiding canister rotation is considered desirable for the application, albeit that 
industrial manipulation equipment for rotation of large, heavy structures during welding 
operations exist. This criterion is given a weighting of eight. 

 
2 http://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-

trl_en.pdf 

http://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf
http://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf


NAGRA NTB 20-01 42  

• Application to current joint design: Processes that might not, even after some further 
development, be capable of achieving the s = 25 – 32 mm penetration depth in this joint 
design, were discounted. Those processes that are already, or may in the future be suitable, 
are assigned correspondingly higher or lower scores, respectively. As it is essential that this 
joint design can be welded by the processes selected, this criterion is assigned a weighting of 
ten. 

• Susceptibility to residual magnetism: Those processes sensitive to the residual magnetism in 
the canister body and/or lid, where that sensitivity can lead to weld defects, are assigned a 
lower score, albeit techniques exist for minimising these susceptibilities. This criterion is 
assigned a weighting of seven. 

• Process requirements for interpass cleaning: Certain multi-pass processes may require 
interpass cleaning, e.g. to remove slag deposits or oxide layers. This presents an additional 
process requiring consideration and, if carried out incorrectly, may result in weld defects, e.g. 
entrapment of slag particles or oxides. Processes requiring interpass operations are assigned 
a lower score. The high desirability of avoiding interpass cleaning leads to this criterion being 
assigned a weighting of eight. 

• Existence of relevant welding procedure qualification standards: This criterion requires that 
relevant internationally recognised standards exist for welding procedure qualification, for a 
given process being considered. Processes for which standards exist are assigned a higher 
score than those for where standards would require significant work to develop. As it is 
preferable to accept an established procedure qualification route, this criterion is assigned a 
weighting of eight. 

• Likelihood of weld defects: This criterion sets out from the assumptions stated previously 
(Bastid et al. 2015) that:  

− Automated ultrasonic inspection of welds in ferritic steel in the thickness range 
3 – 80 mm can be considered to reliably detect buried planar flaws 1.5 – 3 mm in depth 
and 10 mm in length.  

− Eddy current inspection of the same can be considered to reliably detect surface breaking 
planar defects 3 mm in depth and 15 mm in length.  

An increasing score is assigned according to whether a given process could: 

− In the worst case, typically result in flaws of or greater than this size. 

− In the next-to-worst case, typically result in flaws of a size greater than those permitted 
in the most stringent weld quality class of the corresponding ISO weld quality/weld 
workmanship standard. 

− In the best case, not result typically in any flaws of a size greater than that most stringent 
weld quality class. 

Given the strong desirability of avoiding weld defects, particularly those at or just below 
the limits of non-destructive inspection (NDI) methods, this criterion is assigned a 
weighting of ten. 



 43 NAGRA NTB 20-01  

• Propensity for weld defects in weld starts and/or stops: This criterion considers whether a 
given process has a tendency for concentrations of, or larger sized defects, on starting and/or 
stopping. An increased tendency would be assigned a lower score, as would the need to 
develop start/stop procedures to avoid this. If such procedures or strategies can already be 
proposed from previous works, this is then considered to favour the process in question being 
considered, as it is currently assumed such approaches could go on to be developed for use 
on the canister assembly (e.g. starting and/or stopping the process of off the joint line in the 
canister wall). Given the strong desirability of avoiding weld defects at the start/stop points 
this criterion is assigned a weighting of nine. 

• Requirements for joint preheating: Certain processes may require that the joint is preheated, 
so that on cooling after welding the formation of brittle, low toughness, microstructural 
constituents in either the weld metal and/or heat affected zone (HAZ) are avoided. It has been 
assumed that local joint preheating to 200 °C could be carried out, as temperatures up to 
400 °C can be tolerated by spent fuel (SF), or 450 °C by high level waste (HLW). 
Nevertheless, it is also recognised that preheating adds an additional fabrication step. A 
requirement for preheating leads to a lower score being assigned. Assuming that preheating 
could, however, be applied if essential for success of a given welding process, this criterion 
is assigned a weighting of seven. 

• Likely maximum joint zone hardness: This criterion considers the value of the maximum 
(Vickers) hardness that might occur in the joint zone during optimum processing, for a given 
process, and, in particular, if that value would exceed 250 HV. The higher in excess the value, 
the lower the score assigned. This criterion relates to the fact that the maximum joint hardness 
can be used as one simple measure of the propensity of a given weld to failure mechanisms 
such as hydrogen-induced cold cracking (HICC) or stress corrosion cracking (SCC), or other 
types of environmentally assisted cracking. It should be noted however that with the current 
copper coated design, introduction of hydrogen in to the steel, and/or corrosion of the steel, 
from the outside of the canister at least, is considered less likely than for an uncoated canister 
design. Nevertheless, this criterion is conservatively given a weighting of eight. 

• Likely residual stress state after welding: This criterion considers the likely magnitude, spatial 
distribution and nature (tensile or compressive) of residual stresses in the joint zone after 
welding. High magnitude tensile stresses at the surface of the weld zone would result in a low 
score, as in the worst case these could encourage stress corrosion cracking or other types of 
environmentally assisted cracking. Correspondingly, lower magnitude tensile stresses or 
compressive stresses over the joint zone would attract a higher score, so long as they are not 
so compressive that they result in plastic buckling of the joint, when that joint is then 
subjected to the additional compressive stresses anticipated in service. This critical criterion 
is given a weighting of ten. 

Minor criteria, which have been considered nonetheless, were assigned weights lower than 7: 

• Process filler requirements: Certain welding processes require an addition of filler to complete 
a joint, whereas others (autogenous processes) do not. The introduction of filler material into 
a weld zone can increase tolerance to fit-up and be used to favourably alter weld 
microstructure and properties, but requires additional equipment, can add its own practical 
complications and increase the risk of weld defects. In addition, this filler have to be 
introduced from outside into a hot environment. Furthermore, the adhesion of the copper  
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coating to the filler material would need to be assessed. Consequently, an autogenous process, 
if possible, would be preferred and if a given process requires filler addition, then a lower 
score is assigned to it. This criterion was assigned a weighting of three, as it is not considered 
essential that the final process selected be autogenous. 

• Process gas requirements: Similarly, certain processes, namely those involving the hot fusion 
of the joint out of vacuum, will require one or more supplies of gas shielding to prevent 
oxidation during melting and re-freezing of the weld zone. This requires a small amount of 
additional equipment and, if delivered incorrectly, can result in weld defects. In addition, this 
gas has to be introduced in to, and then extracted from, a hot environment. Consequently, a 
process that does not require gas shielding is preferable. Thus, if a given process requires gas 
shielding, then a lower score is assigned to it. This criterion was assigned a weighting of three, 
as it is not considered essential that the final process selected not require gas shielding. 

• Process service requirements: The welding equipment for certain processes can require water 
(e.g. for cooling) and/or air (e.g. also for cooling, or for protection of equipment against fume 
and spatter), in addition to electricity (which has been assumed to be supplied and not 
considered further). These fluids have to be supplied in to and extracted from a hot 
environment, albeit for the introduction of cooling water this could be carried out using one 
or more closed loop circuits. This criterion has been assigned a weighting of four. 

• Suitability of finished weld bead for post-weld inspection and coating: The ideal finished 
bead would be capable of being non-destructively inspected (after cooling), e.g. using 
ultrasonic and eddy current methods, immediately after welding. Said bead would also then, 
again ideally, be ready for copper coating. Nevertheless, the majority of joining processes 
result in some form of weld bead profile that will not be perfectly flat and may present some 
concavity and/or convexity and/or features such as ripples. Consequently, this criterion 
considers the depth or height to which those profile irregularities may be present, with a 
smoother profile being assigned a higher score. Post-weld machining presents an additional 
processing step, although it could be considered. This criterion is assigned a weighting of 
four. 

• Process requirements on joint cleanliness: Those processes sensitive to the cleanliness of the 
abutting interfaces of the end and the canister, e.g. lack of cleanliness encouraging weld 
defects, are assigned a lower score. However, as it is assumed that adequate joint cleaning 
can be carried out prior to canister closure, this criterion is assigned a weighting of four. 

• Process requirements on joint fit-up: Those processes sensitive to hi/lo mismatch or gaps 
between the abutting interfaces of the lid and the canister are assigned a lower score, that 
score decreasing as the requirements for more precise fit-up increase. However, as it is 
assumed that both the canister and its lid will be precision machined, this criterion is assigned 
a weighting of six. 

• Estimate of joint welding time: This criterion estimates the welding time per joint, for an 
outer canister diameter of 3.20 m, using the formula: 

Welding time = No. of passes required × (joint length / welding speed) 
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Assuming certain operation-related time limits will apply to closing the canister, slower 
processes are assigned a lower score. Although faster processes are considered preferable, 
this criterion has been assigned a weighting of four, since so long as the welding times are 
< 24 hr/canister, they would be considered acceptable. Note that this simple criterion ignores 
additional operations required prior to or during welding, e.g. fit up, preheating time (if 
required), interpass cleaning (if required) etc. 

• Likely joint zone strength: This criterion considers whether the weld metal and heat affected 
zone (HAZ), would be strength under- or over-matched with respect to the parent steel. Over-
matched welds would score higher. As the static loads operating on the closed canister are 
assumed to be relatively benign, this criterion is given a weighting of six. 

• Likely minimum joint zone toughness: This criterion considers the likely minimum Charpy 
impact weld zone toughness as would be measured at 20 °C, given that the service 
temperature is unlikely to ever fall below this temperature. A minimum impact toughness 
requirement of 27 J at 20 °C is assumed. Any processes not meeting this requirement would 
be assigned a low score, with that score then rising as the minimum toughness exceeded 27 J 
by a greater and greater margin. Given the fact however that service temperatures are unlikely 
to fall below 20 °C, this criterion is given a weighting of four. 

The evaluation indicated that electron beam welding is most suited to the making of closure welds 
for the canister design shown in Figure 3.3-1. As shown in Table 3.3-1, amongst the principal 
reason for the selection of EB welding are the maturity and simplicity of the process. However, 
EB welding requires a vacuum atmosphere to operate, and whilst the vacuum engineering 
required to achieve the operating pressure necessary is very simple, this requirement could still 
be construed as a major disadvantage. Conversely, operation in vacuum does eliminate the gas 
shielding requirement and provides fume control. 
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Tab. 3.3-1: Outcome of the evaluation of EB as welding method for the closure weld design of 
copper coated disposal canisters shown in Figure 3.3-1 

 

Criterion Weight Details Score 

TRL 7 EB welding for this application can be considered to be TRL6/7. 
The process has been already deployed in a simulated hot cell, 
for application to closure welding of high level waste canisters 
in 50 mm wall thickness copper at SKB in Sweden (Figure 2-6), 
and procedures have been qualified for EB welding similar 
structures in C steel in 55 and 80 mm wall thickness. 

9 

Automatic and 
remote 
operation 

10 EB welding is generally operated remotely with a degree of 
automatic operation due to the nature of the process generating 
lethal high energy X-rays during welding. 

9 

Welding 
equipment for 
hot operation 

7 EB generation equipment inherently has some resistance to high 
energy X-rays. Systems have been designed and manufactured 
for use in environments where higher energy radiation flux is 
present, and successfully deployed through the careful selection 
of radiation hard materials and electronics. It is possible to 
largely isolate the control system from the welding 
environment, through the use of fibre optics and local I/O. 

9 

Monitoring 
equipment for 
hot operation 

7 Typically, monitoring of the EB welding process involves real-
time measurement and control of all of the key electrical 
parameters. Real-time weld pool imaging and joint detection 
and tracking can be achieved through back scattered electron 
imaging or viewing with reflected light. 

8 

Down time 8 EB welding equipment may require a change in the primary 
cathode to maintain process reliability over a welding campaign. 
Typically for tungsten filament cathodes these changes are 
required after 6-12 hrs of beam-on time (i.e. after 
~ 50 canisters), after which some performance changes may be 
observed. Recent developments in cathode materials and 
electron gun design have led to much longer cathode lifetimes 
and the need to change the cathode has been subsequently 
increased to hundreds of hours of beam-on time. The system 
proposed for use in this application would be engineered to have 
minimal maintenance requirements, and quick change 
components. Of the order of 30 min of maintenance in 24 hrs of 
continuous operation has already been demonstrated. 

8 

2G application 10 The preferred welding position for EB welding is the 2G 
position. In the thickness of material under consideration, a 
good weld appearance and cap profile can be achieved in this 
position, with little risk of weld profile "drop out". Example 2G 
weld profiles are shown in Figure 2-7. 

10 

Rotating 
application 

8 The EB process can be applied either to a fixed canister or by 
rotating the welding head/system. Examples of each have been 
demonstrated in practice in similar component geometries. An 
example of a rotating head system is shown in Figure 2-8. 

10 

Joint design 
application 

10 The joint design currently being considered can be readily 
accommodated by autogenous EB welding in the 2G welding 
position. The weld depth required is approximately one tenth of 
the maximum achievable in one pass. A cross-section through a 
relevant weld is shown in Figure 2-9. 

10 
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Tab. 3.3-1: Cont. 
 

Criterion Weight Details Score 

Susceptibility 
to residual 
magnetism 

7 EB welding is sensitive to residual magnetism, which can result 
in beam deflection, so low levels (< 5 gauss) are preferred. 

7 

Interpass 
cleaning 
requirements 

8 Inter-pass cleaning is not required. 10 

Qualification 
standards 

8 EB welding procedures can be qualified in accordance with a 
number existing national standards including RCCM-R, ASME, 
EN ISO and CODAP. 

9 

Weld defects 10 In fully automatic, weld defects are influenced by the reliability 
of the machine operation, procedure tolerance, parameter 
stability, material consistency and joint fit up and alignment. 
With adequate controls in place, defect rates should be low. 
However, if unplanned departures from procedures occur, it is 
possible to make large through thickness defects with EB 
welding. Defects such as missed joints, porosity and cracking 
can occur, as well as full depth, large cavity formation (due to 
beam switch off). These are readily detectable by in-process 
monitoring, so are unlikely to escape detection. Otherwise, 
flaws can occur which are typical in fusion welding and are 
detectable by the UT and surface flaw detection methods 
proposed. Notably, lack of sidewall or inter-run fusion flaws are 
not possible, and tool/electrode degradation products cannot be 
introduced. 

7 

Start/stop 
defects 

9 It is recognised that the weld termination or overlap and slope-
down region can be a problematic area for power beam welding. 
However, following several decades of research in the thickness 
range and materials under discussion here, it is practical to 
eliminate the formation of significant weld flaws in this region, 
by appropriate ramping up and down of the beam current in the 
weld start and stop regions, respectively. An example of a cross-
section through a beam current ramp down region is shown in 
Figure 2-10. 

9 

Joint 
preheating 
requirements 

7 If steel of an appropriate composition is procured, ie. with some 
additional controls on carbon and alloy content within the 
specification range, it is possible to perform EB welding 
without preheat. As the process is performed in vacuum (which 
boils off any moisture and eliminates any process sources of 
hydrogen) preheat is not generally used with EB welding. It has 
been demonstrated in similar strength C-Mn steel to that 
specified that hardness levels < 248 HV can be achieved in the 
as-welded condition without preheating. However, if the 
application requirement is for a low hardness level in a steel 
supplied at the high end of the carbon content specified, then 
preheat can be beneficial in limiting weld zone hardness and the 
magnitude of residual stresses on cooling. It is possible to apply 
preheat through the use of a defocussed beam. 

10 
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Tab. 3.3-1: Cont. 
 

Criterion Weight Details Score 

Joint hardness 8 As discussed above, the level of hardness in the as-welded 
condition is largely a function of the steel chemistry. By 
limiting carbon and alloy content, it is feasible and has been 
demonstrated to be achievable to produce EB welds with 
hardness levels consistently < 248 HV in the as-welded 
condition. However, with steel supplied up to the composition 
maxima stated for ASTM A266 Grade C, this hardness level 
would only be achievable through the use of preheat. 

9 

Post-weld 
residual stress 
state 

10 Most fusion welding processes will result in the development of 
yield magnitude residual stresses, particularly in the hoop 
direction. This is also the case for EB welding, but in contrast to 
circumferential welds produced using arc welding processes, the 
highest stresses tend to be buried. Stress levels peak close to the 
weld mid-depth, and are slightly lower towards the weld cap. 
The use of preheating can further reduce the magnitude of these 
peak stresses. 

6 

Filler 
requirements 

3 EB is an autogenous process and no filler is required 10 

Gas 
requirements 

3 Process gas is not necessary for EB welding, but EB welding 
does require a vacuum environment to minimise beam 
scattering. Typically, a vacuum pressure of between 0.0001 and 
0.01 mbar is employed. Recently, it has been demonstrated that 
reliable thick section welding can be readily performed at so  
called reduced pressure, in the regime 0.1 –10 mbar. In this 
case, a small amount of gas (0.2 l/min) may be required, but is 
not essential. Recent work has shown that a vacuum 
environment can be readily generated locally, particularly at 
reduced pressure, which improves process reliability and 
minimises pump down time. 

9 

Service 
requirements 

4 EB welding systems typically require a three phase electricity 
supply, a modest amount of chilled water, and compressed air. 
For the weld cycle time envisaged, it is probable that the need 
for air and water in the process chamber could be dispensed 
with, to simplify operation. 

7 

Weld bead 
finish 

4 In material of this thickness, the as-welded cap bead appearance 
would need to be smoothed to maximise the probability of 
detection of surface or near surface flaws, using the weld 
inspection methods proposed. It is possible to apply a cap bead 
smoothing, or cosmetic, welding pass, using a defocused EB if 
required. Ideally, however, a post-weld machining operation 
would be preferable, prior to inspection and coating. 

7 

Joint 
cleanliness 
requirements 

4 The process is intolerant to the presence of significant amounts 
of volatile materials on the joint faces. Ideally, the joint faces 
should generally be free from grease, paint or solvents which 
leave a residue. Any water present is likely to be evaporated on 
evacuation of the process chamber. Small amounts of oxide, 
metallic dust etc, can also be tolerated.  

5 
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Tab. 3.3-1: Cont. 
 

Criterion Weight Details Score 

Joint fit-up 
requirements 

6 The process can tolerate a high (> 10%) hi-lo joint mismatch, 
but would generally require square butting joint faces to fit up 
with a gap not exceeding 0.5 mm, at this joint depth. 

6 

Joint welding 
time estimate 

4 Assuming a weld length of 3.2 m, the joint could be completed 
in less than 10 minutes. This also assumes a welding speed of 
500 mm/min, with time allowed as well for seam finding and 
EB tacking, before circumferential welding. 

10 

Joint strength 6 In plain C or C-Mn steels, EB weld metal and HAZ are 
generally overmatched in strength to the base material. 

10 

Joint 
toughness 

4 It is recognised that EB welding of plain C and C-Mn steels 
does not generally promote high sub-zero toughness properties. 
However, on the assumption that a minimum impact toughness 
requirement of 27 J at 20 °C is required, it is realistic that this 
level of toughness is achievable in the as-welded condition for 
EB welds in steel of this type. 

7 
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4 Structural performance  

4.1 In situ canister loading conditions  
The loading conditions imposed on the SF and HLW disposal canisters when situated within the 
repository forming the basis for the analysis cases, are described in this section.  

Depending on the siting region, a repository for SF and HLW may be at a depth of 500 to 900 m. 
The expected stresses for the different siting regions and depths are shown in Table 4.1-1.  

Tab. 4.1-1: Current reference repository depths and expected in situ stresses for the candidate 
siting regions 
Nagra (2014) 

 

Siting region Depth 
 

[m] 

Vertical stress 
 

[MPa] 

Min horizontal 
stress  
[MPa] 

Max horizontal 
stress 
[MPa] 

JO 510 12.5 11.9 16.0 

ZNO 600 14.7 14.0 19.8 

NL ref 850 20.8 19.8 26.7 

NL max 900 22.1 21.0 28.3 

 
After emplacement, the canisters will be surrounded by compacted bentonite with a non-uniform 
swelling pressure, which can vary axially and radially depending on the bentonite emplacement 
density.  

A soil mechanics model for bentonite and a rock mechanics model for Opalinus Clay were used 
to gain insights into possible evolution of the stress in the rock-bentonite-canister system. The 
behaviours represent limiting cases and the real situation may be intermediate. Nonetheless, as 
the purpose is to identify possible maximum stresses and stress ratios, the approach is considered 
pragmatic.  

