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The corrosion evolutionary path (CEP) defines the time-dependent corrosion behaviour of canisters in a
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conditions in the near- and far-fields. The evolution of environmental conditions in a repository for spent
fuel and high-level waste in Opalinus Clay is described along with the impact on the corrosion behaviour
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1. Introduction

Nagra (the Swiss National Cooperative for the Disposal of Radio-
active Waste) has completed a study to evaluate the suitability of
Opalinus Clay as a host rock for a repository for spent fuel (SF)
and high-level waste from reprocessing (HLW) [11]. The potential
repository host rock exists in several regions in northern Switzer-
land at depths of 450–900 m. Carbon steel canisters or copper/cast
iron canisters as an alternative [19] have been proposed for the dis-
posal of spent fuel. We present here a description of the evolution
of the environmental conditions to which carbon steel spent fuel
canisters will be exposed from the time of canister emplacement
to the long-term steady-state conditions that will develop after
many thousands of years, followed by an assessment of the ex-
pected corrosion behaviour associated with this evolution. The
purpose of the evaluation is to identify the expected conditions
in the repository, including the uncertainties, so as to provide input
to the research programme that should be pursued for canister
integrity studies, in relation to both improved coupled process
modelling of the environmental conditions and corrosion-related
investigations.

2. Repository design concept and safety functions

The proposed repository host rock is Opalinus Clay, a low per-
meability Jurassic claystone with a thickness of about 110 m. The
carbon steel canisters, with a wall thickness of 13–15 cm, would
be emplaced horizontally in excavated tunnels (diameter 2.5 m)
and the voids around and between canisters filled with a combina-
ll rights reserved.
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tion of compacted bentonite blocks (on which the canisters would
be initially placed) and a granular bentonite mixture prepared
from dense bentonite pellets (Fig. 1). The bentonite would gradu-
ally take up water from the host rock, swell and form a low perme-
ability barrier around the canisters. Rock mechanics and tunnelling
experience in Opalinus Clay suggest that no ground support (e.g.,
shotcrete) is likely to be needed in the small diameter emplace-
ment tunnels, although steel mesh and rock bolts are expected to
be used.

The focus in the present study is on details of the conditions to
which canisters of spent fuel are exposed, because they have the
highest thermal output of the various wastes and thus result in
the highest initial repository temperatures.

The safety concept relies on the canister as an absolute barrier
to water contacting the waste for a minimum period of 1000 years.
Long-term retention of radionuclides in the disposal system relies
on slow release from the waste form and slow diffusive transport
through the bentonite barrier and host rock, during which time
the radionuclide content is greatly reduced by decay. As illustrated
in safety assessment studies, the host rock plays by far the domi-
nant role in attenuating the releases and estimated dose rates in
the biosphere are not strongly influenced by canister lifetime [11].
3. Environmental conditions and their evolution

3.1. Relevant host rock characteristics

Opalinus Clay is a claystone comprising, on average, 40% clay
minerals, 30% carbonates and 20–30% quartz plus minor accessory
minerals. It has a porosity of about 12% and a hydraulic conductiv-
ity of <10�13 m s�1 in the siting area. Transport in the rock is
diffusion controlled, providing effective hydraulic isolation from
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Fig. 1. Cross section of spent fuel and HLW emplacement tunnels for a repository in Opalinus Clay.

Fig. 2. Capillary pressure in the bentonite at the canister surface as a function of
time [16]. Time in years following emplacement of the canister.
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overlying and underlying rocks. Experiments in the Mont Terri
underground laboratory have provided convincing evidence that
Opalinus Clay has a self-sealing capacity, thus fractures in the
excavation-damaged zone have been observed to gradually reduce
in permeability with time and natural fractures in the clay have
been observed to have the same permeability as the rock itself.
The porewater chemistry in Opalinus Clay is brackish, with an ionic
strength of 0.3 and with major ion chemistry dominated by Ca, Na,
SO4 and Cl. Redox conditions in the Opalinus Clay are considered to
be strongly reducing as a result of the presence of pyrite (about 1%)
and abundant siderite in the host rock [11].

