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Radiation induced corrosion of copper  
for spent nuclear fuel   

New insights into the repository’s engineered barriers, Stockholm, Nov. 20, 2013 

The project started in 2011. Financed by SKB,  the aim is to explore 
g-radiation induced corrosion effects on copper in anoxic water.  
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Proposed concept of storage  
of high level spent nuclear fuel   

The copper canister and part of the surrounding bentonite clay  
will be penetrated by g-radiation from the enclosed spent fuel. 



Characteristics of radiation from spent nuclear fuel. 

The dominating nuclide in the fuel responsible  
for g – radiation is Cs-137, with a half-life  
of 30 years 

Radiation induced corrosion of copper is  
then mainly expected during the initial  
phase of deep repository   

The outer copper canister surface will receive  
an estimated maximum total radiation dose  
of approximately 100 kGy (1Gy = 1 J /kg)  
during the first 100 years in deep repository. 
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Thermodynamic justification of this study 

Radiolysis in the aqueous phase occurs upon absorption of 
g-radiation. Produces short- and long-lived radiolytic products, two 
of which have higher standard reduction potentials than copper: 
 
H2O2/2H2O  1.77 V vs. SHE    
HO. /H2O  2.59  
Cu+/Cu(s)  0.52  
Cu2+/Cu(s)  0.34 
  
Å. Björkbacka, S. Hosseinpour, M. Johnson, C. Leygraf and M. Jonsson, 
Radiation Physics and Chemistry, 92 (2013) 80 



• Copper cubes, 10x10x10 mm3, from SKB canister 
• All sample preparations in a N2-filled glovebox 
• Samples exposed in glass beaker  

with N2 purged Milli-Q water 
• Water pH~5.5, ambient temperature 
• Duplicate irradiated samples 
• Reference samples, not irradiated, for comparison 
• g-radiation produced with Cs-137 gamma source 
• Dose rates of 0,022, 0,103 and 0,213 Gy/s 
• For comparison: a dose rate of 0,1 Gy/s is around 700 times more 

intensive than during the initial phase of deep repository. These 
exposures represent a worst case, assuming access of anoxic 
water to the copper surface simultaneously with g-radiation from 
the fuel.  

Experimental procedures 



Analytical techniques for 
measuring the corrosion effects 
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Scanning electron microscopy;  
Topography of Cu-surface 

Infrared reflection absorption spectroscopy;  
Near-surface chemical composition of Cu 

Confocal Raman spectroscopy;  
Lateral variation in chemical composition of Cu 

Atomic force microscopy;  
Surface topography of Cu with high resolution 

Cathodic reduction;  
Thickness of Cu-oxide 

Inductively coupled plasma optical emission spectroscopy;  
Absolute amounts of Cu dissolved in water 



Visual appearance  

Corrosion effects seen on irradiated samples,  
as opposed to non-irradiated sample 

Non-irradiated Irradiated, total dose 129kGy Irradiated, total dose 62 kGy 

Å. Björkbacka, S. Hosseinpour, C. Leygraf and M. Jonsson, Electrochemical Solid-State Letters,  15 (2012) C5 



SEM-image of Cu exposed to water and radiation. 
Dose rate: 0,103 Gy/s, total dose: 62.3 kGy 

100 mm 

Radiation-induced corrosion effects of different size, form and depth,  
all over the Cu surface. Features often of circular shape.  



10 mm 

SEM-image of Cu exposed to water and radiation. 
Dose rate: 0,103 Gy/s, total dose: 62.3 kGy 

Characteristic radiation-induced feature, with central circular rough area,  
surrounded by a ring of intact  Cu surface.  

Å. Björkbacka, S. Hosseinpour, C. Leygraf and M. Jonsson, Electrochemical Solid-State Letters,  15 (2012) C5 



10 mm 

SEM-images of Cu exposed to water and radiation. 
Dose rate: 0,103 Gy/s, total dose: 62,3 kGy  

Radiation-induced features, with central rough area,  
surrounded by domains of intact  Cu surface.  

5 mm 



Identification of circular feature with  
confocal Raman spectroscopy. 

Corrosion products identified as Cu2O with thickness:  central > outer > ring. 
CuO identified occasionally.   