The models were used to estimate possible loads on the canister based on worst case drift 
orientation (emplacement drifts aligned perpendicular to σmax). In these models the Opalinus Clay 
rock is stiffer than the bentonite. The models are used to calculate convergence of the rock, 
swelling of the bentonite and stress transfer to the bentonite and canister. The calculations are 
illustrative and were performed only for a repository depth of 400 m. An example case for 400 m 
depth was calculated (σmax = 12.5 MPa, σv = 9 MPa) using data for a bentonite with a swelling 
pressure of 8 MPa. Convergence of the rock before the bentonite swells transfers a small load 
onto the canister (~ 1.8 MPa vertical and ~ 1.6 MPa horizontal).  

In the subsequent period of saturation of the bentonite (about 100 years, according to hydraulic 
calculations by Senger & Ewing 2008), the full swelling pressure would develop in the bentonite. 
In such a condition, if the rock remains stiff and acts as a stress buffer, the stress at the 
canister/bentonite interface would be isotropic and equal to the sum of the swelling pressure and 
the hydrostatic stress, despite the higher stresses in the rock. This is similar to the situation in a 
repository in crystalline rock. In essence the much stiffer rock carries the stress.  
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In order to test this result, a calculation was performed of the stress change transmitted to the 
canister when the vertical stress was reduced by 2.41 MPa. In this case, the stress at the canister 
surface is reduced by 0.15 MPa (about 6%), i.e. very little of the rock stress change is transmitted 
to the canister. It can be inferred from this that for a depth of 900 m and anisotropic stresses in 
the rock (σmax = 29 MPa and σv = 22 MPa) and a swelling pressure of 4 MPa, the expected stress 
on the canister is isotropic and is approximately equal to the bentonite swelling pressure of 4 MPa 
plus the hydrostatic pressure of 9 MPa.  

The analysis is, however, based on a constitutive model for the rock that has intrinsic uncertainties 
that are difficult to quantify. It is possible to calculate a worst reasonable case stress scenario, in 
which the emplacement drifts are aligned with σmax and the bentonite is considered to have the 
same mechanical properties as the rock (no stress buffering by the rock). In this case at a depth of 
900 m the stress on the canister would be isotropic and equal to 22 MPa. If the drifts are instead 
aligned perpendicular to σmax and if the bentonite has the same mechanical properties of the rock, 
i.e. the bentonite retains no plasticity and is unable to homogenize the stresses, the loading would 
be 29 MPa (horizontal) and 22 MPa (vertical). The structural analyses performed on the disposal 
canisters when located within the repository are largely based on this extreme bounding case 
stress scenario. It is worth noting that the anisotropic stresses in the rock reflect effects of slow 
rock deformation (alpine uplift).  

Based on insights from the modelling calculations, the possible evolutions of the stress condition 
on the canister are illustrated in Figure 4.1-1 for a repository at a maximum depth of 900 m. The 
situation can be briefly summarized in a time-dependent context as follows:  

• Rapid initial drift convergence (prior to saturation): ~ 2 MPa vertical and ~ 1.8 MPa 
horizontal if drifts are aligned perpendicular to σmax (black line in Figure 4.1-1).  

• Full stress buffering by stiff rock: The full buffer swelling pressure of 4 MPa develops as 
result of hydration after about 100 years and the stress on the canister gradually increases by 
an additional 9 MPa (orange line in Figure 4.1-1) leading to an approximately isotropic stress 
of 13 MPa after complete recovery of hydrostatic pressure (orange diamond in Figure 4.1-1).  

• Gradual deformation of the rock and compaction of bentonite: The rock deforms gradually 
(time frame uncertain) and compacts the bentonite (red line in Figure 4.1-1). Because it 
should be possible to align the drifts with σmax and because the bentonite is expected to remain 
more plastic than the rock, the resultant stress on the canister of 22 MPa is expected to be 
isotropic (lower red diamond in Figure 4.1-1). This represents the maximum expected stress 
case.  

• Gradual deformation of rock, drifts aligned perpendicular to σmax and the bentonite is equally 
as stiff as the rock: The resultant stress is 29 MPa (horizontal) and 22 MPa (vertical). This 
represents the extreme bounding stress case (both red diamonds in Figure 4.1-1). The time 
dependency of deformation of the rock is at present not possible to quantify. 
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Fig. 4.1-1: Possible evolution of stresses experienced by a canister inside a bentonite barrier in 
a repository in Opalinus Clay at 900 m 
The two stress evolution paths represent two alternative possibilities, depending on the 
mechanical properties of the rock. The maximum conceivable stress at 900 m is 29 MPa 
horizontal and 22 MPa vertical. 

 

4.2 Sub-structure 
The structural strength of the copper coated canister has been assessed by a wide range of stress 
analyses (Holdsworth et al. 2014, Bastid et al. 2015, Thompson et al. 2016). A summary of the 
work of Bastid et al. (2015) is presented here.  

4.2.1 Model 
For the stress analyses, the overall dimensions of the canister were similar to those shown in 
Table 3.2-1 for a SF canister: an outer diameter of 1'020 mm, a wall thickness of 120 mm, and a 
wall thickness of the hemispherical caps of 50 mm. The geometry of the closure weld joint had a 
root gap in the radial dimension with a thickness of 1 mm (Figure 3.3-1) and a weld depth of 
25 mm. The effect of different material and loading conditions was investigated. One of these 
conditions assumed that a welding defect was present in the HAZ of the root pass. The defect was 
assumed to be semi-elliptical, 3 mm in depth and 10 mm in length. This was chosen to be close 
to the limit of reliable detection and sizing, considering the depth and orientation. In addition, the 
selected orientation is most severe as the local shear stress in this region develops the maximum 
tensile principal stress. Also, being located in the as-welded HAZ it would be most critical due to 
the assumed level of fracture toughness being lowest in this region, leading to an overall 
conservative assessment. Figure 4.2-1 shows the geometry and position of the assumed defect. In 
another case, the weld was defined in the geometry to allow assignment of different material 
properties.  
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sition and 

Fig. 4.2-1: Position and geometry of the assumed semi-elliptical defect in the HAZ near the 
root, for the case where the effect of this defect on the position of the assessment 
points was investigated 

 
The geometry was meshed with hexahedral elements, with quadratic interpolation and reduced 
integration. The elements' size was of the order of 10 mm in the thickness direction and up to 
100 mm in the direction of the canister's axis. A specific part instance was defined in the region 
of the crack tip, so that it could be meshed with finer elements independently. The elements' size 
at the crack tip was 0.25 mm. Figure 4.2-2 shows the mesh of the model analysed. This figure 
also shows the mesh used for the analysis of the model where the yield stress of the weld metal 
was assumed to overmatch that of the parent. 

The steel grade chosen by Nagra for manufacturing the canister is A106 Gr. C. From ASME II, 
Part D, Table Y1 (ASME 2013), the yield stress and ultimate tensile stress (UTS) at room 
temperature for this material are 276 MPa and 483 MPa respectively. The Young's modulus and 
Poisson's ratio are 207 GPa and 0.3 respectively. The models analysed for the calculation of the 
stress intensity factor (SIF) caused by the primary design load or the residual stress from welding 
assumed that the behaviour was linear elastic. The models analysed for the prediction of the 
plastic yielding load assumed that the behaviour was elastic – perfectly plastic. 

The UTS value given above, combined with the yield stress value, was used for the calculation 
of the failure assessment diagram (FAD) curves. In terms of fracture toughness the value assumed 
for the FAD was 80 MPa√m. This represents a conservative lower bound value for an HAZ in the 
as-welded condition. The base material specification requires a minimum of ~ 100 MPa√m. One 
case assumed the weld metal to be overmatched, with the yield stress in the weld section increased 
to 331 MPa (20% higher than the parent). 
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Fig. 4.2-2: Mesh of canister with a radially oriented, 1 mm thick, root gap 
 

4.2.2 Loading and residual stress 
At the outer surface of the cylindrical part of the canister, an anisotropic design pressure 
distribution was assumed, where the external swelling pressure was 22 MPa on the vertical axis Y, 
and 29 MPa on the horizontal axis X, based on previous work (Patel et al. 2012). The angular 
variation of pressure followed the sinusoidal function below, where 𝜃𝜃 is the angle measured from 
the horizontal axis: 
 

𝑝𝑝 = 29+22
2

+ 29−22
2

cos(2𝜃𝜃)  
 

At the outer surface of the hemispherical caps, the minimum and maximum pressure values (22 
and 29 in the equation above) varied linearly with the axis position Z from 22 MPa and 29 MPa 
at the edge between the cylindrical body and the cap to 25.5 MPa at the pole of the cap. In the 
models analysed for the estimate of the plastic yielding load, the primary load was increased 
gradually and proportionally to a maximum equal to two or three times the design load, depending 
on the weld penetration. 

Furthermore, the model was analysed assuming an isotropic pressure equal to 22 MPa applied to 
the outer surface of the canister and cap. 
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The effects of residual stress on the SIF at the tip of the root gap and on the plastic yielding load 
were determined by applying to the crack faces a pressure equal to the yield stress of the parent 
material (276 MPa). The width 𝑧𝑧o of the surface where the yield stress was applied was 7.3 mm, 
as recommended by BS 7910 Annex Q (BS 7910 2013) as shown in Figure 4.2-3. 

Note that because the direction normal to faces of the gap was transverse to the weld direction, 
the residual stress assumed was that of the parent material, even when the yield stress of the weld 
was overmatching. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2-3: Surface defined for application of yield magnitude pressure 
 

4.2.3 Results from finite element analyses 
Figures 4.2-4 and 4.2-5 show the stress distribution at the plane corresponding to the 0º angular 
position (horizontal plane) for anisotropic and uniform pressure respectively. Figure 4.2-6 shows 
the stress distribution when a defect is present at the root and the pressure is anisotropic. Each 
figure shows the stress in the direction normal to the gap (axial direction) and the shear stress. An 
additional stress contour plot is shown in Figure 4.2-6 because the radial stress may contribute to 
the crack tip loading due to the orientation of the defect. The figures show that the stress in the 
direction normal to the gap faces is compressive, so that shear may have the most significant 
effect on the crack driving force. 
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Fig. 4.2-4: Predicted stress in horizontal plane at anisotropic design pressure (22 – 29 MPa) 
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Fig. 4.2-5: Predicted stress in horizontal plane at isotropic design pressure (22 MPa) 
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Fig. 4.2-6: Predicted stress in horizontal plane at anisotropic design pressure (22 – 29 MPa) 
assuming a welding defect in the HAZ of the root pass 
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Figure 4.2-7 shows the stress in the radial direction and the shear stress caused by the pressure 
applied to the gap faces to estimate the effect of residuals stress. The shear stress is negligible 
compared with the tensile crack opening stress.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2-7: Stress distribution in horizontal plane when a yield magnitude pressure was applied 
at the root faces to estimate the effect of residual stress 
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Figure 4.2-8 shows the Von Mises stress distribution when plastic yielding of a ligament between 
the tip of the root gap and the outer surface is obtained, for the case where the pressure was 
anisotropic. Figure 4.2-9 shows the Von Mises stress at yielding load when the swelling pressure 
was isotropic and equal to 22 MPa. In these models, the plastic yielding load was calculated either 
from primary loading only, or from primary loading after the residual stress was applied. 
Figure 4.2-10 shows yielding originating from the defect tip when the design pressure is applied. 
Figure 4.2-11 shows the Von Mises contour plot at plastic yielding load when the weld metal is 
assumed to be overmatching.  

 
 
 Primary load only 
 
 Load factor 1.425 
 (compared to  
 design load) 
 
 
 Ligaments between
 crack and outer 
 surface is at yield 
 
 
 
 
 
 

Residual stress and  
primary load 

 
Load factor 1.625 
(compared to 
design load) 

 
 
 
 
 

 
 
 
 
 

Fig. 4.2-8: Von Mises stress at ligament between the root tip and outer surface at plastic yielding 
load assuming an anisotropic pressure (22 – 29 MPa) 

 
  



NAGRA NTB 20-01 62  

 Primary load only 
 

Load factor 1.077 
(compared to 
design load) 

 
 

Ligaments between 
crack and outer 
surface is at yield 

 
 
 
 
 
 

Residual stress and 
primary load 

 
Load factor 1.362 
(compared to 
design load) 

 
 
 
 
 
 
 
 
 
 

Fig. 4.2-9: Von Mises stress at ligament between the root tip and outer surface at plastic yielding 
load assuming an isotropic pressure (22 MPa) 
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 Primary load only 
 

Load factor 1.07 
(compared to 
design load) 

 
 

Ligament between 
crack and outer 
surface is at yield 

 
 
 
 
 
 

 
 
 

Fig. 4.2-10: Von Mises stress at ligament between the defect tip and outer surface at plastic 
yielding load assuming an anisotropic pressure (22 – 29 MPa) 
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 Primary load only 
 

Load factor 1.10 
 
 
 
 
 
 
 
 
 
 
 
 

Residual stress and 
primary load only 

 
Load factor 1.35 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2-11: Von Mises stress at ligament between the root tip and outer surface at plastic yielding 
load assuming overmatching weld properties and an anisotropic pressure 
(22 – 29 MPa) 
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Figure 4.2-12 shows the FADs for the 25 mm penetration weld, with and without the residual 
stress from welding for both the anisotropic and isotropic pressure cases. Finally, Figure 4.2-13 
shows the diagram determined in the case where the defect is present at the weld root, under 
primary load. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.2-12: FAD for isotropic and anisotropic external pressure without (top) and with (bottom) 

residual stress 
The numbers on the curves of assessment points refer to the load factor compared to the 
design load. 
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Fig. 4.2-13: FAD determined for the weld defect near radially oriented root assuming an 
anisotropic external pressure (22 – 29 MPa) without (top) and with (bottom) residual 
stress 
The numbers on the curves of assessment points refer to the load factor compared to the 
design load. 

 
The FADs demonstrate the acceptability of the design with a weld penetration of 25 mm. 
Reducing the weld penetration is usually beneficial, as residual stresses from welding are lower 
and post-weld heat-treatment (PWHT) is not needed. It was demonstrated (Patel et al. 2012) that 
for a 14 cm full penetration weld this stress relief procedure may cause overheating of the waste 
stored in the canister because of the high heat input necessary to reach the required temperature 
(around 600 ºC) in the region of the weld. 

A consequence of the weld root being loaded in compression is the improved ability to resist the 
plastic yielding obtained when the residual stress from welding is taken into account. The residual 
stress assumed was of yield magnitude, in accordance with recommendations from BS 7910 
(2013). It is worth noting that this recommendation, which is given for obtaining a more 
conservative assessment in the case of welds whose loading is tensile, may not be valid in the 
cases investigated here, where the loading causes the SIF for Mode I to be compressive.  
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The residual stress normal to the crack faces is in the direction transverse to the weld and the yield 
stress magnitude assumed is appropriate. Because the compressive SIF value from the primary 
load is very high, adding the tensile SIF caused by the residual stress results in the root tip loading 
to become compressive. However, residual stress has an effect in the predicted plastic yielding 
load. The crack tip load caused by the residual stress is tensile and delays the compressive yielding 
of the ligament, so that the predicted plastic yielding load is increased by 25% to 30% depending 
on the cases investigated. Because the loading is compressive, accounting for yield magnitude 
residual stress is not conservative. A better estimate of the load causing plastic buckling of the 
ligament could be obtained from FEA of the welding process and residual stress measurements. 
While this estimate is not available, the assessment would be more conservative if the residual 
stress is omitted. 

Assuming the swelling pressure to be isotropic and equal to 22 MPa increases the safety margin 
from 1.5 to 1.9, without residual stress, and from 1.8 to about 2.4, with residual stresses.  

As the fracture analyses are linear elastic, and the residual stress acting in the transverse direction 
of the weld is assumed to be equal to the yield stress of the parent metal, the elastic fracture 
analysis results are the same as for the case where the weld was not specifically modelled. The 
only difference in the ECA comes from the elastic perfectly plastic analyses performed to 
determine the limit load for localised buckling. However, these analyses, with or without 
accounting for the residual stress, gave limit load values similar to those obtained when the yield 
stress of the weld was assumed to be identical to that of the parent. Therefore, the overmatching 
weld properties do not affect the ECA results. 

The case investigated where a welding defect was assumed shows a significant difference in the 
ECA results. When comparing the case without defect, for the 22 MPa – 29 MPa swelling 
pressure, the safety margin decreases from 1.5 to 1.2. Similarly, the safety factor calculated 
including residual stress would decrease from 1.8 to 1.4 when the defect is assumed. Because the 
defect was assumed to be in the HAZ, its orientation was about 45º from the axis of the canister. 
The effect of the compressive loading of the crack tip is therefore lower, and shear contributes 
more to fracture. The limit load for localised buckling is not affected by the presence of the flaw, 
but failure by fracture is more significant. Overall, the structural assessment demonstrates that 
even with a significant defect in the weld, and given the conservative loading conditions used, 
such a canister is still suitable with an important safety margin. 

4.3 Coating 
Although the coating is not load-bearing, there will be stress in the copper layer as a consequence 
of the fact that it is bonded to the underlying steel substrate which is under load. A consequence 
of that bond is that the strain in the copper layer at the interface is the same as that on the outer 
surface of the steel vessel, although the respective stresses will be different because the Young's 
modulus of the two materials are not the same. The stress developed in the copper will impact the 
susceptibility of the coating to environmentally assisted cracking. However, since there is no gap 
between the copper and steel, as there is for the KBS-3 canister design, the copper coating will 
not be subject to creep deformation. 

Here, an assessment of the stresses in the coating is carried out for two specific external loading 
conditions; one characteristic of the early evolution of the repository environment, when 
asymmetric buffer swelling pressures are possible, and the other characteristic of the long term 
conditions, when there is the possibility of asymmetric lithostatic loads from the host rock. The 
spatial variation in the loads for the short-term and long-term loading cases are illustrated in 
Fig. 4.3-1. For the short-term case, the external pressure is assumed to vary sinusoidally along the 
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length and around the circumference of the canister, with minimum and maximum loads of 3 MPa 
and 6 MPa, respectively. It should be emphasised that this pressure difference represents an 
unrealistically conservative situation, because the variation in buffer compaction density required 
to produce such a range in swelling pressure would never be encountered in the repository. The 
long-term loading scenario is based on the assumption of a sinusoidally varying pressure around 
the circumference of the canister, with minimum and maximum loads of 22 MPa and 29 MPa, 
respectively. This loading case is the same as that considered when describing the stresses in the 
steel sub-structure in the previous section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.3-1: Schematic representations of the assumed pressure distributions for the short-term 
and long-term loading cases 

 
In order to estimate the stresses in the copper coating from the stresses and strains on the surface 
of the sub-structure, the following assumptions are made: 

• The material behaviour of both the carbon steel sub-structure and copper coating can be 
treated as linear-elastic. 

• The copper coating provides no significant strength over and above the resistance from the 
steel sub-structure. 

• The stress in the coating does not vary through the thickness. 



 69 NAGRA NTB 20-01  

• The coating is thin enough that the stress is uniform in the radial direction and is equal to the 
stress on the steel surface at the coating/substrate interface. 

• There is continuity of the strains in the axial and circumferential directions at the interface 
between the sub-structure and the coating. 

Based on these assumptions, the radial (suffix 1), circumferential (suffix 2), and axial (suffix 3) 
stresses σ in the coating can be estimated from: 
 

C S
11 11σ = σ  (4.3-1) 

 

C S S S S S
22 22 33 11 22 33(2 ) ( ( ))

2
λ

σ = µ + λ ε + λε + σ − λ ε + ε
µ + λ

 (4.3-2) 

 

C S S S S S
33 33 22 11 22 33(2 ) ( ( ))

2
λ

σ = µ + λ ε + λε + σ − λ ε + ε
µ + λ

 (4.3-3) 

 

where ε is the strain, λ and µ are the Lamé's coefficients for the copper coating, and the indices S 
and C indicate the steel and copper, respectively. For the current purposes, the Young's modulus 
and Poisson's ratio of the coating were assumed to have values of 115 GPa and 0.36, respectively, 
the former being consistent with the 0.2% proof stress for electrodeposited Cu given in 
Table 2.5-4. 