3.2. Conditions at the time of emplacement of waste canisters

The initial low moisture conditions in the bentonite barrier and
the low permeability of the Opalinus Clay, combined with the rel-
atively high thermal output of spent fuel canisters, play an impor-
tant role in dictating the evolution of moisture conditions at the
canister surface. Nagra has proposed using bentonite blocks as a
base for the canisters, with a granular bentonite mixture as a back-
fill that would be emplaced after the canisters are placed in posi-
tion. This approach simplifies aspects of waste emplacement and
sealing. SKB studies of bentonite have been used to define the
properties of the blocks, which would have a saturation of about
50–60% and a dry density of 1.6 Mg/m3. The properties of granular
bentonite used for backfilling have been extensively studied in lab-
oratory and field experiments [10]. The reference material is made
from MX-80 bentonite by compacting dry bentonite powder (4–5%
water content) at very high pressure to produce pellets with a den-
sity of 2.1–2.2 Mg/m3. These pellets are then mechanically abraded
and two sizes of resultant particles are mixed, along with bentonite
powder. Full scale emplacement trials using this material give an
average dry density of 1.45–1.50 Mg/m3 [14]. The average thermal
conduction characteristics and moisture content of the near-field
are dominated by the granular backfill, as the blocks comprise only
about 10% of the mass. The thermal output of a spent fuel canister
is 1500 W at the time of emplacement.

3.3. Thermo-hydraulic evolution

The low average moisture content of the backfill leads to low
thermal conductivity (�0.4 W m�1 K�1), thus the canister surface
temperature is expected to reach �150 �C within a few years after
emplacement [4]. The subsequent temperature and moisture evo-
lution have been explored using calculations with the TOUGH2
code by Senger [16], who has reported all the details of assumed
input values for the calculations. In these calculations, the entire
backfill was assumed to be granular, thus the higher density and
higher moisture content of bentonite beneath the canister was
not considered. As a first approximation, this is considered reason-
able because the high thermal water vapour diffusivity in unsatu-
rated bentonite will lead to rapid dryout of the blocks in the
vicinity of the canister surface, with the water being redistributed
to the granular bentonite which has a much higher suction. In
addition the blocks comprise only about 10% of the entire backfill
volume. These aspects will be explored in future calculations.
The calculations confirm that the low hydraulic conductivity of
the host rock controls the rate of water inflow, thus the saturation
process is relatively slow. Fig. 2 illustrates the capillary pressure in
the bentonite at the interface with the canister surface at times up
to about 100 years. The capillary pressure values can be converted
to relative humidity (RH) using the Kelvin equation [16], which
gives the RH vs. time values in Table 1. The significance of this evo-
lution of RH in relation to the corrosion evolutionary path is dis-
cussed in Section 4.2.

The evolution of temperatures at the canister surface is shown
in Fig. 3. The maximum temperature is reached in about 10 years.
The dashed line represents the temperature calculated considering
only thermal conduction in the backfill. The solid line considers in
addition the heat transferred by vapour flow, which becomes
significant after 20–30 years.



Table 1
Capillary pressures and relative humidity values as a function of time at the canister
surface

Time (y) Capillary pressure (MPa) Relative humidity (%)

0 103 <5
3 104 <5
10 104 <5
30 200 35
50 40 80
75 15 >95%
100 1 100%

Humidity values are calculated using the Kelvin equation [16].

Fig. 3. Canister surface temperature as a function of time. Dotted line: temperature
calculated considering only thermal conduction. Solid line: temperature calculated
considering conduction and convection [16]. Time in years following emplacement
of the canister.

Fig. 4. Schematic of expected evolution of the corrosion potential of a carbon steel
canister.
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The increase in thermal conductivity due to incoming moisture
in addition to the decrease in heat output of the waste leads to the
temperature at the canister surface declining to about 100 �C after
100 years. The canister surface temperature will then gradually fall
to ambient host rock values (�35–40 �C) within 10000–20000
years.

3.4. Evolution of pore water chemistry and redox conditions

Redox conditions within the buffer are initially oxidising as a
result of the entrapped air. The oxygen is expected to be used up
within a few years, given the presence of siderite and pyrite in
the Opalinus Clay and of steel mesh on the tunnel surface. Based
on corrosion rates of steel and weathering rates of pyrite, the oxy-
gen consumption time has been estimated to be a few years to a
few decades [24].

