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History of geological spent nuclear fuel disposal in  

Scandinavia

- In 2012 Posiva Oy submitted the application for the construction licence, which 

was granted by the Finnish government in 2015.

- The construction of the first spent fuel repository ”Onkalo” started in 2004 in 

Olkiluoto, Finland. The construction of the final repository  and encapsulation plant 

takes place during 2015 to 2023.

- In Finland the operation licence application is planned to be submitted in 2020.

- Final disposal shall be started  in the 2020’s and the repository is expected to be 

sealed in 2120’s.

- In Sweden SKB applied the construction licence for the repository of spent fuel in 

2011, which resulted in both national and international evaluations.

- The Swedish Land and Environment Court begun the hearing of the KBS-3 

application on 5th September 2017.
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Design of the KBS-3 canisters with two different 

internal structures
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Repository and canister for the spent nuclear fuel 

located at about 500 m depth 
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Comparison of the (a) KBS-3, (b) the original Canadian 

NWMO IV-25 (reference) and (c) current NWMO Mark II 

canister designs (Hall and Keech, 2017).
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Used Fuel Container (UFC) Design Change

Designed to withstand 

hydrostatic + clay 

swelling + glacial 

pressures. 

Inner steel vessel

8 – 10 cm thick

I mm 

gap

Outer Cu shell

2.5 cm thick 

To facilitate assembly

Inner steel vessel

4 cm thick

Outer Cu coating

0.3 – 0.4 cm thick 

No gap

Conservative 

estimate for Cu 

corrosion rate (no 

radiation) =

1.27 mm per M 

years.

Original Mark IIFuel Design
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The multibarrier system of Canadian deep geological 

repository, showing the Mark II fuel container and 

bentonite buffer boxes. 



Design and manufacturing of Cu nuclear waste canisters

- The canister contains the spent fuel and prevents the release of radioactive substances into the 

surroundings. The canister shields also radiation and prevents criticality. The disposal canister will be 

subjected to varying loads in the repository conditions caused by hydrostatic pressure, bentonite swelling, 

and shift of the bedrock. 

- The main aspects of the canister are the copper shell thickness and its creep strength/ductility, as well as, 

the strength and pressure-bearing capacity of the canister insert.

- The main design premises for the design of the KBS-3 canister are that the corrosion barrier, the copper 

shell, is thick enough for all forms of corrosion and that the canister shall withstand an isostatic pressure of 45 

MPa (glaciation) and an arbitrary shearing of 50 mm (rock shear).

- The bentonite buffer provides a self-healing medium when wet. This inhibits transportation of oxygen and 

sulphide ions to the canister surface, as well as, the transport of released radionuclides from the canister if 

failed. The bentonite buffer accelerates the establishment of anoxic conditions on the copper surface.

- Since all the mechanical loads on the canister are transferred through the bentonite buffer, the material 

properties of the bentonite clay define important conditions for the design analysis of the canister.



Design and manufacturing of Cu nuclear waste canisters

- The copper shell, lid, and base are made of high-purity Cu-OFP (50…100 ppm P). Originally it was intended 

to use pure oxygen-free Cu-OF (without phosphorous), but early creep experiments with Cu-OF resulted in 

brittle intergranular failure with creep ductility lower than 1% for temperatures above 175ºC. 

- In the 1980’s the only viable method for welding thick-section copper was electron beam welding (EBW). 

However, the development of friction stir welding (FSW) in 1990’s has replaced EBW. At present, the copper 

components are welded by friction stir welding (FSW), which was selected in Sweden in 2005 and in Finland 

in 2013 as the main welding method for the copper canister. 

- The insert is manufactured of nodular cast iron with steel channel tubes in which the spent fuel assemblies 

are placed. The reference design comprises of two different inserts for 12 BWR spent fuel assemblies and 4 

PWR fuel assemblies, respectively.

- The initial state of the canister is defined as the state when the canister is deposited in the repository. The 

reference design specifies, for example, that the maximum allowed surface temperature of the canister is 

100ºC and maximum allowed surface dose rate is 1 Gy/h. 

- The long-term performance of the copper canister is based on the ideal conditions prevailing for centuries. 

These conditions are evolving over time, e.g. the water saturation of the bentonite buffer affects its density, 

which in some cases may take even hundreds of years to reach a stable ideal condition.