Surface stresses on the steel substructure were determined using FEM analysis of a quarter-scale 
representation of the canister. Five different sets (paths) of surface stresses were abstracted from 
the results, as indicated in Figure 4.3-2. Because the short-term loading scenario involves a 
bending component (due to the axial variation in load), Paths 2 and 4 produce different levels of 
stress. Paths 2/4 and 3 produce different stress levels because both loading scenarios have a 
circumferentially varying component. Finally, Paths 1 and 5 differ because of the effect of the 
hemispherical head on the latter. 

The results of the analyses are shown in terms of the radial, hoop, and axial stress components for 
each of the five paths in Figure 4.3-3 (for the short-term loading case) and Figure 4.3-4 (for the 
long-term loading case). For the long-term loading scenario, the stresses in the copper coating are 
universally compressive for all paths, ranging from 6 MPa to as high as 125 MPa. The radial 
stress is relatively constant, varying only between 20 MPa and 30 MPa for the different paths. 
However, there are larger variations in the hoop and axial stresses for the different paths 
(Figure 4.3-4). Tensile stresses are only predicted in the coating for the unrealistically 
conservative short-term loading scenario, and then only in the axial direction for Paths 1 and 2 
due to the bending produced by the simulation of the asymmetric buffer swelling. The maximum 
tensile stress in the coating is predicted to be 15 MPa (Figure 4.3-3(a), (b)). For all other paths 
and for the radial and hoop directions for Paths 1 and 2, the stress in the coating is compressive. 

The maximum tensile stress at the coating/steel interface of 15 MPa is significantly below the 
bond strengths for both electrodeposited and cold spray copper in Table 2.5-5, which range from 
330 MPa (for electrodeposited copper) to 67 MPa (for cold spray copper with a 1 hr thermal 
treatment at 350 °C). This suggests that it is unlikely that the coating will disbond under either 
loading scenario. 
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Fig. 4.3-2: Definition of surface profiles (paths) along which the stresses in the steel 
substructure were determined from FEM structural analysis 
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(a) Mid-height circumferential (b) Far-side axial 

 
 
 
 
 
 
 
 
 
(c) Top axial (d) Near-side axial 

 
 
 
 
 
 
 
 
 
 (e) Weld region circumferential 

Fig. 4.3-3: Predicted stresses in copper coating for the five pathways indicated in Figure 4.3-2 
for the short-term loading case 
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(a) Mid-height circumferential (b) Far-side axial 

  
 
 
 
 
 
 
 
 
(c) Top axial (d) Near-side axial 

 
 
 
 
 
 
 
 
 
 (e) Weld region circumferential 

Fig. 4.3-4: Predicted stresses in copper coating for the five pathways indicated in Figure 4.3-2 
for the long-term loading case 
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5 Corrosion performance 
 
A great deal has been learned about the corrosion behaviour of copper under expected repository 
conditions over the past 30 – 40 years (King et al. 2010, Posiva 2021). Although copper exhibits 
excellent corrosion properties, the use of a reduced wall thickness (compared with the 50-mm-
thick copper shell of the KBS-3 canister design) necessarily requires a greater degree of certainty 
regarding the nature and extent of corrosion processes. A key question is whether the corrosion 
behaviour of electrodeposited and cold spray copper is the same as that for the wrought material 
that constitutes this existing knowledge base. It is also necessary to consider whether the design 
of a coated canister makes any difference to the corrosion behaviour compared with that expected 
for the shell-based KBS-3 design. 

Copper is the proposed corrosion barrier for HLW/SF canisters in various international nuclear 
waste management programmes, each of which is at a different stage of development. The most 
advanced programme is that of Posiva submited an operating license application in 2021 based 
on the KBS-3 canister design. In Sweden, SKB obtained approval of their construction licence 
application, as part of which they have had to address a number of corrosion-related issues raised 
by the reviews by the Swedish Land and Environmental Court and by the Swedish regulartor 
SSM. In Canada, the NWMO are preparing to submit an Impact Assessment as the first step in 
their regulatory process as early as 2025 based on their copper-coated container design. In all 
cases, corrosion of the copper barrier is an important component of the respective safety cases. 

In this section, the expected corrosion behaviour of copper canisters is discussed in some detail 
(Section 5.1) and, where relevant, the behaviour of wrought and coating materials are compared. 
Although the degree of interaction between mechanical and corrosion degradation modes is 
expected to be limited, the possibility of coupled mechanical-corrosion processes is also 
considered (Section 5.2). Techniques for estimating the lifetime of copper canisters are described 
in Section 5.3 and, more importantly, methods for justifying such long-term predictions. Lastly, 
an estimate is provided of the corrosion allowance for periods of 100'000 years and 1 million 
years (Section 5.4). 

A key input into the discussion of the corrosion (and mechanical) performance of the canister is 
the nature of the environment to which the canister is exposed and how it evolves over time. The 
nature of the near-field environment has been described previously (Diomidis & Johnson 2014, 
Landolt et al. 2009) and is not repeated here. 

The corrosion behaviour of copper under repository conditions has been reviewed in detail 
elsewhere (Hall et al. 2021, King et al. 2010, Posiva 2021). Here, we provide a summary of the 
expected corrosion performance, with an emphasis on more-recent studies and issues. 
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5.1 Copper corrosion mechanisms 

5.1.1 Corrosion properties of copper 
Copper exhibits excellent corrosion properties under the near-field environmental conditions 
expected in the repository (King et al. 2013). Corrosion tends to be uniform in nature, with little 
tendency towards passivation and localised attack. Environmentally assisted cracking, in the form 
of SCC or hydrogen-related degradation mechanisms, is not expected to occur. Microbial effects 
are limited by the use of highly compacted bentonite buffer material, in which microbial activity 
is inhibited by the low water activity, lack of physical space, and high swelling pressure 
(Taborowski et al. 2019).  

The selection of copper for this application is partly based on the fact that the amount of oxidant 
in the repository is small and the supply of what oxidant is present is limited by the restrictive 
mass transport conditions. Copper is effectively immune to corrosion in the absence of oxygen or 
sulfide ions (see Sections 5.1.2.3 and 5.1.2.4 for a discussion of copper corrosion supported by 
H2 evolution in pure water and in saline conditions, respectively). Immediately after canister 
emplacement and repository closure, corrosion is possible due to the presence of trapped O2 (and 
any Cu(II) species that may be produced by oxidation of Cu(I) by O2) or by trace amount of 
radiolytically produced oxidants. Once that source of oxidant has been consumed, corrosion is 
only possible if sulfide species, either present naturally in the Opalinus Clay pore water or 
produced by the microbial reduction of sulfate in regions of the repository where such activity is 
possible, reach the canister surface. The presence of highly compacted bentonite, however, will 
both prevent microbial sulfate reduction close to the canister and inhibit the rate of diffusion of 
remotely produced sulfide to the surface. 

The other important property of copper is that the surface will tend to be in an electrochemically 
active state under repository environmental conditions, as opposed to being in a passive state. 
Although many engineering materials rely on the condition of passivity to maintain a low rate of 
corrosion, passive films can be susceptible to localised breakdown and rapid rates of penetration. 
Because of the limited availability of oxidants in the repository, a passive condition is not 
necessary to provide sufficient resistance to general corrosion and it is therefore preferable for the 
surface to corrode actively so as to minimise the possibility of rapid forms of localised attack. 

5.1.2 General (uniform) corrosion 
As the name suggests, general or uniform corrosion results in the loss of material over the entire 
surface of the canister with no areas of preferential attack. General corrosion is the easiest form 
of corrosion to design for, provided the corrosion rate or the amount of oxidant and its rate of 
supply are known. Thus, the thickness of the corrosion barrier can be designed to include a 
sufficient "corrosion allowance" to prevent through-wall penetration for the required service life. 

As discussed in more detail below, general corrosion is only possible in the repository due to the 
presence of the initially trapped O2 in the buffer material (Section 5.1.2.1) and the supply of 
sulfide from the host rock (Section 5.1.2.2). Copper corrosion in pure water (Section 5.1.2.3) or 
in anoxic saline conditions (Section 5.1.2.4) are not considered to impact the canister lifetime. 
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5.1.2.1 Corrosion in the presence of oxygen 
Notwithstanding the fact that much, if not all, of the initially trapped O2 may be consumed before 
the canister surface is wetted (Giroud et al. 2018), this oxygen represents a potential oxidant to 
support copper corrosion. In chloride-based systems, as expected in the bentonite and Opalinus 
Clay pore waters, copper corrodes as copper(I) stabilised in the form of cuprous-chloro complex 
ions (Kear et al. 2004, King et al. 2010) 

Cu + Cl- = CuClads + e-  (5.1-1a) 

CuClads + Cl- = CuCl2
-  (5.1-1b) 

supported by the overall 4-electron reduction of O2 to OH- 

O2 + 2H2O + 4e- → 4OH-  (5-2) 

The mechanisms of the interfacial electrochemical processes are well understood and an extensive 
database of kinetic parameters is available to support predictive modelling (King et al. 2008). 

In the presence of compacted bentonite, these interfacial processes are coupled to various mass-
transport, redox, adsorption/desorption, and precipitation/dissolution processes in the near-field 
environment. The reaction scheme in Figure 5.1-1 is based on an extensive series of experimental 
studies and forms the basis for the Copper Corrosion Model (King et al. 2008) used to predict the 
long-term corrosion behaviour of copper canisters under oxic conditions. Further details of the 
underlying reactions are given by King & Kolář (2000) and King et al. (2010). 

Because the initial inventory of trapped O2 is small, the rate of general corrosion during the early 
oxic period is unimportant. (If uniformly distributed over the canister surface, the trapped O2 
would result in an average depth of corrosion of only 74 µm (Diomidis 2014) even if none of it 
was consumed by other processes). Corrosion due to the presence of O2 is only significant if it is 
localised (Section 5.1.3). 
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Fig. 5.1-1: Reaction scheme for the general corrosion of copper in compacted bentonite with a 
chloride-dominated pore water under oxic conditions 
King et al. (2010) 

 

5.1.2.2 Corrosion in the presence of sulfide 
Anoxic conditions will prevail in the repository for almost the entire service life of the canister. 
Under these conditions, corrosion is only possible if sulfide ions HS- reach the canister surface. 
(The case of gaseous H2S is discussed in the context of corrosion during the unsaturated phase in 
Section 5.1.10). In terms of the total extent of general corrosion, HS- is expected to significantly 
contribute to the damage to the canister. The two most important questions related to corrosion 
during the anoxic phase are: 

• What are the properties of the surface film, because this can impact the localised corrosion 
behaviour? 

• What is the rate-controlling process for the overall corrosion reaction, as this knowledge is 
needed to support long-term corrosion predictions? 

In the presence of HS-, copper anodically dissolves to form a highly insoluble Cu2S layer (Smith 
2007, Smith et al. 2006, 2007a) 

Cu + HS- = CuHSads + e- (5.1-3a) 

Cu + CuHSads + HS- = Cu2S + H2S + e- (5.1-3b) 

accompanied by the evolution of H2 

HS- + e- → ½H2 + S2- (5.1-4) 
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The interfacial anodic steps (equations (5.1-3a) and (5.1-3b)) are relatively fast and, in stagnant 
solution, the rate of the anodic reaction is controlled by HS- supply to the copper surface. Film 
growth occurs at the film/solution interface with copper ion transport through the film. 

Although the mechanism of the anodic and film growth processes have been defined in some 
detail, the nature of the cathodic reaction is less certain. The lack of clarity is a consequence, to 
some degree, of the experimental difficulty in separating the anodic and cathodic components of 
the measured net current as the anodic reactions (5.1-3a) and (5.1-3b) occur over the same range 
of potentials as the H2 evolution reaction (HER). Sharifi-Asl & Macdonald (2013) have studied 
the mechanism of the HER on copper in sulfide-free solutions, but such information is not 
transferable to sulfidic environments as there is an additional potential source of protons in the 
form of HS-. In reaction (5.1-4), the cathodic reactant is defined as being the HS- species, rather 
than the proton or the H2O molecule, despite the latter being present at a concentration much 
greater than that of HS-. Macdonald et al. (2014) suggest that H2O is the cathodic reactant, but 
there is strong reason to believe that it is the HS- species that undergoes electron transfer, as 
explained below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-2: Evans diagram for a transport-limited cathodic reaction (the sulfidation of copper) 
coupled to two possible kinetically limited cathodic reactions (the evolution of H2 
from the reduction of either HS- or H2O)  
Note that ECORR lies close to the equilibrium potential Eeq of the kinetically controlled 
process. 

King & Kolàř (2019) 
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For a corroding system in which one of the two reactions is under transport control, ECORR tends 
to be close to the equilibrium potential for the second reaction (Figure 5.1-2). Measured ECORR 
values for copper in sulfide-containing environments are typically of the order of -0.95 VSCE and 
depend on the HS- concentration (King et al. 2011, Smith 2007). This value is close to the 
equilibrium potential for reaction (5.1-4), but is approximately 200 mV more negative than that 
for  

H+ + e- → ½H2 (5.1-5) 

at pH 8. The suggestion that HS- rather than H+ or H2O is the species undergoing reduction is, 
therefore, consistent with the measured ECORR values. Furthermore, the similarity of the rate of 
formation of Cu2S films on copper in sulfide-containing non-aqueous solutions (in which H2O 
cannot be the cathodic reactant) is consistent with the suggestion that HS- is the source of the 
proton being reduced in the cathodic reaction (ref J. Chen, unpublished work). 

The discussion above relates to fully anoxic conditions, but before the onset of such conditions 
there will be a transition period following the initial oxic phase. Previously formed oxic corrosion 
products, such as Cu2O (Smith et al. 2007b) or copper(II) solid phases such as CuO and 
paratacamite (Kristiansen et al. 2015), will be converted to Cu2S. In the case of the copper(II) 
solids, conversion to Cu2S involves the disproportionation of Cu(II) and Cu(0) to form Cu(I). 

Properties of the Cu2S film 
The structure and properties of the Cu2S film that forms in the presence of sulfide is important for 
both the general and localised corrosion behaviour of the canister. The protectiveness of the film 
will determine the film growth kinetics (Chen et al. 2012) and, possibly, the overall rate of 
corrosion. More importantly, however, the formation of a passive Cu2S film could render the 
surface susceptible to localised film breakdown and pitting attack (Mao et al. 2014). 

The properties of the Cu2S film depend on a number of factors, including (Chen et al. 2010, 2011a, 
2011b, 2012, 2014a, 2014b, 2017, Guo et al. 2019, 2021, Kong et al. 2017a, 2017b, Mao et al. 
2014, Martino et al. 2014, 2017, Smith 2007, Smith et al. 2006, 2007a, 2009): 

• HS- concentration 

• Potential 

• Rate of mass transport 

• [HS-]:[Cl-] ratio 

• Temperature  

Passive, or protective, films tend to form at higher [HS-], more-positive potential, higher rates of 
mass transport (i.e., higher rates of HS- supply), lower [HS-]:[Cl-] ratio, and lower temperature. 
Figure 5.1-3 shows the effect of sulfide concentration and potential on the current-potential curves 
for copper in sulfide-containing 0.1 mol/L NaCl solution (Smith 2007). These data are 
particularly impressive as they were made under steady-state conditions, allowing the current to 
stabilise for 2 hours at each potential. An active-passive peak appears with increasing 
HS- concentration, but there is no indication of passivity at the lowest concentration studied, 
10-4 mol/L. 
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Shoesmith and co-workers have identified three types of Cu2S film formed on copper, although 
the exact categorisation depends on whether the films are grown at open-circuit potential (Chen 
et al. 2010, 2011a, 2011b, 2012, 2014a, 2014b, 2017) or under potentiodynamic conditions 
(Martino et al. 2014, 2017). Under potentiodynamic conditions, Martino et al. (2014) 
distinguished a single-layer porous Cu2S film (Type I), a porous dual-layer Cu2S film (Type II), 
and partially passivating Type III film. Figure 5.1-4 shows the conditions under which each type 
of surface film is observed. Passivating Type III films are only formed at higher [HS-] in 
combination with high rates of mass transport. High rates of supply of HS- to the copper surface 
ensure a high interfacial [HS-] and closely spaced Cu2S nucleation sites on the surface and rapid 
growth leading to a compact passive-type film. In contrast, lower [HS-] and/or lower rates of mass 
transport result in porous single- or dual-layer Cu2S films. Low interfacial HS- concentrations 
result in more-widely-spaced nucleation and result in porous layers. Within the range of 
Cl- concentrations of relevance to Swiss disposal environments (0.16 – 0.4 mol/L), chloride ions 
have little impact on the structure of the film, although at higher concentrations the Type II dual-
layer Cu2S film can be formed due to mobilisation and transport of dissolved copper species (for 
example, as CuCl2

- ions) which are then precipitated as an outer layer of Cu2S. 

Similar film characteristics and controlling parameters are observed under open-circuit conditions 
(Chen et al. 2010, 2011a, 2011b, 2012, 2014a, 2014b, 2017). Again, three types of film can be 
identified based on the film-growth kinetics and morphology. As under potentiodynamic 
conditions, passivating or compact (Type C) films are observed at higher [HS-] especially under 
stirred conditions, and are characterised by parabolic film-growth kinetics (Figure 5.1-5). At 
lower [HS-] under stagnant conditions, film growth is linear (Figure 5.1-5) characteristic of a 
porous (Type P1) Cu2S layer growing under HS- transport control. These inferred film structures 
are supported by direct observation on cross-sections through the film using a combination of 
focussed ion beam and secondary electron microscopic (SEM) examination (Figure 5.1-6). At 
high [Cl-] (5 mol/L), a second type of porous film (Type P2) is observed which exhibits a 
columnar-type structure. The P1, P2, and C type films formed under open-circuit conditions 
correspond approximately to the Types I, II, and III films, respectively, observed in 
potentiodynamic experiments (Figure 5.1-4). Given the extremely slow rates of mass transport 
expected under repository conditions (Cloet et al. 2017), the Cu2S film formed on a canister is 
expected to be porous, similar to the Type P1 and Type I films observed in the laboratory. 
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Fig. 5.1-3: Steady-state voltammograms for copper as a function of sulfide concentration in 
0.1 mol/L NaCl solution  
The current was allowed to stabilise for 2 hours before recording each value. 

Smith (2007) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1-4: Effect of sulfide concentration, chloride concentration, and rate of mass transport on 

the properties of Cu2S films formed on copper under potentiodynamic conditions in 
bulk solution 
Martino et al. (2014) 
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Fig. 5.1-5: Effect of sulfide concentration on Cu2S film-growth kinetics in 0.1 mol/L NaCl 
solution under stagnant conditions 
Chen et al. (2011b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-6: Dependence of the Cu2S film characteristics on sulfide and chloride concentration 
under open-circuit conditions in stagnant solution (after King et al. 2017a) 
The range of porewater compositions shown are for a repository in Opalinus Clay with an 
upper bound solubility-controlled sulfide concentration from Cloet et al. (2017). 
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In contrast to the porous films proposed by Shoesmith and co-workers, Macdonald and co-
workers have suggested that the Cu2S film formed on the canister will be passivating (Kong et al. 
2017a, 2017b, Mao et al. 2014). The evidence for this claim comes from the results of 
potentiodynamic experiments in sulfide-containing NaCl solution (Figure 5.1-7). A proposed 
passive region extending some 500 – 600 mV is reported, with a rapid increase in current 
consistent with transpassive film breakdown observed at more-positive potentials. The film 
properties have been interpreted in terms of the Point Defect Model (PDM), with good agreement 
reported between observed and theoretical parameters described in the PDM. 