Canisters will be exposed to bentonite pore water that is ex-
pected to have a composition similar to that of the Opalinus Clay
pore water, with minor differences due to ion-exchange processes
with the bentonite clay. The porewater pH is expected to be �7.3,
with a possible range of pH 6.9–7.9. In addition, there may be the
transitory formation of thiosulphate due to the oxidation of pyrite
in the excavation-damaged zone during the operational phase.

Microbial activity within the repository is expected to be se-
verely restricted by the presence of compacted bentonite [21].
Microbial activity is the key to microbiologically influenced corro-
sion (MIC), since only active microbes produce aggressive meta-
bolic by-products or the extracellular polymeric material (slime)
that can form occluded regions on the surface. It is important to
distinguish between microbial activity on the canister surface,
which could lead to MIC, and that which occurs further away from
the canister, for which aggressive microbial by-products would
need to diffuse through the bentonite barrier in order to produce
MIC. There is much evidence indicating that microbial activity will
not occur in compacted bentonite with a dry density exceeding
�1.6 Mg m�3, either because of low water activity or because of
the effect of swelling pressures in excess of 2 MPa on the physiol-
ogy of the microbes [21]. Such conditions will exist in the reposi-
tory near-field, so there is expected to be limited MIC of the
canister because the transport of metabolic by-products formed
in regions of the repository more conducive to microbial activity
to the canister surface will be minimal.

4. Corrosion aspects

4.1. Corrosion evolutionary path

The corrosion evolutionary path (CEP) defines the time-depen-
dent corrosion behaviour of the canister and is closely tied to the
evolution of environmental conditions. In general terms, the corro-
sion behaviour will evolve from a period of relatively rapid general
corrosion and possible localised attack to a long-term phase of
slow general corrosion. This CEP corresponds to the evolution of
the repository environment from an initial period of hot, aerobic
and unsaturated conditions, through a transition period to a
long-term cool, anaerobic saturated phase.

A useful indicator of this evolution of the corrosion behaviour is
the time dependence of the corrosion potential (ECORR) of the can-
ister. Fig. 4 shows a schematic illustration of how the ECORR of a
canister would be expected to evolve with time in a sealed repos-
itory containing a limited amount of entrapped O2. During the
early aerobic phase, ECORR is relatively noble (positive) because of
the cathodic reduction of O2 and because of the possible spatial
separation of anodic and cathodic processes, which also serves to
increase the value of ECORR. At long times, ECORR falls to a value
determined by the relative rates of Fe dissolution and the reduction
of H2O, resulting in ECORR values close to the H2/H2O equilibrium
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potential during the long-term anaerobic phase. Between these
two periods, the value of ECORR undergoes a transition, during
which Fe(III) corrosion products formed during the aerobic phase
are reductively dissolved to Fe(II) species.

The evolution of environmental conditions within a repository
in Opalinus Clay can be divided into the following phases:

� An initial period of hot, aerobic, but desiccated conditions, dur-
ing which there is insufficient moisture to wet the canister
surface.

� Gradual saturation of the near-field and the deliquescence of
salts and other impurities on the canister surface as the canister
cools and the relative humidity increases.

� A period of unsaturated conditions, during which the RH is suf-
ficiently high that the surface is uniformly wetted and the repos-
itory redox conditions evolve from aerobic to anaerobic.

� A long-term anaerobic period characterized by cooler tempera-
tures and saturated bentonite.

4.2. Expected canister corrosion behaviour

The canister corrosion behaviour is different for each of the four
phases identified above.

4.2.1. Initial hot, aerobic, desiccated period
During this period there is insufficient water adsorbed on the

canister surface to support aqueous corrosion processes. Based
on the temperatures profiles in Fig. 3 and the RH data in Table 1,
this period will last for 30–50 y following emplacement of the
canisters.

Although oxidation in dry air is possible, the rate is expected to
be low. Based on the rate of oxidation reported by Terlain et al.
[23], the maximum oxide thickness (possibly comprising inner
and outer layers of Fe3O4 and Fe2O3, respectively [3]) is predicted
to be �0.2–0.3 lm for the conservative ‘thermal-conduction’ tem-
perature profile in Fig. 3.

