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The KBS-3 model

KBS-3 concept with a 
“naked” 5 cm thick 

copper canister as the 
main barrier, surrounded 

with 35 cm bentonite 
clay and placed 500 m 

down in the 
bedrock/groundwater.



SKB-report R-06-02: ” The corrosion will be 
controlled  by sulphide transport to the canister 
after the oxygen is consumed.
Thus the canister corrosion doesn't have to be 
described in terms of reaction kinetics with it's 
uncertainties regarding corrosion rates and 
corrosion mechanisms.
Instead, the problem is reduced to diffusion 
transport of dissolved sulphides through the 
bentonite to the canister surface.”

This is a flaw since several much more severe copper 
corrosion processes takes place on copper metal in a 

deep repository. 

KBS-3 design criteria



Statements regarding the KBS-3 concept.
Copper corrosion can't be a problem due to following:

1. - Thermodynamically impossible that copper can corrode   
in water without dissolved oxygen…

2.  - Native copper found in some few geological positions…

3.  - Archaeological bronze finds used as evidence for low 
copper corrosion rates…

4.  - Theoretical analysis and modelling based on sulphide 
diffusion…

5.  - Swedish and Finnish laboratory studies and exposures in 
the Äspö Hard Rock Laboratory…



1) Cu + O2 (dissolved in water)  ⇒ Cu-oxides

When the oxygen is consumed: 
2)  Cu + H2O ⇔ Cu2O + H2 ∆Go = -147 kJ/mole (pH2 = 10-9 mbar @ 80°C)

3) Cu + H2O ⇔ CuOHsurf. + H2 ∆Go = -228 1) to -549 2) kJ/mole (pH2 ≥ 1 mbar)

Copper corrosion reactions that takes 
place in pure water

Copper is expected to react with water molecules and 
continuously corrode in open systems according to the 2nd

law of thermodynamics. All systems where hydrogen can 
escape or be consumed, such as in a repository, are open.

1) Cu (111) surface: E. Protopopoff and P. Marcus, Electrochim. Acta, 51 (2005) 408
2) Cu (100) surface: G. Hultquist et al., Cat. Lett. 132:311-316 (2009)



Native iron from Ovifak on  Disko island, 
Greenland (22 ton boulder). Found by the 
explorer A. E. Nordenskiöld 1870. (The 
Swedish Museum of Natural History)

“Natural analogues”
Native metals

Native copper from Keweenaw 
Peninsula, Michigan, USA. 

(SSM-report 2009:28)

It has been claimed that copper canisters should be corrosion resistant since 
native copper is found at some few locations in the world. However, the 
situation is the same for native iron (and nickel, zinc etc) but no one is using this 
argument to state that iron should be corrosion resistant in groundwater!  
(Groundwater contains chlorides, sulphides, sulphates and methane/acetate etc)



The sediment of the 
Baltic Sea with clay 

and O2–free brackish 
water is an 

environment that is 
“astonishingly similar 

to that the copper 
canisters  will be 

exposed to”

“Archaeological analogues”

Bronze cannons from the warship Kronan, wrecked 1678

The corrosion of bronzes differs fundamentally from that of copper. 
An enrichment  of passivating tin forms on the bronze surface that 

strongly reduces the corrosion rate in aqueous environments. 
Copper corrodes up to 1000 times faster than bronze!



”No remaining 
metal core”

Fracture surface of a copper compass ring from the warship Kronan, 
wrecked in the Baltic sea 1676. 100% copper sulphide.

Archaeological analogues:
Marine Copper Finds
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Marine copper finds and extrapolation to 
long time water exposure



Copper corrosion in repository environment

Astonishingly low 
corrosion rates are 
assumed in Sweden: 
0.00033 µm/year, i.e. 
~30.000- 60.000 times 
lower corrosion rate 
than in Japanese 
ground water.

Ref. SKB report TR-01-23



• SKB, LOT-proj., (around 100°C) : 10-20 µm/y (bentonite)

• SKB, LOT Rosborg, (30°C) : 0.5-3 µm/y  (bentonite)
• SKB, MiniCan-proj., up to May 2008: 4.5 µm/y (bentonite)

• SKB, MiniCan-proj., after May 2008: 100-1000 µm/y !
ambient temperature (bentonite)

• Our research in pure water at RT: 0.5-5 µm/y

• Canada, F. King (50-100°C) : 15-20 µm/y (bentonite)

• Finland, Posiva (80°C): 7 µm/y 
• Swedish groundwater / clay and soil:  4-20 µm/y

• Japanese repository: 10-30 µm/y

Example of measured corrosion rates

KBS-3 safety analysis: 0.0003 µm/y, i.e. at least 1.000-
10.000 times lower than the measured corrosion rates.

It is claimed that oxygen must have caused the corrosion for instance in the LOT-
project, however several studies has shown that the conditions are anoxic (MiniCan)



15 years exposure of copper in O2-free water 
with ”unexpected” result

”Closed system”
(Hermetically 
sealed for all 

gases)

”Open system”
(Permeable 

only regarding 
hydrogen)

Cross-section of 0.1 mm 
copper foil (open system)

Pitting corrosion
Grain boundary corrosion

General corrosion
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Hydrogen uptake in copper metal reduces the mechanical 
strength and may cause hydrogen embrittlement

International Corrosion Congress, ICC 2008 Paper 3884, Las Vegas, USA



Copper corrosion in O2-free water 
is a well known industrial 

problem.