This difference in the proposed properties of the Cu2S film formed on the canister is important as 
if the film is passive then there is the possibility of localised film breakdown and pitting corrosion. 
Although the wide range of potential-independent currents observed in Figure 5.1-7 are consistent 
with passive behaviour, the large current densities observed suggest that the film is only 
marginally protective. Furthermore, the "passive current density" observed by Kong et al. (2017a) 
increases approximately linearly with [HS-] for concentrations up to 0.005 mol/L, consistent with 
solution transport control rather than the growth of a passive film. It is interesting to note that the 
limiting current density of 4.6 × 10-4 A⋅cm-2 reported by Kong et al. (2017a) for a sulfide 
concentration of 0.005 mol/L (Figure 5.1-7a) corresponds to a corrosion rate of 11 mm/yr, which 
is not consistent with the presence of a passive film. Indeed, Martino et al. (2017) demonstrated 
that the current in this plateau region increases with rotation (Figure 5.1-8), as originally 
demonstrated by Smith et al. (2007a), confirming that this is in fact a transport-limited current. 
The position and symmetrical nature of the reduction peak on the reverse potential scan in 
Figure 5.1-8 also suggests that the Cu2S surface layer is porous and non-protective. The onset of 
the cathodic reduction of the Cu2S layer coincides with the equilibrium potential for the reaction 

Cu2S + H+ + 2e- = 2Cu + HS- (5.1-6) 

(-0.918 VSCE for 10-4 mol/L HS- at pH 10 and 25 °C, the pH of the solution when Na2S is used as 
the source of sulfide, based on the thermodynamic data of Puigdomenech & Taxén 2000), 
indicating little or no overpotential. Thus, there is no potential drop across the film as might be 
expected for a passive layer. Perhaps most compelling are the pure electrochemical investigations 
by Martino et al., that directly provide information on the charge-transfer properties of the Cu2S 
films. In these experiments, there were indications for a shoulder on the leading edge of the 
reduction curve, thought to be due to the reduction of a thin inner Cu2S layer, which may exhibit 
slightly different electrochemical properties than the bulk Cu2S. The rate of reduction increases 
as reaction (5.1-6) is polarised further to the right, again with little or no overpotential, and then 
decreases as the effective surface area of the porous deposit decreases. The symmetrical 
appearance to the reduction peak is consistent with that of a reversible homogenous reaction, 
indicating a facile reduction process. In contrast, a passive, non-porous surface layer across which 
there would be some potential drop would produce an asymmetrical reduction peak, and any 
underlying film would be physically blocked from the redox processes.  

Guo et al. (2019) have also investigated the conditions under which copper might passivate in 
sulfide-containing solutions. When it is possible, passivation is due to the formation of an oxide 
film (Cu2O/CuO) that forms at potentials much more positive than those at which Cu2S films are 
formed. It was concluded, therefore, than oxide rather than sulfide films are responsible for the 
passivation of copper. Under repository conditions, therefore, all of the experimental evidence 
indicates that a porous, non-passive Cu2S films will form, especially due to the low flux of sulfide 
to the canister surface. 

The implications of passivation by a sulfide film on the probability of localised corrosion are 
discussed in Section 5.1.3.2. 
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Rate-controlling process under freely corroding conditions 
For the purposes of safety assessment, it is commonly assumed that the rate of corrosion during 
the anoxic phase is determined by the rate of supply of HS- to the canister surface (SKB 2010b). 
King et al. (2017a) reviewed the available experimental evidence in order to define the critical 
sulfide flux for transport control of the corrosion reaction. Two different experimental studies 
were used to define the critical sulfide flux, one in which the rate of consumption of sulfide ions 
was compared with the transport-limited flux and the other in which the flux for linear Cu2S film 
growth (taken as evidence for corrosion under transport-limited conditions) was determined. 
Analysis of the results from these two experiments gave estimates for the critical sulfide flux for 
transport control of 2 × 10-12 mol⋅cm-2⋅s-1 and 3 ± 2 × 10-14 mol⋅cm-2⋅s-1, respectively (King et al. 
2017a). 

For comparison, the mean flux of HS- to the canister surface for a repository in Opalinus Clay is 
estimated to be of the order of 10-17 mol⋅cm-2⋅s-1 (Cloet et al. 2017). Thus, long-term anaerobic 
corrosion of a copper canister will be limited by the rate of transport of HS-. 

A question has been raised about whether the assumption of sulfide transport-control could be 
non-conservative (Scully & Edwards 2013). This might occur if the sulfide acts as a catalyst for 
the corrosion reaction, i.e., the sulfide species participates in the reaction but is not itself 
consumed. However, based simply on the stability of solid Cu2S compared with any other 
conceivable dissolved (e.g., CuCl2

-) or precipitated species, it is highly unlikely that Cu2S is not 
the most stable phase present in the system (King et al. 2017a). This conclusion is supported by 
the observation that the cathodic charge for the reduction of Cu2S is the same as that for the anodic 
process during cyclic voltammetry in sulfide solutions (Smith et al. 2007a), i.e., all Cu2S that 
forms is subsequently reduced and no oxidised copper is lost to solution. Furthermore, it has been 
argued that the catalytic effect of Cu2S films observed for the reduction of O2 under oxic 
conditions would not accelerate corrosion under anoxic conditions because the anodic reaction 
cannot proceed faster than the rate of supply of HS- required for film formation (King et al. 
2017a). Therefore, there is no reason why the assumption of transport control of the corrosion 
reaction should be non-conservative. 
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Fig. 5.1-7: Effect of (a) sulfide concentration (Kong et al. 2017a) and (b) temperature (Kong 
et al. 2017b) on the potentiodynamic current-potential characteristics of copper in 
deaerated 0.1 mol/L NaCl solution at a potential scan rate of 10 mV/minute 
The effect of temperature was determined at a sulfide concentration of 5 × 10-4 mol/L. 
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Fig. 5.1-8: Cyclic voltammograms on a stationary and rotating copper electrode in deaerated 
0.1 mol/L NaCl solution with 10-4 mol/L HS- 

Martino et al. (2017) 
 

5.1.2.3 Copper corrosion in pure water 
The corrosion of copper in O2-free water has received substantial attention since it was first 
proposed by Hultquist (1986) and, especially, since the paper of Szakálos et al. (2007). King 
(2010) and King & Lilja (2011) have reviewed the early work on this subject, and Hedin et al. 
(2017, 2018) have summarised the more-recent studies. 

Copper is not, strictly speaking, immune to corrosion in pure O2-free water. However, according 
to conventional thermodynamics based on the properties of bulk phases, the partial pressure of 
H2 and the activity of dissolved Cu+ at equilibrium are so small (2 × 10-9 atm and 3 × 10-12 mol/L, 
respectively (Hedin et al. 2018)) that only an infinitesimally small amount of corrosion is required 
to bring the system to equilibrium and for corrosion to cease. Thus, for all practical purposes, 
copper is essentially immune to sustained corrosion in pure O2-free water. 

The claim of Hultquist, Szakálos, and co-workers is that corrosion is sustained and that an as yet 
unidentified copper oxyhydroxide species is responsible for lowering the copper ion activity 
sufficiently that corrosion can continue. By definition, this unidentified species must be more 
stable than Cu2O, yet has never been isolated or characterised. Whilst it is true that adsorbed 
surface intermediates, such as CuOHads, are known to form and could be more stable than the 
oxide phase, it appears that such a species are only stable up to approximately 0.5 monolayers 
after which the bulk Cu2O is more stable (Protopopoff & Marcus 2005). Such a small surface 
coverage cannot explain the amounts H2 reported by Hultquist and others (Hedin et al. 2018, 
Szakálos et al. 2007). 
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SKB have undertaken an extensive experimental and theoretical programme to investigate the 
claims of the proponents of copper corrosion by H2O, the results of which are summarised by 
Hedin et al. (2018). Based on this work, SKB have concluded that: 

• No evolved H2 is produced from corrosion of copper immersed in pure O2-free water in glass-
contained systems for a range of copper qualities and surface treatments. 

• For SKB OFP canister copper, H2 is evolved due to degassing of the sample. 

• In high-vacuum systems, no H2 has been detected due to the corrosion of copper in pure O2-
free water and no detectable dissolved or precipitated copper corrosion products are formed 
(Ottosson et al. 2017). 

• Theoretical calculations do not support the existence of the proposed copper oxyhydroxide 
species. 

• The techniques used in the experiments were sufficiently sensitive to have detected H2 if 
produced in the amounts claimed by Hultquist and co-workers, and the absence of any 
detectable H2 is consistent with the prediction of only limited corrosion based on the 
thermodynamic properties of known bulk phases. 

Thus, although the original observations of Hultquist and co-workers have not been entirely 
explained, the weight of subsequent evidence seems to be against the contention that copper will 
corrode extensively in O2-free H2O. SKB have further addressed this issue in response to 
comments from the Land and Environmental Court (SKB 2019). In their review of SKB's SR-Site 
safety case, the Swedish regulator SSM concluded that corrosion of copper by O2-free H2O was 
not significant in terms of the safety of the repository system (SSM 2018). 

5.1.2.4 Copper corrosion in anoxic saline environments 
Copper corrosion in the absence of O2 and HS- is possible under repository conditions if the 
Cl- concentration is sufficiently high (King et al. 2021, Lilja et al. 2021). Copper(I)-chloro 
complex ions, such as CuCl2

- and CuCl3
2-, are sufficiently stable that copper may corrode with 

the continued evolution of H2 in saline pore water. 

King et al. (2021) and Lilja et al. (2021) recently reviewed the available thermodynamic and 
kinetic information in an attempt to define an "acceptable" range of groundwater Cl- concentra-
tions for the use of copper canisters. Thermodynamics can be used to predict the equilibrium 
concentrations of dissolved copper ions, from which the resulting corrosion rate can be estimated 
based on the assumption of transport control combined with suitable expressions for the mass 
transport conditions in the repository. Alternatively, the kinetics of copper corrosion in saline 
environments can be used to provide a direct estimate of the corrosion rate, although reliable 
measurements are scarce because of the experimental difficulty of measuring such low corrosion 
rates. Figure 5.1-9 shows a compilation of corrosion rates measured using a sensitive H2-detection 
method as a function of temperature, [Cl-], and pH (Binns et al. 2019, Senior et al. 2013, 2019). 
The measured corrosion rates increase with temperature but not with either increasing [Cl-] or 
decreasing pH as would be expected if all of the H2 measured was a result of corrosion. It is 
possible that a fraction of the H2 degassed from the copper wire or from other sources in the 
apparatus, which would be consistent with the apparent increase with increasing temperature. 
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Fig. 5.1-9: Corrosion rate of copper in anoxic NaCl solutions as a function of concentration, pH, 
and temperature 
Senior et al. (2013) 

 
The use of thermodynamic predictions for this purpose is not without problems either, primarily 
due to uncertainties in the estimation of activity coefficients in concentrated solutions (King et al. 
2021, Lilja et al. 2021). Activity coefficients are required to convert the thermodynamically 
predicted activities of species into the more useful concentration scale. Notwithstanding these 
uncertainties, King et al. (2021) estimated the corrosion rate based on the assumption of transport 
control by the diffusion of dissolved CuCl2

- and CuCl3
2- away from the canister surface for a 

number of different mass-transport scenarios. For planar diffusion across 35 cm of compacted 
buffer (the mass-transport scenario that was considered that best describes the Nagra repository 
design), the estimated corrosion rate at a temperature of 100 °C was 0.0042 nm/yr for 1 mol/L 
Cl- and 0.18 nm/yr for 5 mol/L Cl-. Corrosion rates at 25 °C were a factor of approximately 
80 times lower (Senior et al. 2019). 

Given that the Cl- concentration of Opalinus Clay pore water is only 0.16 – 0.4 mol/L and that the 
bentonite barrier will be approximately twice as thick as assumed for the above calculations, 
corrosion of copper canisters due to anoxic Cl- environments will be insignificant. 

5.1.2.5 Copper-coated versus wrought copper KBS-3 canister design 
All of the experimental evidence described above was obtained on wrought or drawn forms of 
copper or copper wire. There have been a number of studies aimed at determining whether the 
general corrosion properties of cold sprayed or electrodeposited copper are the same as those of 
wrought or forged material (Choi et al. 2010, Lee 2016, Partovi-Nia et al. 2015, Standish et al. 
2016). Different techniques have been used to compare the corrosion behaviour, including ECORR 
and polarisation resistance (corrosion rate) measurements, mass-loss corrosion rates, and 
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electrochemical polarisation, although the criteria by which equivalency was judged were not 
defined. By way of example, Fig 5.1-10 shows a comparison of ECORR and polarisation resistance 
(Rp) for wrought (SKB), annealed cold spray (CSA) and electrodeposited (ED) copper in 
deaerated and oxygenated 3 mol/L NaCl solution (Standish et al. 2016). All three types of copper 
were polished to a 2400-grit finish prior to the measurements. It was concluded that, within 
experimental variability, the general corrosion behaviour of the three types of material are the 
same. 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Deaerated 3 mol/L NaCl solution 

 
 
 
 

 
 
 
 
 
 
 
 
 

(b) Oxygenated 3 mol/L NaCl solution 

Fig. 5.1-10: Comparison of the time-dependence of the corrosion potential (ECORR) and polari-
sation resistance (Rp) of various forms of copper in (a) deaerated and (b) oxygenated 
3 mol/L NaCl solution  
SKB, ED, and CSA refer to wrought oxygen-free phosphorus-doped copper from SKB, 
electrodeposited copper, and annealed cold spray copper, respectively. 

Standish et al. (2016) 
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Reddy et al. (2021a, 2021b) exposed electrodeposited and cold spray coper coupons to compacted 
bentonite under anaerobic conditions in long-term exposures at the Mont Terri (IC-A experiment, 
Reddy et al. 2021a) and Grimsel (MaCoTe experiment, Reddy et al. 2021b) underground research 
laboratories. The MaCoTe experiment included OFP Cu samples for comparison and no 
difference was found between the corrosion rate of the wrought material and the two copper-
coated samples. Partovi-Nia et al. (2015) also concluded that the corrosion behaviour of cold-
spray and wrought copper was the same and, importantly, stated that there was no evidence for 
preferential corrosion at particle boundaries formed by the interaction of individual powder 
particles.  

5.1.3 Localised corrosion 
As copper canisters corrode, corrosion product films will be formed on the surface. The key 
question in terms of localised corrosion is whether such films can be characterised as passive or 
not. A passive surface is subject to possible localised film breakdown and pitting. A non-passive 
surface will be subject to general corrosion with some degree of surface roughening. 

5.1.3.1 Oxic conditions 

Unsaturated conditions 
During the early oxic phase, the repository near-field will be partially water-saturated. Evidence 
from the FE-G experiment indicates that the O2 is consumed long before the buffer saturates with 
Opalinus Clay pore water and, possibly, even before the canister surface is wetted and able to 
sustain aqueous corrosion processes. Thus, it is possible that oxic corrosion, including any 
localisation, will not occur under repository conditions. 

Nevertheless, it is prudent to accept the possibility that the canister surface may be able to sustain 
aqueous corrosion processes prior to the consumption of the trapped O2. In that event, the most 
likely cause of localised corrosion is non-uniform wetting of the surface due to the deliquescence 
of surface salt impurities and clay particles, enhanced by the capillary condensation of water 
vapour by porous oxides or other surface asperities. The classic mechanism for localised corrosion 
due to non-uniform wetting is the Evans droplet (Figure 5.1-11). Spatial separation of the anodic 
and cathodic reactions is the result of the geometry of the droplet, with the cathode located around 
the periphery where there is liquid layer is thinnest (and, hence, the access of O2 to the underlying 
surface the greatest) and the anode located in the centre of the droplet. Whether pit initiation will 
occur under repository conditions will depend on the relative rates of O2 consumption and of 
buffer saturation, since both O2 and a surface droplet are required. Even if pit initiation does occur, 
there are a number of different processes that can lead to pit stifling, including: 

• Consumption of the initially trapped O2 by general corrosion or by other processes in the 
near-field, such as microbial aerobic respiration or the oxidation of pyrite (and other oxidis-
able mineral phases) in the buffer and Opalinus Clay. 

• Decrease in the rate of supply of O2 to the surface due to buffer saturation, although the 
saturation time is likely to be much longer than the time to consume the initial O2. 

• Formation of a less-electrocatalytic cathodic surface around the periphery of the droplet; for 
instance, as caused by the precipitation of Cu2O or CaCO3 due to the increase in alkalinity 
around the cathode. 
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Fig. 5.1-11: Classic Evans Droplet Mechanism for the Atmospheric Corrosion of Copper 
Contaminated by NaCl 
Chen et al. (2005) 

 
• Increase in solution resistance within the droplet, either in the thin region of secondary 

spreading around the droplet or due to precipitation of corrosion products within the droplet, 
both leading to an increase in the iR drop within the droplet and a reduction in electrochemical 
driving force. 

• Coalescence of adjacent growing pits, resulting in a decrease in the cathodic:anode surface 
area ratio. 

• Dilution of the droplet solution due to an increase in the degree of saturation in the near-field, 
although again the timescale for this occurrence is likely to be greater than that for the 
consumption of the initial O2. 

A probabilistic model is currently being developed by the NWMO and SKB based on this 
underlying mechanism. In addition, the NWMO is developing a COMSOL model of the physical 
processes that would be required for pitting of this nature to occur.  

The available experimental evidence suggests that any such depth-wise penetration of the coating 
layer will be limited. Reddy et al. (2020) measured the surface roughness of electrodeposited, 
cold spray, and wrought copper coupons exposed to evolving oxic-anoxic conditions in 
unsaturated bentonite at different relative humidity (RH) levels (25, 50, and 75% RH) and at 
temperatures of 60 °C and 80 °C. The maximum peak-to-valley roughness observed on any of the 
coupons was 11 µm. Evidence from large-scale in situ tests under simulated DGR conditions also 
indicates that, although some degree of surface roughening and localization of attack is possible, 
deep pits are not observed under aerobic conditions (Dixon et al. 2004, Karnland et al. 2000, 
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Svemar et al. 2016, Wersin & Kober 2017). The maximum pit depth observed in any in situ 
experiment (on copper coupons from the FEBEX experiment) is < 100 µm (Wersin & Kober 
2017). 

Saturated conditions 
Although it is unlikely that O2 will still be present at the time that the emplacement drift saturates 
with incoming Opalinus Clay porewater, it is also worthwhile considering the possibility of 
localised corrosion under saturated conditions. Under these conditions, spatial separation of 
anodic and cathodic processes is the result of the localised breakdown of a passive surface film. 

Qin et al. (2017) have characterised the conditions under which the copper surface is active (A) 
or passive (P) as a function of Cl-, SO4

2-, and HCO3
- concentrations, pH, and temperature. 

Figure 5.1-12 presents a summary of the results in the form of "maps" indicating the regions of 
active or passive behaviour. In general, passivity is promoted by: 

• lower [Cl-], especially the absence of chloride 

• increasing pH 

• decreasing temperature 

• increasing [SO4
2-] 

• increasing [HCO3
-]/[CO3

2-] 

In comparison, the initial bentonite pore-water composition is expected to be determined by the 
content of soluble chloride-containing accessory minerals in the bentonite, with the concentra-
tions of sulfate and bicarbonate constrained by the temperature-dependent solubility of the 
respective solid phases (King et al. 2017b). Thus, the initial bentonite pore water is expected to 
be a chloride-rich solution containing approximately 0.01 mol/L SO4

2- and < 0.001 mol/L HCO3
-, 

with pH in the range 7 – 8 due to buffering by the excess calcite present in the clay. Combined 
with the relatively high temperature during this period (> 50°C), the A/P data in Figure 5.1-12 
indicate that the canister surface will be active and will not be subject to localised breakdown of 
a passive film. 

However, the pore-water environment is subject to some uncertainty and spatial variability, added 
to which there is some uncertainty in the precise position of the A/P boundaries in Figure 5.1-12. 
Furthermore, under passive conditions, film breakdown is a stochastic process and the film 
breakdown and repassivation potentials are typically distributed parameters. Briggs et al. (2021a, 
2021b) have developed a probabilistic model to assess both the probability of passivation under 
repository conditions, as well as the consequences for pit initiation and growth. Based on 
distributions of the bentonite porewater chemistry selected to simulate the environment at the 
Forsmark site in Sweden, passivation of copper was predicted to occur in approximately 10% of 
the runs with the probabilistic model. Passivation was promoted by low Cl- concentrations and 
high pH, the latter conservatively assumed to vary in the range pH 7 – 10. Pit initiation of 
passivated surfaces was predicted based on the electrochemical criterion that the corrosion 
potential exceeds the film-breakdown potential, and was predicted to be highly likely at short 
times when O2 was still present in the near-field. The vast majority of pits (> 87%) were predicted 
to be < 100 µm in depth, with the deepest pit from the 1 million runs being 1.22 mm in depth 
(Briggs et al. 2021a, 2021b). 
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Fig. 5.1-12: Maps representing regions of active and passive behaviour as a function of tempera 
ture for (a) Cl- only, (b) SO4

2- only, (c) Cl- with 0.01 mol/L SO4
2-, 

(d) HCO3
-/CO3

2- with 0.01 mol/L SO4
2-, (e) SO4

2- with 0.01 mol/L Cl-, 
(f) HCO3

-/CO3
2- with 0.01 mol/L Cl-, (g) HCO3

-/CO3
2- with 0.1 mol/L Cl-, and 

(h) HCO3
-/CO3

2- with 0.01 mol/L SO4
2- and 0.1 mol/L Cl- 

Qin et al. (2017) 



 93 NAGRA NTB 20-01  

It should be emphasised, however, that it is very unlikely that oxic, saturated conditions will exist 
in a repository in Opalinus Clay because the rate of O2 consumption is much faster than the rate 
of saturation. 