Corrosion properties of Cu nuclear waste canisters

- In granitic crystalline rock repository environments (Sweden, Finland, Canada) in the early phase after 

repository closure, oxygen will be present and radiation level is high. This period lasts from tens to some 

hundreds of years, depending on the repository design and characteristics of the spent nuclear fuel.

- Currently it is anticipated that the main degradation mechanism of copper is associated with sulphide 

present in groundwater, in the buffer, and locally produced by microbiological activity.

- It is sometimes anticipated that copper may also react with water. Copper should be thermodynamically 

stable in oxygen-free water, but copper stability has been under debate in Sweden especially in long-time 

exposure of copper in anoxic pure water and high-salinity groundwater. 

- During the first aerobic period, there is an oxide film on the copper surface and anion-induced pitting can 

occur. In the reducing conditions the local corrosion mechanisms have to occur without oxide films and 

properties of sulphide films are important. Traditional pitting corrosion seems unlikely in the long term, but 

non-uniform general corrosion with moving anodes and cathodes may occur.

- The bentonite buffer will prevent microbial activity on the copper surface due to the high swelling pressure, 

low water activity, small pore spaces, low amount of nutrients, and high salt concentration, which efficiently 

reduces and/or excludes the microbial activity.



Hydrogen absorption to copper

- In sulphide-containing environments corrosion (2Cu + HS- = Cu2S + H+ + 

e-) is supported by the evolution of hydrogen. Some water remains

trapped inside the fuel elements after the canister is closed and hydrogen

is then released in the corrosion reactions.

- Thus, hydrogen can be absorbed in copper canister both on outside and 

inside surfaces.

- A majority of the hydrogen atoms formed in corrosion combines to form

hydrogen gas, but a fraction enters the copper metal.

- Corrosion on copper surface is also controlled by the transport rate of 

gaseous H2 away from the canister surface. Diffusion in compacted, 

water-saturated bentonite is low.

- Ionizing radiation may enhance hydrogen absorption in copper in a 

number of ways.



γ -radiation induces hydrogen 

absorption in copper by water
Lousada, C., Soroka, I., Yagodzinskyy, Y., Tarakina, N., 

Todoshcenko, O., Hänninen, H., Korzhavyi, P., Jonsson, M.



Radiation-induced corrosion of Cu nuclear waste canisters



B. Ibrahim et al., 2015

Optical, SEM-images and Raman spectra of Cu exposed to water and γ radiation.

Dose rate: 0,35 Gy/h, total dose: 425 Gy



SEM-images of Cu exposed to water and radiation.

Dose rate: 0,135 Gy/s, total dose: 69 kGy

Islands of needle-shaped crystals formed on the surface of metallic copper in oxygen-free

water after the γ-radiolysis (irradiation dose of 69 kGy): (a, b, c) scanning electron

microscopy images taken at different magnifications, (d) optical image, (e) scanning electron

microscopy backscattered electron image and corresponding energy dispersive X-ray maps

obtained using K-lines of O, Cu and C. C. Lousada et al., 2016



Hydrogen uptake by copper induced by γ radiation

Plot of the desorption rate of hydrogen from copper samples (at.ppm·s-1) as a function

of temperature (K) measured by temperature-programmed desorption (TPD). 69 kGy γ-

irradiated copper sample (●); non-irradiated sample, background (●).

C. Lousada et al., 2016



Amounts of H2 (●) and H2O (♦) measured in samples of copper metal irradiated in

water as a function of the total dose of γ-radiation deposited (D) (Gy). The

measurements of H2 and H2O were performed after irradiation. Each data point

corresponds to a different irradiation experiment. Both sets of data are

normalized for the background values.

C. Lousada et al., 2016

Hydrogen uptake by copper induced by γ radiation



- The corrosion of copper during gamma irradiation vastly (several hundreds

of times) exceeds what is expected. Dose rate >0.1 Gy/h has significant effect. 

- Enhanced radiation chemical yield of HO. and HNO3 (NO2 and N2O) in pure 

water and humid air on the copper surface are supposed to be responsible for 

enhanced corrosion. H2O2 alone caused no enhanced corrosion.

- Deposits of the corrosion nodules indicate that corrosion propagates across

the surface rather than penetrates deeply into it.

- Oxidation of copper in aqueous environments during exposure to γ 

radiation equivalent to  the total doses during the initial hundred years will not

threaten the integrity of the canister from corrosion point of view.