All copper cooling system for 
power generators and 

accelerators (CERN etc)  
corrodes (0.5-10µm/y)

Environment: Deionised and 
degassed water around 70°C



Figure 1. Partial plugging by copper 
corrosion products (oxides and 
hydroxides) prior to cleaning of water-
cooled generator at SONGS 2. Photo 
courtesy of EPRI 

Figure 2. Videoscopic inspection after 
Cuproplex cleaning of SONGS 3 
water-cooled generator. Photo 
courtesy of EPRI

Study identifies copper corrosion problems with 
water-cooled generators, EPRI



Copper corrosion processes in a 
repository environment

General corrosion by dissolved sulphides

General corrosion by saline water (Cu-dissolution corrosion)

Dissolution-precipitation accelerated Cu-corrosion
in bentonite (The barriers destroy each other)

General corrosion by sulphates which converts to
sulphides by microbes, SRB

Stress Corrosion Cracking, SCC, by sulphides

Intergranular Corrosion, IGC

Evaporation induced salt/sulphide corrosion, 
pitting corrosion and SCC (“Sauna effect”)

Liquid/gas phase boundary corrosion

Atmospheric corrosion with oxygen

Atmospheric corrosion with water vapour and salts

Hydrogen
“effects”



A corrosion model explaining the 
observations from the LOT-project; copper 

corrosion by dissolution-precipitation
Copper solubility in saline water at 80°C: 2300µg/L (POSIVA 2003:45)

Cu-oxides, mostly Cu2O 
(LOT, Rosborg) Cu-hydroxides, mostly 

Cu-hydroxide-chlorides 
(LOT, Rosborg)

CuS and (Cu,Fe)-sulphides precipitated 
irreversibly on the bentonite particles

(LOT, BGR in Berlin)



European Commission: 5´th EURATOM FRAMEWORK PROGRAMME 1998-2002, 
COBECOMA, final report (2003). B. Kursten, L. Werme et al. Page 166:

”The candidate container material copper, and especially those 
containing phosphorus, has been found, in the past, to be highly
susceptible to SCC”

N. Taniguchi and M. Kawasaki, Journal of Nuclear Materials 379, p. 
154 (2008):

Sulphide, does indeed induce SCC in copper. “The 
threshold of sulphide concentration for the SCC 
initiation is likely to be in the range 0.005-0.01 M”. 

SCC is likely to occur within the first 1000 years

SCC at 80°C on OFHC-Copper 
with 45ppm P

Stress Corrosion Cracking, SCC

The “Forsmark situation” with hot copper and 
groundwater evaporation ⇒ salt/sulphide 
enrichment:



Copper canisters stored 18 years in a moist cellar

Prize awarded photographs by David Masel (Sv.D. 2009)



Corrosion accelerated by radiolysis of water

Three months exposure of different metals during radiolysis of 
water. Copper is found to be very sensitive to radiolysis and display 
extreme corrosion rates.

General corrosion Pitting corrosion

Cu >10 mm/yCu ~0.3 mm/y



“In conclusion, the present investigation has 
demonstrated that the corrosion rates of materials 
in a spallation neutron cooling can be mitigated by 
carefully controlling water purity, hydrogen water 

chemistry, and eliminating copper and copper 
alloyed components.”

Corrosion accelerated by radiolysis of water



Alternative solutions

1. Continued intermediate storage (Awaiting for better techniques, i.e.
Generation IV or transmutation)

2. Deep borehole disposal 3-5 km. Non-retrievable.

3. DRD, Dry Rock Deposit. Monitored and Retrievable Storage (MRS)
inside large mountains.

4. Compound concept. Combination of a corrosion resistant alloy and
copper. Retrievable or non-retrievable depending on disposal  
depth.



The Compound Concept

1 The compound canister
2 Steel insert 
3 Spent fuel elements
4. Inner Copper Canister 
5. Outer mantle of a high alloyed

corrosion resistant metal

The corrosion resistant outer mantle must protect 
the inner copper layer during the initial hot period 
(40°-90°C) of thousand or some thousands of 
years.

It is possible that a modern high alloyed corrosion 
resistant metals will, by it self, have a life time of 
several thousands or 10-thousands of years. If the 
outer shell start to corrode it will still protect the 
copper for long time periods (galvanic protection) 

The  compound concept do not depend upon 
bentonite clay as a second barrier. Quartz sand 
which is “immune” to erosion might work as well 
(mechanical buffer).

⇔ Such as titanium, stainless steels or Ni-base alloys



Copper corrosion by water without dissolved oxygen is 
thermodynamically expected and a well-known corrosion problem in 
the industry (Cu-cooling systems in generators and particle 
accelerators)

The copper canisters will, independent of the oxygen content, be
subjected to water corrosion, sulphide corrosion, stress corrosion 
cracking (SCC), chloride dissolution corrosion, evaporation induced 
corrosion including deliquescent salts corrosion/ pitting 
corrosion/SCC “The sauna effect”, SRB-induced corrosion, 
intergranular corrosion, hydrogen embrittlement, dissolution-
precipitation corrosion in the bentonite, accelerated corrosion due to
radiolysis and elevated temperature.

Conclusions



Copper corrosion rates in bentonite/groundwater are found 
experimentally to be 1.000-10.000 times higher than predicted by the 
theoretical KBS-3 model.

Any deep repository concept must be experimentally verified under 
the conditions prevailing at the repository site. 

With the knowledge we have today regarding copper corrosion, no 
one would propose 5 cm copper as the only corrosion barrier in a 
deep repository.

More research, i.e. independent research, are obviously needed (in 
Sweden/Finland) and alternative solutions must be tested and 
evaluated before any application can be regarded as based on
scientific ground and best available technique.  

Conclusions cont.