5.1.3.2 Anoxic conditions 
Mao et al. (2014) have suggested that passive Cu2S films formed on copper are subject to localised 
breakdown in Cl- solutions resulting in pitting attack. As discussed in Section 5.1.2.2, there are 
numerous lines of evidence that indicate that Cu2S films formed on copper under potentiodynamic 
and especially under open-circuit potential conditions are not passive and subject to film 
breakdown, including: 

• high limiting currents that are not consistent with a passive film 

• evidence for transport-limited film growth in the "passive" region 

• porous Cu2S films exhibiting a linear growth rate at the open-circuit potential 

• symmetrical cathodic peaks for the reduction of Cu2S with little or no overpotential 

• the absence of current hysteresis in cyclic polarisation experiments when the potential is 
scanned to values positive of the "breakdown potential" 

• "film breakdown potentials" that are coincident with the potentials for the onset of copper 
dissolution in Cl- solutions  

Quite apart from the evidence that the Cu2S films are porous and non-protective, the 
electrochemical data presented by Mao et al. (2014) do not provide conclusive evidence of film 
breakdown and pitting. Notably, Mao et al. (2014) do not show the reverse polarisation scan 
following film breakdown which, for a system undergoing pitting, should exhibit positive current 
hysteresis, i.e., the current on the reverse potential scan should be higher than that on the forward 
scan. Instead, the data presented by Martino et al. (2017) (Figure 5.1-8) show that the current is 
the same in the forwards and reverse directions in the "transpassive" region. 

Rather than being evidence for localised film breakdown and pit propagation, it is possible that 
the increase in current observed by Mao et al. (2014) at relatively positive potentials was due to 
the general dissolution of copper as CuCl2

- through the passive Cu2S film. Figure 5.1-13 shows a 
comparison between the mean breakdown potentials as a function of Cl- concentration reported 
by Mao et al. (2014) and the equilibrium potential for the reaction 

Cu + 2Cl- = CuCl2
- + e- (5.1-7) 

for CuCl2
- concentration of 10-4 mol/L and 10-3 mol/L. (The equilibrium potentials were 

calculated using free energies given in Puigdomenech & Taxén (2000) using concentrations 
instead of activities). Significant dissolution would be required to achieve these concentrations of 
dissolved Cu(I) species and it is significant that the corresponding equilibrium potentials are close 
to the "breakdown potentials" reported by Mao et al. (2014). 

In summary, therefore, there is substantial evidence that copper will not be subject to passivation 
or localised film breakdown due to the presence of HS- under anaerobic conditions. 
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Fig. 5.1-13: Comparison of the mean "breakdown potential" as a function of chloride 

concentration reported by Mao et al. (2014) and the equilibrium potential for copper 
dissolution as CuCl2

- for dissolved copper(I) concentrations of 10-4 mol/L and 
10-3 mol/L 

 

5.1.3.3 Copper-coated versus wrought copper KBS-3 canister design 
Nagra have compared the behaviour of electrodeposited and cold spray copper to that of wrought 
OFP Cu in a number of laboratory and in situ studies. In all cases, the only form of localised 
corrosion that has been observed is minor surface roughening. No evidence for sustained isolated 
pit growth has been observed. As noted above, Reddy et al. (2021a, 2021b) exposed electro-
deposited and cold spray coper coupons to compacted bentonite under anaerobic conditions in 
long-term exposures at the Mont Terri (IC-A experiment, Reddy et al. 2021a) and Grimsel 
(MaCoTe experiment, Reddy et al. 2021b) underground research laboratories. The MaCoTe 
experiment included OFP Cu samples for comparison and no difference was found between the 
corrosion rate of the wrought material and that of the two copper-coated samples. In all cases, 
surface roughening was observed, but there was no evidence for pitting. In the MaCoTe study 
where direct comparison between wrought Cu and the two types of copper coating is possible, 
there was no difference in the average roughness among the three materials. Similarly, in 
laboratory studies in unsaturated buffer under transient oxic-anoxic conditions, there was again 
no difference in the surface roughness observed on wrought and copper-coated samples (Reddy 
et al. 2020). 
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5.1.4 Microbiologically influenced corrosion 

5.1.4.1 General considerations 
When considering the possibility of microbiologically influenced corrosion (MIC) of copper 
canisters, it is necessary to distinguish microbial activity that occurs at the canister surface from 
that which occurs remote from the canister in other areas of the repository (King 2009). Reported 
cases of MIC invariably occur in the presence of a biofilm in microbially active environments. 
One of the properties of the compacted bentonite buffer surrounding the canister is that it 
suppresses microbial activity in the near field. For MX-80 bentonite emplaced at a sufficiently 
high density (a dry density greater than approximately 1'450 kg/m3, Jenni et al. 2019), microbial 
activity is inhibited. The exact mechanism is still a matter for discussion, but there is broad 
agreement that a combination of low water activity, high swelling pressure, and lack of space 
contribute to the suppression of microbial activity (Taborowski et al. 2019). Since microbial 
activity is suppressed in the buffer material, biofilm formation on the canister surface will also be 
prevented and the possibility of accelerated, and possibly localised, corrosion under a biofilm can 
be excluded. 

5.1.4.2 Prediction of sulfide transport to the canister 
Microbial activity is possible, however, in locations with sufficient water, space, and nutrients 
(King 2009). Since microbes themselves cannot migrate through compacted bentonite because of 
the small pore size, corrosion will only result as a consequence of this remote microbial activity 
if aggressive metabolic by products diffuse through the buffer to the canister surface. The main 
species of concern is HS- produced from the reduction of SO4

2- by sulfate-reducing bacteria 
(SRB). Microbial sulfate reduction as a source for HS- is taken into account in sulfide transport 
calculations for a Nagra repository (Cloet et al. 2017, Pekala et al. 2019), on which the corrosion 
allowance defined in Section 5.4 is based. 

5.1.4.3 Comparison of the behaviour of wrought and coated copper 
In terms of MIC, there is no difference between a copper-coated design and the KBS-3 canister. 
The only conceivable consequence of microbial activity in the repository is the production of 
HS- by SRB at locations in which microbial activity is possible based on considerations of space, 
water activity, absence of swelling pressure, and sufficient nutrients and electron acceptors. The 
rate of corrosion is then determined by the mass-transport properties of the near field, including 
any sinks for sulfide present in the transport path. These considerations are independent of the 
canister design. 

5.1.5 Stress corrosion cracking 
In a general sense, the three factors necessary for stress corrosion cracking (SCC) are a suitable 
environment (including a suitable electrochemical potential and interfacial pH), a sufficient 
tensile stress, and a susceptible material. The latter aspect is discussed when comparing the 
relative susceptibilities of the two types of canister design in Section 5.1.5.3 and the requirement 
for sufficient tensile stress is discussed in Section 5.2.2 focussed on joint mechanical-corrosion 
interactions. The environmental requirements for SCC are discussed in Sections 5.1.5.1 and 
5.1.5.2 for the aerobic and anaerobic conditions, respectively. 
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5.1.5.1 Aerobic conditions 
Under oxidising conditions at relatively positive electrochemical potentials, copper stress 
corrodes in the presence of ammonia, nitrite, and acetate ions (King 2021a, King & Newman 
2010). Despite the long historical use of copper in natural environments, no other SCC agent has 
been identified for pure coppers so it is reasonable to assume that no other species present in the 
repository will lead to cracking. 

Various mechanisms have been proposed for SCC of copper in these environments (tarnish 
rupture, film-induced cleavage, slip dissolution), but they all have in common the requirement for 
some degree of dissolution. It is not surprising, therefore, that there is an electrochemical potential 
threshold for cracking. By superimposing the pH and potential at which cracking is, or is not 
observed, on a Pourbaix diagram for the Cu-H2O system it can be shown that there is an apparent 
threshold E and pH for cracking that corresponds to the equilibrium between Cu2O and CuO 
(King 2021a, King & Newman 2010, King et al. 2010). For example, Figure 5.1-14 shows the 
dependence of SCC in acetate solutions, but similar figures can also be constructed for ammonia 
and nitrite environments). Thus, not only must the SCC agent be present at the canister surface in 
sufficient concentration, but ECORR must also be sufficiently positive. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-14: Dependence of the occurrence of SCC of pure copper in acetate environments on pH 
and potential 
King (2021a) 
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It is then possible to assess whether copper canisters are susceptible to SCC based only on whether 
a suitable environment exists in the near-field of the repository. Given the limited duration of the 
aerobic phase, the general absence of SCC agents, the active nature of the copper surface, and the 
further mitigating effects of elevated temperature and chloride ions, it is concluded that copper 
canisters are immune to SCC during the aerobic phase in a deep geological repository (Ikeda & 
Litke 2007, 2008, King 2021a, King & Newman 2010, King et al. 2010). 

5.1.5.2 Anaerobic conditions 
Taniguchi & Kawasaki (2008) were the first to report the SCC of copper in sulfide solutions based 
on the results of slow strain rate testing (SSRT). Cracking was reported for sulfide concentrations 
greater than 0.005 mol/L. Various investigators tried to replicate these results but failed, including 
Arilahti et al. (2011), Bhaskaran et al. (2013), Sipilä et al. (2014), and Taxén et al. (2018). More 
recently, however, Becker & Öijerholm (2017) and Becker et al. (2020) also found SCC using 
tapered tensile (TT) specimens and SSRT and reported a threshold (true) strain of 9% and a 
threshold (true) stress of 160 MPa in 10-3 mol/L sulfide. Hänninen and co-workers (Forsström 
et al. 2017, 2021, Hänninen et al. 2017) subsequently analysed these TT samples and reported an 
approximate doubling of the absorbed hydrogen concentration following exposure to the sulfide 
solution, causing these authors to suggest that hydrogen was involved in the cracking mechanism. 
Interestingly, after earlier being unable to reproduce the results of Becker & Öijerholm (2017), 
Taxén et al. (2019) did observe cracking when phosphate was added to the test solution, ostensibly 
in order to buffer the pH of the solution. However, Taxén et al. (2019) believed that the observed 
crack-like features were a consequence of grain boundary attack and subsequent opening of the 
corroded grain boundaries because of the continuous straining of the sample, rather than being a 
case of SCC. 

The fact that Taxén et al. (2019) were able to replicate earlier reports of cracking in the presence 
of phosphate but not under otherwise identical phosphate-free conditions is a key finding and 
provides an insight into the controlling mechanism. The observation of cracking by some 
investigators but not by others, and the apparent threshold sulfide concentration for cracking, can 
be rationalised in terms of a threshold sulfide flux (King 2021a, Posiva 2021, Salonen et al. 2021). 
Because the rate of the interfacial reactions is fast, the interfacial concentration of sulfide is close 
to zero. Thus, there is no concentration gradient between the mouth and tip of a would be crack 
or pit to support the transport of sulfide ions to the crack tip. The addition of phosphate, as in the 
experiments of Becker and Öijerholm (2017) and Taxén et al. (2019), inhibits the interfacial 
consumption of sulfide, leading to a non-zero interfacial concentration. Sulfide ions can then be 
transported to the tip of an occluded region and crack-like features are observed. The apparent 
threshold sulfide concentration for cracking corresponds to the threshold flux for a given mass-
transport condition. From an analysis of conditions under which cracking is and is not observed, 
the threshold sulfide flux for cracking is of the order of 10-10 mol⋅cm-2⋅s-1 (King 2021a, Posiva 
2021, Salonen et al. 2021). 

5.1.5.3 Copper-coated versus wrought copper KBS-3 canister design 
The SCC susceptibilities of wrought copper and of electrodeposited and cold spray copper have 
not been directly compared. It possible that the electrodeposited copper is more-resistant to 
cracking because of the high fraction of special grain boundaries, just as other grain-boundary-
engineered alloys have proven to be (Li et al. 2017, 2020; Tam et al. 2020). However, this 
improved resistance to SCC has not been demonstrated experimentally. The limited ductility of 
as-deposited cold spray copper would make it susceptible to all forms of cracking, including 
environmentally assisted cracking, and for this reason will be annealed following deposition. 
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The other aspect that could lead to decreased susceptibility of a copper-coated canister is the 
canister design incorporating hemispherical heads. As demonstrated in Chapter 4, the hemi-
spherical heads serve to more evenly distribute the load and induce compressive stresses in the 
coating and sub-structure. As discussed in more detail in Section 5.2, the overall susceptibility of 
a copper-coated canister to SCC is limited due, in part, to the absence of tensile stresses. 

5.1.6 Effects of radiation 
Gutiérrez et al. (2018) have estimated the absorbed dose in water (or, more correctly, the kinetic 
energy released per unit mass, KERMA) at the outer surface of different designs of Nagra canister 
containing either BWR or PWR spent fuel. For a SF canister with hemispherical heads (equivalent 
to the sub-structure of a copper-coated canister), the maximum dose rate is 0.18 Gy/hr for 30-year-
cooled fuel, which occurs at the ends of the canister because the heads are thinner-walled than the 
body of the canister. The actual dose rate at the time of emplacement will depend on the age of 
the spent fuel. Figure 5.115 shows the time dependence of the dose rate for both γ−photons and 
neutrons following emplacement. The dose rate decreases initially due to the decay of fission 
products, before subsequently increasing due to the in-growth of γ- and n-emitting actinides. After 
1 million years, the cumulative dose at the canister surface is 830 kGy (Gutiérrez et al. 2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-15: Time dependence of the kinetic energy released per unit mass (KERMA) to water at 
the surface of the hemi-spherical head of a SF canister 
Gutiérrez et al. (2018) 

 
A Nagra design requirement for the canister is that the external absorbed dose rate should be less 
than 1 Gy/hr to avoid issues associated with the effects of radiation (Patel et al. 2012). This 
radiation criterion is based on an early analysis of the effects of radiation on canister materials by 
Shoesmith & King (1999) which suggested that there was no measurable effect of radiation below 
this dose rate. Figure 5.1-16 shows an updated analysis in which the enhancement factor for 
general corrosion is plotted as a function of absorbed dose rate for a range of pure copper and 
high-copper alloys. 
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The data in Figure 5.1-16 are taken from a number of studies performed under a range of different 
environmental conditions. The air-steam studies of Brehm (1990) at temperatures of 150 °C and 
250 °C (labelled "atmospheric conditions") show significant enhancement, even at modest dose 
rates. In contrast, under saturated conditions (either immersed in solution or in saturated com-
pacted buffer material), there is little indication of an increase in the rate of general corrosion 
except at a dose rate of 1 kGy/hr. Indeed, the majority of studies at dose rates ≤ 100 Gy/hr exhibit 
lower corrosion rates in the presence of radiation. The reason for the apparent beneficial effect of 
irradiation has not been explained, other than that the corrosion product film was observed to be 
more-compact and, hence, more-protective, in the presence of irradiation (King & Litke 1987, 
Simpson 1984). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1-16: Effect of absorbed dose rate on the enhancement factor for general corrosion of 

copper and high-copper alloys in a range of saturated and unsaturated conditions 
An enhancement factor of one indicates no effect of radiation. 

Based on King (2021b) 
 
The discussion above is based on the assumption that the absorbed dose rate determines the 
magnitude of any radiation effect on corrosion. The question of whether the corrosion rate 
depends on the dose rate or the total dose is an issue that has not been definitively answered. 
Recently, Björkbacka et al. (2012, 2013, 2015, 2017) have studied the radiation-induced corrosion 
of copper and have expressed their data in terms of the total dose rather than the dose rate. 
Figure 5.1-17 shows some of the data from which the amount of dissolved copper ions was found 
to be related to the total dose (Björkbacka et al. 2013). It should be noted that the dissolved copper 
component was a minor contributor to the total extent of oxidation, with approximately an order 
of magnitude more oxidised copper present in the form of a precipitated Cu2O layer on the coupon 
for the one sample for which an assessment is possible. 
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Fig. 5.1-17: Dependence of the dissolved copper concentration on total absorbed dose (in Gy) 
following irradiation in pure water at three different dose rates 

A dissolved concentration of 10 µM corresponds to 170 µmol⋅m-2 of corrosion 

Björkbacka et al. (2013) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 5.1-18: Data from Figure 5.1-17 expressed in terms of the initial dissolution rate as a function 
of dose rate for various assumed values of the time exponent n 
King (2021b) 
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Although the data in Figure 5.1-17 suggest a strong correlation between the extent of corrosion 
and the total dose, such a plot obscures the fact that for a given total dose the duration of the 
experiment is inversely proportional to the dose rate. Let us assume that the dissolution rate (R) 
decreases with time (t) according to 

R = R0t-n (5.1-8) 

where R0 is the initial dissolution rate (R0) and n is the time exponent. The measured dissolution 
rate (Rmeas) is a time-averaged rate in this case, determined from the concentration of dissolved 
copper at the end of the experiment. The initial rate can then be determined from (King 2021b): 

n
0 measR (1 n)t R= −  (5.1-9) 

In Figure 5.1-18, the data from Figure 5.1-17 are re-plotted in terms of the dependence of the 
"initial corrosion rate" on the dose rate. Even though the value of the time exponent n is unknown, 
it is apparent from Figure 5.1-18 that the initial dissolution rate (i.e., the dissolution rate corrected 
for the effect of different exposure times) increases with dose rate for any reasonable value of n. 

Thus, if the total dose controls the extent of corrosion, the amount predicted based on the work of 
Björkbacka et al. (2012, 2013, 2015, 2017) would not significantly impact the canister lifetime. 
In Figure 5.1-17, the right-hand vertical line at 105 Gy represents the total dose for a copper-
coated canister after a period of 100'000 years. The observed dissolved Cu concentration of 
approximately 100 µmol/L represents a corrosion depth of 12 nm. Even if the dissolved 
component only represents 10% of the total corrosion, the combination of dissolved and 
precipitated copper would only correspond to a reduction in wall thickness of 0.12 µm. 

Therefore, it seems reasonable to conclude that, for the dose rates expected, the effects of γ- and 
n-irradiation will not significantly impact the lifetimes of a copper-coated canister. 

5.1.7 Galvanic corrosion 
Standish et al. (2016, 2017, 2019) have studied the galvanic coupling between copper coating and 
a carbon steel substrate using in situ X-ray micro-computed tomography. Both cold spray and 
electrodeposited copper coatings were investigated. Figure 5.1-19 shows the consequences of 
galvanic coupling for a period of 42 hrs in oxygenated 3 mol/L NaCl solution for annealed cold 
spray and electrodeposited copper coatings. The depth-wise penetration of the carbon steel is 
similar in the two cases (highlighted in red), but there is greater lateral penetration along the 
copper-steel interface in the case of the cold spray material. Quite why the corrosion should 
preferentially occur along the coating/substrate interface is unclear, since the iR drop down the 
resulting crevice would be far greater than to the base of the artificial defect. The authors suggest 
that the difference in behaviour is due to differences in the degree of adhesion, roughness, and 
strain at the interface but the driving force is primarily electrochemical in nature and it is not clear 
why there should be such a difference for the two types of copper. Whether galvanic corrosion 
along a tight crevice such as that represented by the interface would occur in a more-dilute, less-
conducting electrolyte is uncertain. 