- Hydrogen uptake in copper is induced by γ radiation and the amount

of hydrogen depends on the total radiation dose. The absorbed hydrogen

creates nanovoids in copper and stays permanently in copper canister.

- Hydrogen uptake in copper affects creep ductility, mechanical strength

and structural integrity of copper canister.

γ -radiation effects on copper corrosion behaviour 



SCC of Cu-OFP in sulphide containing 

groundwater
A. Forsström, R. Becker, J. Öijerholm,  Yagodzinskyy, H. Hänninen



Taniguchi&Kawasaki 2008, (1)
Influence of sulfide concentration on the corrosion behavior of pure copper

in synthetic seawater



Taniguchi&Kawasaki 2008, (2)



Taniguchi&Kawasaki 2008, (3)



Autoclave set-up of Studsvik for SCC 

testing in sulphide containing water



Location of the specimens, chemical 

composition, and specimen design



Target and measured test parameters for 

three specimens

A tested specimen and location of the 

hydrogen samples



Measured autoclave conditions



Location of surface defects



Strain as a function of distance from the 

waist of the specimen



Cleaning and preparation of specimens 

for microscopy



Surface defects near the narrow section of 

Specimens #3 and #5

Specimen #3 Specimen #5



Surface defects in Specimen #3



Surface defects in Specimen #5



Surface defects in Specimen #7



SCC in Specimen #3 along a grain boundary

Test parameters:

Temperature (°C) 90

NaCl (M) 0.1 

Na2S (M) 1*10-3

Autoclave flow (l/h) 1

Strain rate (s-1) 1*10-7 to 5*10-7

Max strain (%) 10

Test time (weeks) 2

pH 7.2

SCC crack Grain boundary

Twin boundary

EBSD map of SCC crack tip SEM image of SCC crack



Experimental

Aalto University,
Otaniemi

Thermal desorption spectroscopy

• TDS apparatus to measure hydrogen desorption in the temperature range

25 to 1200 ˚C  with background vacuum level down to 5 x 10-9 mbar.  

• Heating rate 0.1 to 10 K/min.

• TDS samples less than 0.9 x 4.0 x 15 mm, cleaned.



SCC in sulphide containing groundwater 

– hydrogen uptake



SCC in sulphide containing groundwater 

– hydrogen uptake



SCC in sulphide containing groundwater 

– hydrogen uptake



SCC in sulphide containing groundwater –

hydrogen uptake



Effects of hydrogen on creep of copper

Y. Yagodzinskyy, H. Hänninen
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Effect of hydrogen on SSRT of Cu-OFP

Hydrogen-free. 

SR = 10-5 s-1, 

tested at 45 oC. 

Surface relief 

typical of high 

plastic strain. 

Hydrogen-charged. 

SR = 10-5 s-1, 

tested at 45 oC. In 

addition to GB 

cracking some 

cracks form along 

the shear bands.

side surface of Cu-OFP specimens after SSRT



Constant load creep testing of hydrogen-charged OFP 

copper. Norton equation.
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The hydrogen-filled micro-voids are formed preferably along the 

GBs which are close to the direction of the maximum shear stress 

component of the applied stress. 



What is the mechanism for the void 

nucleation in copper?



Hydrogen-induced free volume and 

cavitation in oxygen-free copper



Motivation. Hydrogen-induced voids in pure 

copper

.

Electrical resistivity measurements



- The corrosion of copper during the oxic phase under γ radiation lasts

only from tens to some hundreds of years.  In these aerobic conditions, 

corrosion rate depends on oxygen content in the environment and has typically 

been measured to be in the range of up to a few microns per year.

- Oxidation of copper in aqueous environments during exposure to γ 

radiation equivalent to  the total doses during the initial hundred years will not

threaten the integrity of the canister from corrosion point of view.

- The main corrosion degradation mechanism of copper is associated with 

sulphide present in groundwater, in the buffer, and locally produced by 

microbiological activity. The corrosion rate of copper in HS- containing ground-

water depends on the supply rate of HS- and on the Cu2S film properties. 

- Hydrogen uptake in copper is induced by γ radiation and sulphide

corrosion. The absorbed hydrogen creates nanovoids in copper and stays

permanently in copper.

- Hydrogen uptake in copper may affect creep ductility, stress corrosion

cracking, mechanical strength and structural integrity of copper canisters.

Copper behaviour in geological nuclear waste disposal