Central Ring Outer 



Topography characterization of rounded feature 
with atomic force microscopy. 

Depth of central part of rounded corrosion feature: around 0,5 mm.   
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Average thickness of Cu2O determined with cathodic 
reduction. Dose rate: 0,213 Gy/s, total dose: 73,9 kGy  

Significant increase in average oxide thickness upon irradiation.  

Irradiated Cu: 95 nm 

Non-irradiated Cu: 4 nm 

Å. Björkbacka, S. Hosseinpour, M. Johnson, C. Leygraf and M. Jonsson, Radiation Physics and Chemistry, 92 (2013) 80 



Cu-dissolution vs g -radiation dose rate 

At a given total dose, the dissolved concentration of Cu  
increases significantly with decreased dose rate. 
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Cu-dissolution vs total g-radiation dose 

Å. Björkbacka, S. Hosseinpour, M. Johnson, C. Leygraf and M. Jonsson, Radiation Physics and Chemistry, 92 (2013) 80 



Possible main mechanisms for  
radiation-induced corrosion processes 
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Destructive radiation effects in the solid state 

Radiation induced photoeffects 

*A.V. Bjalobzeskij, “Korrosion durch radioaktive Strahlung”, Akademi-Verlag, Berlin (1971) 

Radiolysis in the aqueous phase 

Radiation 
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A) B) C) 
             Unexposed polished                H2O2 exposed (1000 ml 10µM 96 h)      Irradiated (770 Gy·h-1 60 h) 

H2O2 exposure results in more homogeneous corrosion effects (B),  
as opposed to exposure in anoxic H2O+irradiation (C). 

Radiolysis in the aqueous phase.  
Explored through reference  

exposures with H2O2  Oxide 

Copper 

Water 

Radiation 



Å. Björkbacka, S. Hosseinpour, M. Johnson, C. Leygraf and M. Jonsson, Radiation Physics and Chemistry, 92 (2013) 80 

Exposure of copper to anoxic water + H2O2 results in homogeneous corrosion  
effects, while exposure to anoxic H2O+radiation results in localized effects. 

Possible influence of radiolysis in anoxic water? 
Main observations:  

Numerical simulations to calculate the concentrations of radiolysis products (H2O2  
and OH.) has been used to estimate the maximum possible rate of copper oxidation 
due to radiolysis of water. The calculated amount of oxidized copper is around two 
orders of magnitude lower than experimental values.  

Addition of H2O2 in anoxic water results in minor increase in Cu-dissolution, 
compared to exposure in pure anoxic water. 

The overall conclusion from these three observations is that radiolysis of water  
alone only accounts for a very small fraction of the experimentally observed copper  
corrosion induced by g-radiation.  



Radiation induced photoeffects? 
The dominating oxide, Cu2O, may undergo modifications during 
irradiation. UV-radiation has resulted in photo-induced passivation, see in  
C.B. Breslin and D.D. Macdonald, Electrochim. Acta, 44 (1998) 643 
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Other possible main mechanisms- 
Unresolved questions:  

Destructive radiation effects in the solid state? 
Can g -radiation (0,66 MeV) really introduce structural defects (Frenkel pairs) 
in the copper lattice?  

Can electrochemically driven processes take part? 



Can electrochemistry take part in the  
g -radiation induced corrosion process?  
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Cathode Cathode Anode 
e- e- 

Cathode Cathode Anode 

An analogy with the electrochemically driven Evans drop 



Conclusions:  

g -radiation causes significant corrosion effects on copper exposed to anoxic water. 

The concentration of dissolved copper increases continuously with radiation dose  
up to 100 kGy, corresponding to 100 years in deep repository.  

The corrosion effects are local and of different shapes and depths. 

After a total radiation dose of 100 kGy, corrosion effects with depth 0,5 mm are seen. 

The dominating oxide is Cu2O, with average thickness around 100 nm after 100 kGy.  

Radiolysis of water can only account for a small fraction of the experimentally 
observed concentration of dissolved copper.  

At a given dose the concentration of dissolved copper increases with decreased  
dose rate. 

The main mechanism that governs g –radiation induced corrosion of copper  
is the subject for further investigations.  
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