One of the concerns about galvanic corrosion between the copper coating and carbon steel 
substrate is that the accumulation of corrosion products at the interface could result in 
delamination of the coating. However, Standish et al. (2016) have shown that in fact the Fe 
corrosion products predominantly accumulate on the exposed copper surface outside of the defect. 
Dissolved Fe(II) within the defect is oxidised to Fe(III) by dissolved O2, with the ferric species 
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then undergoing hydrolysis. The resulting acidic pH within the defect prevents the Fe(II)/Fe(III) 
from precipitating until the transported dissolved Fe species encounter the more-alkaline 
environment outside of the defect, where they then precipitate. Thus, extensive delamination of 
the coating due to the accumulation of expansive Fe corrosion products within the defect in the 
coating is unlikely. 

 
(A) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-19: Comparison of the damage due to galvanic corrosion between the carbon steel 
substrate and either (A) annealed cold spray or (B) electrodeposited copper coating 
For both coatings, images are shown for the initial conditions (a) and after 42 hr (b) exposure 
to oxygenated 3 mol/L NaCl solution. 

Standish et al. (2017) 
 



 103 NAGRA NTB 20-01  

5.1.8 Internal corrosion 
NWMO have investigated the possibility of internal corrosion of the inner carbon steel vessel of 
a copper-coated canister due to entrained water from a defected fund bundle (Wu et al. 2019). 
The authors concluded that there was a negligible risk from general and localised corrosion, SCC, 
or radiation embrittlement of the carbon steel vessel. However, depending upon the amount of 
entrained H2O, the possibility hydrogen-induced cracking of the steel warranted further 
investigation. 

However, since spent fuel in Switzerland will have been subject to an extended period of dry 
interim storage, the potential for water carry-over into the canister is minimal and there is no 
concern for internal corrosion. 

5.1.9 Hydrogen-related degradation 
The effect of absorbed hydrogen on the mechanical and corrosion properties of copper coatings 
is of interest because atomic hydrogen can be formed if the electrodeposition process is not 100% 
efficient. For this reason, H is an impurity species of interest (Section 2.5.1). 

Both the solubility (Figure 5.1-20) and diffusivity (Figure 5.1-21) of atomic hydrogen in pure 
copper are very low at temperatures of interest in the repository (Ishikawa & McLellan 1985a, 
1985b, Magnusson & Frisk 2017, Wipf 2001). For this reason the transport of H in copper is 
extremely slow. Based on the data in Figure 5.1-20(b) and the solubility relationship given by 
Magnusson & Frisk (2017), the concentration of hydrogen in the copper lattice in equilibrium 
with 1 atm. H2 at room temperature is of the order of 10-11 to 10-10 atom fraction. The diffusivity 
of hydrogen in copper at 25 °C is 8 × 10-14 m2/s (Figure 5.1-21, Magnusson & Frisk 2017). In 
addition, given the low strength of annealed copper, there will be a limited stress-induced driving 
force to concentrate H in the material (San Marchi & Somerday 2008). Hydrogen does react with 
oxygen, especially in the form of oxide inclusions, which can lead to embrittlement of copper at 
high H2 pressure and high temperature. However, such embrittlement is minimal at ambient 
temperature. These factors lead to San Marchi & Somerday (2008) to conclude that copper is not 
strongly affected by hydrogen, provided the material is oxide free. 

Regardless, the question of the effect of hydrogen on the mechanical and corrosion properties of 
oxygen-free copper is occasionally raised (SKB 2019). For example, Yagodzinsky et al. (2012) 
reported detrimental effects of absorbed H on the creep properties of OFP Cu under conditions of 
electrochemical charging in acid solution containing a H atom recombination poison. Not only 
are these environmental conditions unrepresentative of the rate of H atom absorption in the 
repository, but the creep properties of copper are not important for a copper coating bonded 
directly to the carbon steel sub-structure. 

In addition to being present in as-received copper, hydrogen absorption may also occur as a result 
of γ-irradiation (Lousada et al. 2016) or by exposure to sulfide environments (Forsström et al. 
2017). However, the concentration of absorbed hydrogen due to irradiation or exposure to 
corrosive sulfide solutions (in the range 0.5 to 1.2 wppm) was only slightly higher than that found 
in as-received OFP used in those experiments, reported by Martinsson et al. (2013) to be 
0.68 ± 0.12 wppm. Furthermore, the irradiation experiments were performed at a dose rate of 
486 Gy/hr (Lousada et al. 2016), a factor of approximately 2000 times higher than for the canister. 
Similarly, for exposure to sulfide, a bulk solution concentration of 0.001 mol/L was used 
(Forsström et al. 2017), which is at least 3 – 4 orders of magnitude higher than the interfacial 
[HS-] at the canister surface. Thus, exposure to the repository environment is not expected to lead 
to an increase in the as-received H content of electrodeposited or cold spray copper. 
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(a) (b) 

Fig. 5.1-20: Solubility of hydrogen in (a) a range of pure metals and (b) for copper as a function 
of temperature and H2 fugacity 
Wipf (2001) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1-21: Diffusivity of hydrogen in pure copper as a function of temperature 
Magnusson & Frisk (2017) 
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5.1.10 Corrosion under unsaturated conditions 
The preceding discussion has been implicitly based on the assumption that the canister will be 
exposed to saturated conditions. However, there will be an initial unsaturated phase during the 
evolution of the repository environment prior to complete saturation of the bentonite by incoming 
Opalinus Clay pore water, lasting perhaps 100 years (Landolt et al. 2009). In terms of the 
consequences for corrosion, an important issue is the relative rates of O2 consumption and water 
saturation. If the initially trapped O2 is consumed prior to the wetting of the canister surface, as 
the results from the FE-G experiment suggest (Giroud et al. 2018), then no aerobic corrosion will 
occur, except for any subsequent effect of Fe(III) corrosion products formed under aerobic 
conditions. If, however, the canister surface is wetted prior to O2 consumption, the rapid transport 
of gaseous oxygen could lead to aggressive environmental conditions. If the unsaturated phase 
persists until the onset of anaerobic redox conditions, it is possible that gaseous H2S will be 
formed and transported rapidly to the canister surface. 

5.1.10.1 General corrosion 
Under aerobic conditions, the extent of general corrosion is determined by the inventory of 
trapped O2. Much of this O2 will be consumed by processes other than corrosion of the canister, 
regardless of the rate of buffer saturation. As noted above, if the rate of saturation is slow 
compared with the rate of O2 consumption, a greater fraction of the trapped O2 will be consumed 
by reaction with the bentonite, Opalinus Clay, and/or by microbial processes. However, regardless 
of the rate of saturation, the maximum depth of aerobic corrosion cannot exceed that based on the 
initial O2 inventory. 

Under anaerobic conditions, there is also the possibility of rapid transport of sulfide to the canister 
surface in the form of gaseous H2S. This would only lead to faster general corrosion if the 
transport of sulfide is rate determining. Although there is strong evidence that sulfide transport is 
rate limiting under saturated conditions it is likely that as the rate of supply increases, the rate of 
gaseous H2S production will become the slow step. 

5.1.10.2 Localised corrosion 
Non-uniform wetting of the canister surface is possible under unsaturated conditions and could 
result in spatial separation of anodic and cathodic processes and the initiation of localised 
corrosion. Once initiated, pit growth could be sustained by rapid O2 transport through partially 
saturated buffer material, if the pit is cathodically limited. As with other forms of corrosion, much 
will depend on the relative rates of saturation and of O2 consumption. The nature of the surface 
and of any surface contaminants will also be important as different salts deliquesce at different 
relative humidity values. In the corrosion allowances defined below, the allowance for localised 
corrosion covers that under both saturated and unsaturated conditions. 

5.1.10.3 Stress corrosion cracking 
An issue raised by the Finnish regulator STUK is the possibility of atmospheric SCC of copper 
canisters due to ammonia residues from the use of explosives in the repository (STUK 2015). 
Like H2S, ammonia can partition into the gas phase and could be rapidly transported through an 
unsaturated near-field. 
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However, the use of explosives is not planned for repository construction in Opalinus Clay 
(Müller et al. 2017) and there is no other source of significant amounts of ammonia in the near 
field. 

5.1.10.4 Copper-coated versus wrought copper KBS-3 canister design 
Unsaturated conditions will occur in the near field regardless of the canister design. The only 
difference between the KBS-3 and copper-coated canisters in terms of unsaturated conditions is 
the thinner corrosion allowance for the coated canister. Of the various forms of corrosion 
discussed above, the greatest concern relates to the possible increased probability of localised 
corrosion due to a period of non-uniform wetting. 

The localised corrosion of copper under unsaturated conditions is a complex phenomenon 
dependent on the time dependence of a number of different processes. As discussed in 
Section 5.1.3.1, NWMO and SKB have an ongoing R&D programme in this area which should 
provide further insight into the relative importance of the unsaturated phase on the corrosion 
performance of the canister. 

5.2 Coupled mechanical-corrosion performance 

5.2.1 General considerations 
Historically, the structural integrity and corrosion behaviour of the canister have been considered 
separately. Design engineers would develop a design that was structurally stable for the expected 
and worst-case loads. Sometimes the impact of corrosion would be accounted for by assuming a 
reduced wall thickness or, less frequently, by taking into account the degradation of the material 
properties (Patel et al. 2012), but rarely is there any attempt to integrate time-dependent corrosion 
processes with the evolving structural integrity. Similarly, corrosion scientists tend to predict 
lifetimes based on the time to penetrate the canister wall or to consume a specific corrosion 
allowance (King 2014). The most robust canister lifetime predictions, however, are those that 
account for the evolution of the structural integrity as a result of time-dependent changes in both 
the dimensions of the canister (including defects) and in the material properties as a result of 
corrosion processes and of the evolving environmental and loading conditions (King et al. 2014). 

Figure 5.2-1 shows an interaction matrix illustrating the relationship between various mechanical 
or material/corrosion factors and the resulting modes of canister degradation. Canister 
degradation is defined here as resulting either from the loss of structural stability of the steel sub-
structure or from degradation of the coating. The degradation modes considered for the steel sub-
structure (indicated in blue font in the figure) are the same as those considered in the design 
analysis for the steel canister (Patel et al. 2012), namely: 

• ductile collapse (unstable gross plastic yielding) 

• excessive local plastic strain (ductility exhaustion) 

• fracture (brittle/ductile) 

• instability (buckling) 
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The additional degradation modes associated with the copper coating (indicated in red font in the 
figure) are: 

• reduction of the coating thickness 

• crack in the coating 

• delamination of the coating 

A failure criterion would be defined for each of these potential degradation modes, such as the 
degree of local plastic strain considered to be acceptable, or the minimum remaining thickness of 
the copper coating.  

In defining the interaction matrix in Figure 5.2-1, it is assumed that no credit is taken for 
containment by the steel sub-structure once it is exposed to the corrosive environment following 
penetration of the copper coating. A delaminated coating may continue to provide containment 
for some period of time, but it is difficult to predict how long that period might be. Additional 
degradation modes for the steel substructure could be added to the interaction matrix in the event 
that credit is taken for this component. 

Figure 5.2-1 clearly demonstrates the two separate functions of the coating and sub-structure in 
the copper-coated canister design. As indicated by the predominance of red arrows connecting 
the material and corrosion factors to the canister degradation modes, the function of the copper 
coating is to provide corrosion resistance. In contrast, the function of the steel sub-structure is to 
provide resistance to the mechanical loads and to prevent structural modes of degradation. In the 
absence of entrained water inside the canister from an inadequately dried fuel assembly, there is 
no impact of corrosion on the degradation modes for the steel sub-structure. (The dashed blue line 
connecting a hydrogen-related impact on fracture indicates the potential interaction in the event 
of entrained water). 

The only degradation modes that are influenced by both mechanical- and corrosion-related factors 
are those associated with the copper coating. In some cases, these mechanical and corrosion 
factors act independently on the coating. For example, impact damage could locally reduce the 
coating thickness or induce delamination independent of any effect of corrosion on the integrity 
of the coating. In the case of environmentally assisted cracking of the coating, however, there is 
the possibility of an interaction between the nature of the corrosive environment and the 
mechanical loads. The case of the SCC of the copper coating is discussed in more detail below. 

Compared with some canister concepts, however, there are relatively few mechanical-corrosion 
interactions that need to be accounted for in the lifetime prediction of a copper-coated canister. 
For a single-walled carbon steel canister concept, for example, corrosion can have a significant 
effect on the structural stability of the canister, both because of the reduction in the thickness of 
the load-bearing structure due to general corrosion, and because of the degradation of the ductility 
and fracture properties of the material due to the absorption of hydrogen formed during anaerobic 
corrosion (King et al. 2014). In this case, careful consideration must be given to the time-
dependent structural response of the canister to external loads because the one component 
provides both corrosion resistance and structural integrity. In contrast, in the copper-coated 
design, these two functions are provided by different components and there are no time-dependent 
degradation mechanisms for the steel sub-structure. 
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Fig. 5.2-1: Interaction matrix for various degradation modes for a copper-coated steel canister 
under Swiss deep geological disposal conditions 
The blue text and arrows indicate degradation modes and mechanical factors/corrosion 
processes associated with the steel sub-structure, and the red text and arrows refer to the 
copper coating. The dashed arrows represent possible interactions for copper-coated designs 
in general, but which are not considered relevant for the proposed Nagra design. 
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5.2.2 SCC of Nagra copper-coated canister under repository conditions in 
Opalinus Clay 

As discussed above, one of the few mechanical-corrosion interactions that could lead to 
degradation of the canister is SCC of the copper coating. The SCC behaviour of copper is 
discussed in Section 5.1.5. Here, a semi-quantitative assessment is presented to determine 
whether the pre-requisite factors for cracking will be simultaneously present in the repository; 
namely, a susceptible material, the necessary corrosive environment, and sufficient tensile stress 
(or, for crack-like defects, stress intensification). The assessment is based on the decision tree 
shown in Figure 5.2-2 which defines in more detail all of the required factors that must be in place 
for SCC to occur. These requirements are presented in the form of questions, all of which must 
be answered in the affirmative for cracking to be possible. If any single requirement is not met, 
then SCC is not possible. 

Of the three basic requirements for SCC, the emphasis in the decision tree is on the need for 
specific environmental conditions to support cracking. The first condition that must be met is that 
the canister surface is sufficiently wet to support aqueous electrochemical reactions. On the 
assumption that the canister is wet, separate branches are defined for SCC under aerobic and 
anaerobic conditions. In this context, aerobic conditions are defined as those in which ammonia, 
acetate, and nitrite ions can cause cracking (Section 5.1.5.1), whereas anaerobic conditions are 
defined by the presence of sulfide (Section 5.1.5.2). As discussed in more detail below, different 
environmental conditions are required for SCC under aerobic and anaerobic conditions. 

The decision tree also defines the requirement for sufficient tensile stress (or stress intensification) 
for cracking. For the analysis here, the possible sources of tensile stress include short-term 
asymmetric axial and circumferential loading due to uneven buffer swelling and long-term 
asymmetric loading that varies circumferentially around the canister due to variation in lithostatic 
loading. For each type of loading, the resulting stresses (or stress intensities) are estimated for 
undefected and defected coating, in the latter case by considering both notch-like and crack-like 
defects (e.g., a gouge or a scratch, respectively). 

The third pre-requisite for cracking is that the material be inherently susceptible to SCC. Although 
wrought copper is known to be susceptible to SCC in a very narrow set of cases (King 2021a, 
King & Newman 2010), it is not currently known whether the electrodeposited and/or cold spray 
copper will exhibit similar susceptibility. For the current conservative analysis, the coating is 
considered to be susceptible in the same conditions, although a decision point is included in 
Figure 5.2-2 in case future studies indicate that the copper coating is not susceptible to cracking. 

The available criteria for SCC for each of the three basic requirements of a susceptible material, 
suitable environment, and sufficient tensile stress are summarized in Table 5.2-1. The bases for 
these criteria are explained in more detail elsewhere (King 2021a, Posiva 2021, Salonen et al. 
2021). For the current purposes, it is assumed that the copper coating is inherently susceptible to 
SCC, even though the microstructure, ductility, toughness, hardness, etc. of the material may 
reduce or eliminate the susceptibility to cracking exhibited by wrought alloys. 

In the following sections, the likelihood of the co-existence of a suitable environment and 
sufficient tensile stress are considered for the short-term and long-term loading scenarios: 

• short-term loading scenario: SCC under either aerobic or anaerobic conditions 

• long-term loading scenario: SCC under anaerobic conditions only 
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Fig. 5.2-2: Decision tree for the SCC of the copper coating 
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5.2.2.1 Assessment of environmental conditions in repository 
Under aerobic conditions, the environmental criteria for SCC are: 

• The canister surface must be wet. 

• Either ammonia, acetate, or nitrite ions must be present in sufficient concentration. 

• The ratio of the Cl- concentration to the concentration of SCC agent must be lower than the 
inhibition threshold. 

• The combination of ECORR and the surface pH must lie above the Cu2O/Cu(OH)2 equilibrium 
line on an E-pH (Pourbaix) diagram. 

Tab. 5.2-1: Environmental, loading, and material criteria for SCC of copper coating* 
 

 Aerobic Anaerobic 

Requirement Ammonia Acetate Nitrite Requirement Sulfide 

Environmental 

Threshold 
concentration 
(mol/L) 

- < 0.05 0.001 – 0.01 Threshold 
concentration 
(mol/L) 

0.001 

[Cl-]:[SCC agent] 
inhibition ratio 

0.5 – 5.5 ≥ 0.1 ≥ 1 

Threshold 
ECORR/pH 

Above Cu2O/Cu(OH)2 equilibrium line Threshold flux 
(mol·cm-2·s-1) 

10-10 

Temperature Increasing 
susceptibility 
with T 

- Uncertain 

Tensile stress 

Threshold stress 
(MPa) 

~ 50 - 30 Threshold stress 
(MPa) 

160 

KISCC (MPa·m1/2) - - 16 – 30 KISCC (MPa·m1/2) - 

Material Susceptible material Susceptible material 

* Criteria that are uncertain are shown in italics. Criteria for which no information is available are indicated by a 
dash. 

 
In ammonia and nitrite environments, there is some evidence that cracking is sensitive to the 
temperature, but the information in the literature is both sparse and inconsistent and this 
environmental condition is not used here to assess the likelihood of SCC (King 2021a). 

Evidence for the composition of the Opalinus Clay pore water is available from borehole samples 
at Mont Terri (Smart et al. 2017). The pore water is essentially an anoxic, moderately alkaline 
NaCl solution (pH 8.2, [Cl-] = 0.29 mol/L), with small amounts of ammonium (3 × 10-4 mol/L) 
and dissolved sulfide (7.4 × 10-6 mol/L), and no detectable nitrite (< 5 × 10-6 mol/L). No acetate 
was reported to be present in the sample. Of course, the composition of the bentonite pore water 
in contact with the canister will differ from that in the rock as a result of ion-exchange processes 
and equilibration with accessory minerals in the clay. The bentonite pore-water [Cl-] may be lower 
than that in the rock pore water, at least until the two waters have equilibrated. However, since 
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there is no microbial activity in the bentonite (a possible source of N-containing species and 
acetate) and explosives will not be used in the construction of the repository (Müller et al. 2017), 
a potential source of nitrite and ammonium ions, there is no reason to believe that the 
concentrations of SCC agents at the canister surface will be higher than in the rock pore water. 
Therefore, it seems unlikely that there will be sufficient ammonia, acetate, or nitrite to support 
SCC and, even if present, any effect would be inhibited by the large excess of Cl- ions. 

In addition to the absence of SCC agents, it seems unlikely that the redox conditions will be 
sufficiently oxidizing to support the dissolution-based mechanisms for cracking under aerobic 
conditions. Indications from the FE-G experiment at Mont Terri clearly suggest that the initially 
trapped O2 is consumed in a matter of weeks and occurs prior to the wetting of the heaters 
(canisters) (Giroud et al. 2018). Although the variation of the corrosion potential and interfacial 
pH on the canister surface after wetting occurs is not known, it seems unlikely that the redox 
conditions will be sufficiently oxidizing to support the formation of a duplex Cu2O/Cu(OH)2 film. 

Under anaerobic conditions, the environmental criteria for SCC are: 

• The canister surface must be wet (since there is no evidence for SCC due to gaseous H2S). 

• The flux of sulfide to the canister surface must exceed a threshold value 

As discussed in more detail elsewhere (Salonen et al. 2021), the different literature reports of the 
formation of crack-like features on copper during slow strain rate testing in sulfide solutions can 
be rationalised in terms of a threshold flux. This critical flux is associated with the need to 
effectively transport sulfide to the tip of the crack. Under repository conditions, the rate of general 
corrosion is determined by the rate of supply of sulfide and the interfacial [HS-] is vanishingly 
small (King et al. 2017a). As a result, sulfide cannot be transported into a crack or other occluded 
region ahead of the general corrosion front. Only if the sulfide flux exceeds the transport-
controlled limit does the interfacial [HS-] increase so that a sufficient concentration gradient exists 
between the generally corroding surface and the tip of the crack. For a given mass-transport 
regime, such as the bulk solutions used in laboratory experiments, this threshold flux is manifested 
as an apparent threshold sulfide concentration. 

The flux of sulfide to the canister surface in the repository has been estimated by Cloet et al. 
(2017). For well-emplaced bentonite, the flux of sulfide to the canister surface is predicted to 
increase with time, reaching a steady-state value of approximately 6 × 10-6 mol·m-2·a-1 
(2 × 10-17 mol·cm-2·s-1). This flux is not only approximately seven orders of magnitude lower than 
the threshold flux for SCC (Table 5.2-1), it is also 4 – 5 orders of magnitude lower than the 
estimated transport-limited rate of general corrosion (King et al. 2017a), so that the interfacial 
sulfide concentration will be close to zero. 

5.2.2.2 Mechanical assessment 
In order to assess whether there will be sufficient tensile stress on the surface of the copper coating 
during either of the two loading scenarios, the following procedure was used: 

• determine the axial, circumferential and radial stresses and strains on the steel substructure 
for the two loading scenarios 

• calculate the corresponding stresses in the copper coating 

• for undefected surfaces, compare these stresses to the threshold stress for SCC for the various 
SCC agents 
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• for gouge-like surface defects, multiply the surface tensile stress by a suitable stress 
concentration factor, and compare these stresses to the threshold stress for SCC for the various 
SCC agents 

• for crack-like surface defects, estimate the crack-tip stress intensity factor using a suitable 
linear-elastic fracture mechanics expression, and compare these stress intensity factors to the 
threshold KISCC for SCC for the various SCC agents 

The stress analyses for the coating under the short-term and long-term loading conditions are 
presented in Section 4.3. Stresses in the coating were found to be compressive in all directions 
(radial, circumferential, and axial) for both loading conditions, except for small tensile stresses in 
the axial direction for the short-term asymmetric loading case. 

Standard solutions are available for predicting the stress concentration and stress intensification 
due to various notch-like (Pilkey 1997) and crack-like defects (Murakami 1987), respectively. 
Here, the defect is assumed to result from a circumferentially orientated scratch aligned 
perpendicular to the direction of tensile stress. For a U-shaped notch in a finite-width thin plate, 
the stress concentration factor (SCF) is given by (Pilkey 1997). 
 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆1 + 𝑆𝑆2  �𝑡𝑡
𝐻𝐻
� +  𝑆𝑆3  �𝑡𝑡

𝐻𝐻
�
2

+ 𝑆𝑆4  �𝑡𝑡
𝐻𝐻
�
3
 (5.2-1) 

 

where t is the depth of the notch, H is the thickness of the plate (i.e., the copper coating), and the 
values of the coefficients C1, C2, C3, and C4 depend on the notch depth:radius ratio (t/r). Narrow 
notches with high (t/r) ratios result in the highest stress concentration. For a 50% through-coating 
scratch, the SCF for the case of tensile loading is 3.4 for the highest (t/r) ratio of 20 for which 
Equation (5.2-1) is applicable. Such a deep scratch would almost certainly be detected during 
inspection (although a narrow scratch is assumed here), unless the scratch was created during 
emplacement of the canister and there was not further opportunity for inspection. Thus, the stress 
for a U-shaped notch for the case of the maximum tensile stress of 15 MPa (Figure 4.3-3) is 
51 MPa 

For the case where the scratch is considered to be a crack-like, a standard solution for an edge 
crack in a semi-finite plate subject to tensile loading is considered (King 2004, Murakami 1987) 
 

𝐾𝐾1 = 1.1215𝜎𝜎(𝜋𝜋𝜋𝜋)1/2 (5.2-2) 
 

where KI is the stress intensity factor, σ is the tensile load and a is the crack depth. Assuming a 
2-mm-deep crack, the stress intensity factor corresponding to the case of a maximum tensile stress 
of 15 MPa is 1.3 MPa·m1/2. 

5.2.2.3 Overall assessment of susceptibility of copper-coated canister to SCC 
It is apparent from the discussion above that SCC of the copper coating is unlikely under 
repository conditions because neither a suitable environment nor a sufficient tensile stress is likely 
to be present, regardless of the susceptibility of the material itself. Tables 5.2-2 and 5.2-3 
summarize the likelihood of SCC for the short-term and long-term loading conditions, 
respectively. In each table, a semi-quantitative assessment is given for whether each of the 
environmental and stress-related criteria for cracking are met. 



NAGRA NTB 20-01 114  

For the short-term loading condition, the possibility of SCC under both aerobic and anaerobic 
conditions is considered (Table 5.2-2), even though the evidence from the FE-G experiment is 
that all of the O2 will have been consumed prior to wetting of the canister surface. Under aerobic 
conditions, SCC is considered unlikely primarily because the necessary environmental conditions 
will not be present at the canister surface. In addition, for an un-defected surface or for a crack-
like scratch, the degree of tensile loading does not exceed any of the available criteria for cracking 
in ammonia, nitrite, or acetate environments. In the case of a stress-concentrating notch-like 
scratch, however, the estimated maximum stress is of similar magnitude to the available threshold 
stress values in ammonia and nitrite environments. In contrast, under anaerobic conditions, none 
of the environment- or stress-related criteria for cracking are exceeded for either un-defected or 
scratched coating surfaces. 

Tab. 5.2-2: Semi-quantitative assessment of the likelihood of the SCC of the copper coating for 
the short-term loading condition 

 

 Aerobic Anaerobic 

Requirement Ammonia Acetate Nitrite Requirement Sulfide 

Environmental 

Threshold 
concentration 
(mol/L) 

- No No Threshold 
concentration 
(mol/L) 

No 

[Cl-]:[SCC agent] 
inhibition ratio 

No No No 

Threshold 
ECORR/pH 

No? Threshold flux 
(mol·cm-2·s-1) 

No 

Temperature - - - 

Tensile stress 

Undefected surface No - No Undefected 
surface 

No 

Notch-like scratch Yes? - Yes? Notch-like 
scratch 

No 

Crack-like scratch - - No Crack-like 
scratch 

- 

Material Susceptible 
material 

Yes? Yes? Yes? Susceptible 
material 

Yes? 
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Tab. 5.2-3: Semi-quantitative assessment of the likelihood of the SCC of the copper coating for 
the long-term loading condition 

 

 Anaerobic 

Requirement Sulfide 

Environmental Threshold concentration (mol/L) No 

Threshold flux (mol·cm-2·s-1) No 

Tensile stress Undefected surface No 

Notch-like scratch No 

Crack-like scratch - 

Material Susceptible material Y? 

 
For the long-term loading case, SCC is not a credible degradation mode for the copper coating 
(Table 5.2-3). The most significant factor is the absence of tensile stress on the surface of the 
copper coating. In addition, the environmental conditions would not support the proposed SCC 
of copper in sulfide environments. 

5.2.3 Summary 
The possibility of joint mechanical-corrosion degradation modes has been considered in the case 
of a copper-coated steel canister. Because the copper coating and steel sub-structure serve 
different functions, there are relatively few interactions between corrosion and mechanical 
degradation modes. In the absence of entrained H2O inside the canister, there are no time-
dependent degradation processes that affect the steel sub-structure prior to through-thickness 
penetration of the copper coating. There are also relatively few mechanical-corrosion interactions 
for the copper coating, the most obvious exception being the possibility of SCC. 

An assessment has been performed to determine the likelihood of the SCC of the copper coating 
under repository conditions. The semi-quantitative assessment is based on the requirement for 
cracking that there must be a suitable corrosive environment, sufficient tensile stress, and that the 
material itself must be susceptible to SCC. Even on the assumption that the copper coating is 
inherently susceptible to cracking, SCC is considered an unlikely degradation mode for either the 
short-term or long-term loading scenarios. Because of the nature of the compressive loads and the 
optimized design of the canister (especially the use of a hemispherical-shaped head), the copper 
coating is found to be primarily under compressive stress. Only during the short-term asymmetric 
loading due to uneven buffer swelling is some tensile stress component possible, and then only in 
the axial direction. However, the maximum stresses and stress intensification factors for un-
defected or defected surfaces are modest. Even for the case of a stress-concentrating 
circumferential scratch aligned perpendicular to the tensile stress, SCC is not expected to occur 
because a suitable corrosive environment will not be present. 
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5.3 Lifetime prediction 
Since the analysis in Section 5.2 demonstrates that there are few, if any, credible coupled 
mechanical-corrosion degradation mechanisms for a copper-coated canister, the canister lifetime 
can be predicted solely on the basis on the time required to penetrate the copper layer by corrosion. 
The coating thicknesses required to provide lifetimes of 100'000 years and 1 million years are 
described in the next section. Here, a more general discussion of the methodology of lifetime 
prediction, and of the justification of that prediction, is provided. 

5.3.1 Approaches to the prediction of the corrosion behaviour of copper-
coated HLW/SF canisters 

For the purposes of lifetime prediction, corrosion processes can be divided into those that are 
expected to occur under repository conditions and those that are not. For a copper-coated HLW/SF 
canister in a repository in Opalinus Clay, the corrosion processes that may reasonably be expected 
to occur, and for which a corrosion estimate is required, are: general corrosion in the presence of 
O2 and HS- and localised corrosion under aerobic conditions. The corrosion processes that are not 
considered to be feasible under repository conditions are: any form of environmentally assisted 
cracking and microbiologically influenced corrosion (except for the effects of remotely produced 
sulfide). 

There is debate about whether it is acceptable, or not, to base long-term predictions on 
extrapolations of empirical corrosion rates or whether predictions should only be based on a 
mechanistic description of the corrosion process, i.e., empiricism versus determinism (Macdonald 
2003). An example of an empirical approach is the use of experimentally measured corrosion 
rates of carbon steel in compacted bentonite under anaerobic conditions (Diomidis & Johnson 
2014, Johnson & King 2008, JNC 2000). For copper, it is not common to use empirically 
measured rates to predict canister lifetimes, which is typically done based on a combination of 
mass-balance arguments (e.g. for the effect of the initially trapped O2) and a mass-transport 
calculation (to account for corrosion by remotely produced sulfide). A mass-transport calculation 
is a simple example of a deterministic approach, as it is implicitly based on the assumption that 
the corrosion rate is transport limited. 

Similarly, both empirical evidence and deterministic approaches can be used to exclude corrosion 
processes that are considered unlikely to occur under repository conditions. However, an 
empirical argument is more difficult to make for a process that does not occur because the 
timescale of observation is inevitably shorter than the canister lifetime. As a result, the 
development of a "reasoned argument" for excluding a given corrosion process from the lifetime 
prediction is best achieved based on a thorough mechanistic understanding of the corrosion 
process and, just as importantly, of the nature of the environment to which the canister will be 
exposed. 

While there are arguments for the use of both empirical and mechanistic methods, the approach 
used to make the actual corrosion prediction is less important than the justification of those 
predictions over the extended timescales of interest. 
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5.3.2 Confidence building 
In many ways, the estimation of the canister lifetime is relatively simple. The difficulty arises in 
being able to justify the prediction of processes that occur over such long periods of time. Various 
methods are available for building confidence in the long-term predictions, including: 

• An ability to demonstrate a thorough mechanistic understanding of the corrosion and 
mechanical processes involved 

A thorough mechanistic understanding should underpin any long-term prediction, whether 
that prediction is based on a simple extrapolation of an empirically determined corrosion rate 
or on the basis of a detailed reactive-transport model. Only by having a mechanistic 
understanding is it possible to justify the exclusion of corrosion processes that are not 
considered possible under repository conditions; for instance, in the current context, the SCC 
of the copper coating or the HIC of the steel sub-structure. A mechanistic understanding is 
also useful for predicting the rate or extent of those corrosion processes that are expected to 
occur; for example, the knowledge of the conditions under which the anaerobic corrosion of 
copper by sulfide is under transport control. 

• The use of evidence from large-scale in situ experiments 

While it is generally possible to simulate most degradation processes on a smaller laboratory 
scale, there is value in demonstrating that the same processes do (or do not) occur on the full-
size canister. Large or even full-scale experiments are performed in underground research 
laboratories (URLs), such as at Grimsel and Mont Terri, which provides the added benefit of 
realistic hydrogeochemical conditions. Diomidis & King (2020) have reviewed the evidence 
obtained on the corrosion behaviour of copper and carbon steel from large-scale in situ 
experiments in various European URLs. 

• The use of evidence from archaeological and geological analogues 

Copper- and iron-based materials have been in use for millennia, dating back to the Bronze 
Age some 5,000 years ago. On a much greater timescale, deposits of native, metallic copper 
exist in many countries around the world. These natural and anthropological analogues exist 
because the material is either thermodynamically or kinetically stable under the specific 
environmental conditions, which are similar concepts to those used to predict the long-term 
corrosion behaviour of the canister (King 2021c). Analogues are never perfect; the 
environment to which the analogue has been exposed is generally not the same as that 
expected in the repository, and the composition and metallurgical condition of the copper or 
ferrous object are never the same as for the canister. Nevertheless, analogues are 
tremendously useful for building confidence with expert and non-expert audiences alike (Neff 
et al. 2010). 

• Application of alternative models for the prediction of a given process 

Commonly, there are multiple methods for predicting the rate or extent of a given corrosion 
process. For example, the extent of corrosion of the canister due to the atmospheric O2 initially 
present in the buffer material can be variously estimated based on a mass-balance calculation, 
empirical corrosion rate data, or detailed reactive-transport modelling. The use of alternative 
approaches to predict the same, or similar, outcome provides confidence in the long-term 
prediction. 
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5.4 Estimation of corrosion allowance 
In this section, an estimate is made of the depths of corrosion of the copper coating after periods 
of 100,000 years and 1 million years. The aim at this stage in the development of the concept is 
not to define the canister lifetime but rather to assess the safety margin for a copper coating 
thickness of 3 mm, corresponding to the current reference coating thickness defined by the 
NWMO, but in a Swiss scenario. In addition to making estimates for those corrosion processes 
considered likely to occur under repository conditions, reasoned arguments are also given for the 
exclusion of other corrosion processes. Lastly, the current estimates are compared with similar 
recent estimates from other organizations considering the use of a copper-coated canister; namely, 
the NWMO (Hall et al. 2021) and NUMO (Suzuki et al. 2021). 

5.4.1 Allowances for corrosion processes considered possible 
Table 5.4-1 summarises the best estimate for the depths of corrosion after periods of 
100,000 years and 1 million years for those processes considered possible under repository 
conditions. 

• Oxic corrosion due to the initially trapped O2 in the repository. The corrosion allowance for 
the O2 initially present in the saturated and unsaturated pore space of the granular bentonite 
material and the buffer block pedestal is estimated based on a mass-balance equation. Despite 
the evidence from the FE-G experiment that the initial O2 disappears from the disposal drift 
prior to the canister surface becoming wet (and capable of sustaining an aqueous corrosion 
process), it is conservatively assumed here that 100% of the initial O2 leads to canister 
corrosion. The value of 74 µm is taken from Diomidis (2014). 

•  Radiation-induced corrosion. The maximum dose rate for a copper-coated canister is 
0.18 Gy/hr on the surface of the hemispherical C‑steel head (Gutiérrez et al. 2018). (The dose 
rate is highest at the ends of the canister because the hemispherical head is thinner than the 
body of the C‑steel sub-structure, Figure 3.3‑1). The dose rate decreases with time over the 
first several hundred years due to the decay of fission products (equivalent to a half-life of 
approximately 30 years), but then increases at longer times due to the in-growth of n‑ and 
γ−emitting actinides (Gutiérrez et al. 2018). The total dose of gamma photons and neutrons 
is 123 kGy after 100'000 years and 830 kGy after 1 million years. The corrosion allowance 
has been estimated from the data of Bjorkbacka et al. (2013) on the assumption that the extent 
of corrosion is either dependent on the total dose or on the dose rate. Based on the dependence 
of the dissolved copper concentration on the total dose in Figure 5.1-17, the depth of corrosion 
after 100,00 and 1 million years is estimated to be 0.15 µm and 1.0 µm for total doses of 
123 kGy and 830 kGy, respectively, and for the assumption that the measured dissolved 
copper represents 10% of the total amount of copper corroded in the experiment, the 
remaining 90% being present as a precipitated Cu2O film. Alternatively, the Bjorkbacka et al. 
(2013) data can be represented in terms of the dependence of the dissolution rate on the 
absorbed dose rate, as shown in Figure 5.1-18. Taking the highest predicted dissolution rate 
from this figure and combining it with the time-dependent dose rate from Figure 5.1-15, gives 
estimates of the total depth of corrosion after 100'000 and 1 million years of 0.3 µm and 
1.2 µm, respectively, again on the assumption that the dissolved copper represents only 10% 
of the total copper corroded in the experiments. The allowance for radiation-induced 
corrosion in Table 5.4-1 is conservatively taken as the highest value from these two methods 
for extrapolating the experimental measurements. 
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• Anoxic corrosion due to sulfide. The flux of sulfide to the canister surface in a repository in 
Opalinus Clay has been estimated by Cloet et al. (2017). Two different transport models were 
used, along with three different assumptions regarding the quality of the buffer and the regions 
of the repository in which the microbial reduction of sulfate to sulfide was assumed to occur. 
For the current purposes, the results from the more-detailed reactive transport model are used, 
instead of those from a simplified model. Furthermore, the scenario of well-emplaced buffer 
with microbial activity restricted to the excavation damaged zone surrounding the drift has 
been selected. The corrosion depths after 100,000 yrs and 1 million years are taken directly 
from Cloet et al. (2017), of 5 and 80 µm, respectively. 

• Surface roughening under oxic conditions. Although corrosion of the copper coating will be 
uniform in nature, there will inevitably be a certain degree of uneven attack. The corrosion 
allowance for surface roughening under oxic conditions is taken directly from profilometry 
measurements on copper coupons exposed to an initially oxic environment in unsaturated 
bentonite at two different temperatures (60 °C and 80 °C) and at three different relative 
humidity levels (25%, 50%, 75% RH) (Reddy et al. 2020). The surface roughness allowance 
of 11 µm is taken as the maximum peak-to-valley distance measured on electrodeposited or 
cold spray copper coupons. 

• Surface roughening under anoxic conditions. In the repository, the corrosion rate under anoxic 
conditions is under transport control and is determined by the flux of sulfide to the canister 
surface. Since the corrosion rate is transport limited, corrosion should be perfectly uniform. 
However, some degree of surface roughness is always measurable on copper coupons 
exposed to nominally anoxic conditions. Therefore, the surface roughness allowance is based 
on the experimental surface roughness measurements reported by Reddy et al. (2021a) on 
coupons exposed in the IC-A experiment at the Mon Terri underground research laboratory. 
In fact, the roughness measured on electrodeposited and cold spray copper coupons exposed 
to anoxic buffer for a period of 1'024 days was not significantly different from that on 
polished, but un-exposed coupons. Therefore, the corrosion allowance for surface roughening 
under anoxic conditions is zero. 

The total estimated depth of corrosion due to all corrosion processes is 90 µm after 100'000 years 
and 166 µm after 1 million years (Table 5.41). Compared with the nominal coating thickness of 
3 mm, the margin of safety is a factor of 33 after 100'000 years and a factor of 18 after 1 million 
years. 

Tab. 5.4-1: Corrosion allowances for a copper-coated HLW/SF canister in a repository in 
Opalinus Clay for periods of 100'000 years and 1 million years 

 

Corrosion process 100'000 years 1 million years 

Oxic corrosion [µm] 74 74 

Radiation-induced corrosion [µm] 0.3 1 

Anoxic corrosion due to sulfide [µm] 5 80 

Surface roughening under oxic conditions [µm] 11 11 

Surface roughening under anoxic conditions [µm] 0 0 

Total [µm] 90 166 
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5.4.2 Reasoned arguments for the exclusion of specific corrosion processes 
In addition to accounting for those corrosion processes that are considered to be possible under 
repository conditions, it is also necessary to justify the exclusion of corrosion processes not 
considered possible. The mechanistic basis for these "reasoned arguments" is given in Sec-
tions 5.1 and 5.2 and in other summaries of the corrosion behaviour of copper under repository 
conditions (Hall et al. 2021, King et al. 2010, Posiva 2021) and only brief details are given here. 

• Stress corrosion cracking. As discussed in some detail in Section 5.2, the possibility of SCC 
is excluded on the basis of insufficient tensile stress and the absence of the necessary 
environmental conditions to support cracking. Furthermore, although the copper coating is 
currently assumed to exhibit the same susceptibility to SCC as wrought copper alloys, it is 
possible that the presence of a high percentage of special grain boundaries in the 
electrodeposited copper will improve the resistance to cracking of the coating. The SCC 
susceptibility of cold spray copper is unknown at this time. 

• Pitting. Localized corrosion in the form of pitting is not expected to occur under either aerobic 
or anaerobic conditions. At all times, the copper surface is expected to be in the 
electrochemically active condition and corrode uniformly, rather than forming a passive film. 
Under saturated, aerobic conditions, the near-neutral pH of the buffer pore water and the 
predominance of Cl- ions will promote active dissolution rather than passivation by a Cu2O 
film. Even under unsaturated conditions, where spatial separation of the anodic and cathodic 
reactions can result from non-uniform wetting of the surface, it is expected that the rate of O2 
consumption in the repository will be faster than the rate of saturation so that oxic corrosion 
is unlikely. Under saturated, anaerobic conditions, evidence has been presented in 
Section 5.1.2.2 that the Cu2S films that will form under repository conditions will be porous 
and not subject to localised breakdown. 

• Microbiologically influenced corrosion (biofilm formation). A combination of high buffer 
swelling pressure, low water activity, and the lack of physical space (as well as other 
contributory factors) will suppress microbial activity in the GBM and buffer block pedestal 
(Taborowski et al. 2019). Experimental studies in natural Opalinus Clay porewater and with 
native microbial populations suggests that microbial activity is suppressed above a threshold 
buffer dry density in the range 1250-1450 kg/m3 (Smart et al. 2017). Since the minimum dry 
density of the granular bentonite material and buffer block pedestal exceed this threshold 
density, microbial activity is not considered possible in the emplacement drift at any time 
during the evolution of the near-field environment. As a consequence, biofilm formation on 
the canister surface is also not possible, and forms of MIC associated with such biofilms are 
excluded from consideration. Microbial activity is considered possible in the EDZ 
surrounding the emplacement drift, and the consequences of such activity are included in the 
corrosion allowance in the previous section. 

• Anoxic corrosion in O2-free H2O or due to saline porewater. The evidence against the 
proposed sustained corrosion of copper in O2-free H2O is summarised in Section 5.1.2.3 and 
is discussed in more detail elsewhere (Hedin et al. 2018, Posiva 2021, SKB 2019). The 
Swedish regulator SSM has concluded that this issue is not safety significant (SSM 2018). 
The conditions under which copper corrodes in O2-free saline conditions has been reviewed 
(King et al. 2021, Lilja et al. 2021) and this reaction too is insignificant for a repository in 
Opalinus Clay with a porewater Cl- concentration in the range 0.16-0.4 mol/L. Therefore, 
anoxic corrosion of copper (with the exception of that due to sulfide) is also excluded from 
consideration. 
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• Galvanic corrosion. Galvanic corrosion between the carbon steel sub-structure and the copper 
coating is possible under oxic conditions if there is a through-wall defect in the coating 
(Standish et al. 2016, 2017, 2019). The copper coating would act as the cathode in the galvanic 
couple, with the carbon steel as the anode. Thus, galvanic corrosion would not result in 
accelerated consumption of the copper coating. Furthermore, since a through-wall defect is a 
pre-requisite, this scenario is considered to represent an upset condition and is, therefore, not 
accounted for in the estimation of the corrosion allowance. 

• Hydrogen-related degradation mechanisms. Small amounts of hydrogen can be absorbed by 
copper under freely corroding conditions and/or under repository-relevant irradiation 
conditions. However, the resulting absorbed hydrogen concentration is far less than that found 
to affect the mechanical properties of copper (Section 5.1.9). Thus, H-related degradation 
mechanisms will, in general, not impact the canister lifetime and, specifically, do not affect 
the estimated corrosion allowance. 

• Effect of gaseous H2S. During the initial unsaturated phase in the evolution of the near-field 
environment, it is possible that gaseous H2S could be transported to the canister surface 
relatively rapidly. Possible sources of gaseous H2S are equilibration of the gas phase with 
dissolved sulfide ions present in the Opalinus Clay pore water or the thermally induced 
decomposition of pyrite in the bentonite or host rock. The possibility of gaseous sulfidation 
in unsaturated bentonite is currently under investigation and an additional allowance could be 
made in the future if this form of corrosion is deemed to be possible. SKB (2019) have 
assessed the possible impact of gaseous H2S and concluded that the resulting corrosion rate 
would be only 0.045 µm/yr, equivalent to a corrosion depth of 4.5 µm for a repository 
saturation time of 100 years. 

5.4.3 Comparison with corrosion estimates by NWMO and NUMO 
The NWMO (Hall et al. 2021) and NUMO (Suzuki et al. 2021) have also estimated the expected 
depth of corrosion for copper-coated canisters under Canadian and Japanese disposal conditions, 
respectively. 

Table 5.4-2 summarises the NWMO corrosion estimates for a copper-coated canister for a period 
of 1 million years in a generic Canadian repository (Hall et al. 2021). A best estimate and an 
extreme upper bound are given. Most of the individual processes, and the resulting corrosion 
depths, considered by NWMO are similar to those given above for the Nagra HLW/SF canister, 
including allowances for (i) the initially trapped O2, (ii) radiation-induced corrosion, (iii) the 
transport of sulfide, and (iv) surface roughening under oxic conditions. In addition to these 
processes, the NWMO make an allowance for corrosion for anoxic corrosion (in the absence of 
sulfide), mostly because of the possibility of highly saline pore fluids in certain sedimentary host 
rocks in Canada, but also to cover uncertainty in whether copper does corrode in O2-free H2O, as 
it is based on the experimental detection limit. The NWMO also make an allowance for radiation-
induced surface roughening because of evidence for grain boundary attack for electrodeposited 
and cold spray copper in the presence of dilute HNO3 solution (Dobkowska et al. 2021). Nitric 
acid is formed by the radiolysis of humid air, but an equivalent allowance is not included in the 
Nagra estimate because of the lower dose rate (a factor of 20 times lower than that for the thinner-
walled NWMO canister design) and because of the evidence from the FE-G that the initial O2 will 
be consumed (and any radiolytic HNO3 cease) within a matter of days or weeks following 
backfilling of the emplacement drift (Giroud et al. 2018). Finally, for the extreme upper bound 
estimate, the NWMO also take partial credit for the pre-existing Cu2O film as a sink for sulfide 
diffusing to the canister surface. The conversion of Cu2O to Cu2S would also occur in a Swiss 
repository, but this process is conservatively excluded from the estimate in Table 5.4-1. 
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Tab. 5.4-2: Corrosion estimates for copper-coated HLW/SF canister after 1 million years in a 
generic Canadian deep geologic repository environment 
Hall et al. (2021) 

 

Corrosion process Reasonably expected Extreme upper bound 

Oxic corrosion [µm] 80 298 

Radiation-induced corrosion [µm] 9.4 9.4 

Anoxic corrosion 1 100 

Anoxic corrosion due to sulfide [µm] 80 800 

Redundancy for oxide to sulfide conversion [µm] 0 -203.7 

Surface roughening under oxic conditions [µm] 50 100 

Radiation-induced surface roughening [µm] 50 100 

Total [µm] 270 1'204 

 
One concept under investigation in Japan is the use of a copper-coated overpack surrounded by 
compacted bentonite within a perforated steel shell (Suzuki et al. 2021). This PEM (prefabricated 
engineered barrier system module) assembly would then be emplaced horizontally and the 
disposal drift backfilled. Table 5.4-3 summarises the estimated depths of corrosion due to the 
initially trapped O2 and microbially produced sulfide. Microbial activity is considered possible in 
the backfilled drift, but not in the compacted buffer immediately adjacent to the canister in the 
PEM. In common with the Nagra and NWMO analyses, the extent of oxic corrosion is based on 
a mass-balance calculation and the rate of corrosion due to sulfide is assumed to be under transport 
control. The sum of the depths of oxic and anoxic corrosion are then multiplied by a factor of 3 
to account for the possibility of localised corrosion. No corrosion allowance is made for the effect 
of irradiation based on the argument that the maximum dose rate of 16 Gy/hr is below the level 
at which there is evidence for an enhanced corrosion rate due to radiolysis (Suzuki et al. 2021). 

Table 5.4-3 gives estimated corrosion depths at four different times and for different assumptions 
regarding the O2 inventory and sulfide concentration. The extent of oxic corrosion is estimated 
based on the assumptions that only the O2 within the PEM will contribute to corrosion 
(8.3 mol/PEM) and that all of the O2 within the PEM and within the backfilled section of the drift 
will cause corrosion (38 mol/PEM). For the estimation of the sulfide flux, it is argued that the 
sulfide concentration at the backfill/PEM interface will be controlled by the solubility of the iron 
sulfide corrosion product that will form when sulfide produced within the backfill contacts the 
outer steel shell of the module. Depending upon the nature of the corrosion product, it is assumed 
that the solubility could vary between 10-7 mol/L and 10-4 mol/L 

Based on these different assumptions, the estimated corrosion depths range from several 100 µm 
in the case of limited residual O2 and a low-solubility iron sulfide to many millimetres in the case 
of a more-soluble form of iron sulfide. However, it was explicitly noted that reasonable 
concentrations of sulfide for the Japanese geosphere are 10-7 – 10-6 mol/L, so it is with some 
confidence that lifetime predictions in excess of 1'000'000 years could be supported. 

  



 123 NAGRA NTB 20-01  

Tab. 5.4-3: Corrosion estimates for copper-coated HLW/SF canister after various time periods 
in a generic Japanese deep geologic repository environment 
Suzuki et al. (2021) 

 

Amount of 
residual O2 

Sulfide 
concentration 

[mol/L] 

Corrosion depth* 
[µm] 

1'000 years 10'000 years 100'000 years 1'000'000 years 

8.3 mol  
per PEM** 

10-7 

10-6 

10-5 

10-4 

210 

210 

220 

300 

210 

220 

300 

1'100 

220 

300 

1'100 

9'100 

300 

1'100 

9'100 

89'000 

38 mol  
per PEM 

10-7 

10-6 

10-5 

10-4 

960 

960 

970 

1'000 

960 

970 

1'100 

1'900 

970 

1'100 

1'900 

9'900 

1'100 

1'900 

9'900 

90'000 

*  Estimated corrosion depths are based on the depth of uniform corrosion multiplied by a localisation factor of 3 for 
both oxic and anoxic corrosion. 

**  PEM: prefabricated engineered barrier system module 
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6 Areas of further study 
 
This report details the current status of the development of the copper-coated HLW/SF canister 
concept. This concept has been under development for approximately a decade and work will 
continue in the future. Some areas for further study are discussed below. 

6.1 Fabrication technology 
Areas for further development in the area of fabrication technology include: 

• Acid copper electrodeposition. Although the acid-copper path is commonly used for the 
industrial coating of copper, including of a size and form similar to that required for HLW/SF 
canisters (Hernandez-Selva et al. 2015), no prototype canisters have yet been fabricated. The 
deposition of ultrafine grain size copper using pulsed-current and reverse-pulse plating 
techniques has not yet been developed for the acid-copper treatment. These techniques have 
been shown to produce coatings with superior mechanical, microstructural, and (potentially) 
corrosion properties when used in conjunction with the alkaline pyrophosphate treatment. 

• Laser-assisted cold spray deposition. Laser-assisted cold spray deposition has the potential 
benefits of (a) the elimination of the need for He to apply the initial copper layer and (b) in 
situ annealing of the as-deposited cold spray. Preheating of the substrate surface through the 
use of a laser results in improved adhesion of the copper particles. In the current method, 
superior adhesion is achieved through the use of He process gas to increase the particle 
velocity, before switching to N2 for the bulk of the coating. Helium gas is expensive and has 
alternative industrial applications. Eliminating the need for two different process gases would 
also simplify the coating process. The current method of annealing the as-deposited cold spray 
coating involves post-application thermal treatment. Lasers could be used to anneal the 
coating immediately after deposition in the same facility used for the coating application. 

• Coating repair techniques. A qualified coating repair methodology will be required to repair 
minor surface flaws and discontinuities. It will be necessary to demonstrate that the repaired 
feature has the same (or superior) properties as the pristine coating and that there is no 
increased probability of delamination of the repaired area. 

• Adaptation for a Nagra HLW/SF canister. To date, application of the technology has only 
been demonstrated for the relatively small NWMO-style canister, approximately 0.6 m in 
diameter and 2.5 m in length. A copper-coated Nagra HLW/SF canister would be 
considerably longer (approximately 5 m) in order to accommodate the larger BWR and PWR 
spent fuel assembles. (The canister diameter would be determined by the number of fuel 
assemblies per canister). Although the same coating and sealing principles could be applied 
to the Nagra canister, there would clearly need to be some scale-up studies based on the 
techniques developed for the shorter NWMO canister. 



NAGRA NTB 20-01 126  

6.2 Repository engineering 
A key factor in the development of the handling and emplacement methodology being undertaken 
by the NWMO is the relatively small size of the canister. This permits the use of an integral 
buffer-canister supercontainer concept, while still permitting the use of conventional lifting and 
handling equipment. Because of the larger size of the Nagra canister, separate repository 
engineering developments will be required in areas such as: 

• handling equipment/procedures to prevent damage to coating 

• repository design (requirements on other barriers) 

• transport/shielding casks 

6.3 Long-term performance 
While electrodeposited and cold spray copper coatings and wrought copper have various 
mechanical and corrosion properties in common, the coatings also have a number of unique 
characteristics that may impact their long-term performance. Therefore, while the prediction and 
justification of the long-term performance of copper coatings will benefit from studies performed 
in support of the use of wrought copper for the KBS-3 canister design, additional studies focussed 
on the behaviour of coatings will also likely be needed. 

In order to reach the required maturity for implementation, the following will need to be tackled: 

• Refinement of the required corrosion allowance. A preliminary assessment of the corrosion 
allowance for periods of 100,000 years and 1 million years has been given in Section 5.4.1. 
Where necessary, conservative assumptions have been used; for example, the assumption that 
100% of the initially trapped O2 results in corrosion of the coating. With increased knowledge 
of both the corrosion behaviour of the copper coating and, equally importantly, of the 
evolution of the repository environment, it will be possible to update the corrosion allowance 
and the margin of safety for a given coating thickness. 

• Resistance of electrodeposited (and cold spray) copper to localised corrosion and EAC. While 
the susceptibility of the copper to localised corrosion, SCC, and H-related degradation is 
currently assessed largely on the expected evolution of environmental conditions (and, in the 
case of SCC, of the mechanical loads), it would strengthen the conclusion that these forms of 
corrosion are unlikely if it could be demonstrated that the coating itself is inherently resistant. 
It is known that grain boundary engineered alloys are resistant to localised corrosion and SCC 
in certain applications, but a similar resistance has not yet been demonstrated for copper 
coatings subject to repository-relevant environmental conditions. 

• Definition of defect acceptance criteria. All fabricated components contain manufacturing 
flaws. Whether those flaws are significant enough to impact the performance of the canister 
(i.e., whether they should be classified as defects) depends on their size and the environmental 
and mechanical loading conditions to which they will be exposed. Non-injurious flaws are 
acceptable, but defects will either need to be repaired or the canister will need to be re-worked. 
Defect acceptance criteria are required for both the copper coating and the closure weld of 
the carbon steel sub-structure. 

• Corrosion due to gaseous H2S. The question of whether gaseous H2S will be present in the 
repository and, if so, the implications for the corrosion of the canister is an issue for both the 
KBS-3 and copper-coated canister designs. Preliminary theoretical analyses suggest that 
gaseous H2S will not lead to excessive corrosion under repository conditions, but further 
theoretical and experimental work is warranted. 
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7 Summary 
 
The current status of the development of the copper-coated HLW/SF canister concept has been 
described. This development is mainly being driven by the NWMO in Canada, with support from 
Nagra and NUMO (Japan). It is apparent from the current state of development, that a copper-
coated cansiter represents a viable alternative to the current Nagra design of an all carbon steel 
HLW/SF canister. From Nagra's perspective, a significant advantage of the copper-coated canister 
over the current reference design is the absence of gas generation as a result of canister corrosion. 
Nagra will continue to participate in development of the copper-coated canister technology and 
its application for use in a repository in Opalinus Clay. 

The copper-coated canister concept involves the application of a thin (nominally 3 mm) copper 
coating over a carbon steel sub-structure. The welded steel vessel accommodates the HLW or SF 
and provides structural stability against the various external loads in the repository. The copper 
coating provides resistance against corrosion. Two coating technologies are under development; 
electrodeposition for the lower assembly and upper head which would be pre-fabricated and cold 
spray which would be applied over the closure weld in the steel subs-structure after the canister 
has been loaded. High quality copper coating can be electrodeposited using either an alkaline 
pyrophosphate bath or using an acid-copper solution. The alkaline pyrophosphate treatment has 
been successfully applied to a prototype NWMO canister and the closure weld covered in cold 
spray. Pressure testing of the prototype canister has demonstrated that the coatings are adherent 
and can withstand repository loads. The mechanical and microstructural properties of the coating 
have been determined. The feedstock powder and application procedure for the cold spray 
technique have been optimised. Further development of both coating techniques is planned, 
involving further development of acid-copper electrodeposition and of a laser-assisted cold spray 
technique. 

Preliminary development of a Nagra copper-coated canister design has been completed. A key 
feature of the design is the use of hemispherical heads, which serve to distribute the external loads 
and to induce compressive stresses in the canister and coating. In addition, it is feasible to attach 
the closure head using a partial-penetration weld, which does not require post-weld heat treatment, 
thus avoiding the problem of violating the temperature limit for the HLW/SF. Structural analyses 
have been performed on the proposed canister design involving two conservative loading 
scenarios representing short-term asymmetric loads due to uneven buffer swelling and the 
possibility of long-term asymmetric lithostatic loads imparted by the rock stresses at depth in the 
repository. Stresses have been predicted for both the carbon steel sub-structure and for the copper 
coating. The stresses are primarily compressive in nature, except for minor bending stresses due 
to the asymmetric buffer swelling. 

The corrosion behaviour of the copper coating has been reviewed. In many respects, the 
susceptibility of the copper coating to general and localised corrosion, microbiologically 
influenced corrosion, stress corrosion cracking, the effects of irradiation, and to hydrogen-related 
degradation is the same as for wrought copper. As a result, the extensive knowledge base on the 
corrosion of wrought copper that has been developed over the past 40 years or so in support of 
the development of the KBS-3 copper-cast iron canister design can be used to predict the long-
term corrosion performance of copper-coated canisters. Where direct comparisons have been 
made, the corrosion properties of electrodeposited and cold spray copper are the same as those 
for wrought copper. 
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In common with the dual-wall copper-cast iron canister, copper-coated canisters are generally 
insensitive to coupled mechanical-corrosion degradation modes. Unlike the reference carbon steel 
canister where the single wall provides resistance to both corrosion and the external load, the 
copper coating and steel-substructure of the coated canister design serve separate functions. 
Consequently, the steel load-bearing component is not subject to time-dependent degradation in 
material properties due to the absorption of hydrogen, as is possible for the reference carbon steel 
canister. 

Preliminary estimates of the depth of various copper corrosion processes have been made for 
exposure periods of 100'000 years and 1 million years for a repository in Opalinus Clay. The total 
estimated depth of corrosion due to all corrosion processes is 90 µm after 100'000 years and 
166 µm after 1 million years. Compared with the nominal coating thickness of 3 mm, the margin 
of safety, therefore, is a factor of 33 after 100'000 years and a factor of 18 after 1 million years. 

Development of the copper-coated canister design continues and areas of further study in terms 
of fabrication technology, repository engineering, and long-term performance have been 
discussed. 
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