During this period, some of the O2 entrapped in the bentonite
will be consumed by corrosion of steel rock support materials
and by microbial processes in regions of the repository that are
wetter and cooler than at the surface of the canister. As noted
above, corrosion of the rock support materials could consume all
of the trapped O2 within a period of a few decades.

4.2.2. Initial saturation of the near-field and deliquescence of salts on
the canister surface

As the temperature decreases and the RH increases (Fig. 3 and
Table 1), the surface of the canister will start to wet due to deli-
quescence of surface impurities and condensation in the pores of
the pre-formed oxide film. These impurities will include salts pres-
ent naturally in the bentonite, such as NaCl (halite) and Ca-
SO4 � 2H2O (gypsum), as well as contaminants picked up during
handling and emplacement of the canisters (e.g., organic matter
from exhausts and lubricants, airborne particulate matter). Each
of these species will absorb moisture from the vapour-filled pores
(deliquesce) at a specific RH. In general, the more soluble the spe-
cies, the lower the RH (and, hence, the higher the temperature) at
which deliquescence will occur [1].

Because these contaminants will be unevenly distributed over
the canister, wetting of the surface will be non-uniform [25]. Drop-
lets of water will form by deliquescence of individual salt crystals,
or collections of crystals, with surrounding areas either dry or wet-
ted by microdroplets or thin layers of moisture. If O2 is still present
in the bentonite at this time, the regions around the deliquesced
droplets will tend to become cathodic because of the greater access
of O2. The droplets themselves will tend to become O2 depleted
and, hence, sites for the anodic process. In this manner, the initia-
tion of localised corrosion is possible whilst the surface remains
non-uniformly wetted.

Based on the predicted temperature profiles and, especially, the
time dependence of the RH at the canister surface (Table 1), this
period is expected to last for a few tens of years. During this period,
the RH will increase from, say, 50–60% to close to saturation. The
exact point at which deliquescence first occurs will depend on
the nature of the surface contaminants, and the period before the
surface is uniformly wetted will depend on the surface density of
contaminants and the rate of increase in RH. However, some de-
gree of localised attack can be expected during this period. Because
of the possible presence of O2 and because of the spatial separation
of anodic and cathodic processes, the ECORR will be relatively posi-
tive during this period, corresponding to the early aerobic phase in
Fig. 4.

4.2.3. Incompletely saturated bentonite, but uniformly wetted surface
As the near-field RH increases, the canister surface will become

uniformly wetted. At this point, the driving force for the separation
of anodic and cathodic processes will diminish, as any remaining
O2 will have equal access to all areas of the surface. Any propagat-
ing pits or crevices will tend to stifle as it becomes difficult to sus-
tain the critical occluded chemistry. Overall, corrosion will tend to
become more uniform in nature.

Several possible oxidants are present in the system during this
period. Depending upon the rate of O2 consumption by other pro-
cesses, the repository may still contain some of the O2 entrapped
initially in the bentonite sealing materials. Transport of O2 through
unsaturated bentonite will be rapid [7] so, unlike in saturated ben-
tonite, the corrosion rate will not be limited by the rate of O2 sup-
ply to the canister surface. The importance of O2 as an oxidant for
the canister will diminish over time as the repository environment
becomes anaerobic.

A second possible oxidant is Fe(III) produced during the early
aerobic phase. Aerobic corrosion will result in the precipitation of
various forms of hydrated Fe(III) oxyhydroxide and/or green rusts,
which will become thermodynamically unstable as the repository
EH becomes more reducing. The reductive dissolution of Fe(III) cor-
rosion products can couple with oxidation of the underlying steel
surface [15,18]. This electrochemical coupling is typically a transi-
tory phenomenon and is characterized by a characteristic shift in
ECORR. In the early stages of the process, ECORR is controlled by redox
processes between the precipitated Fe(II)/Fe(III) solids and dis-
solved Fe(II)/Fe(III) in solution. As the oxide dissolves and exposes
the underlying C-steel substrate at cracks and pores in the film, the
potential is partly determined by the rate of film reduction and of
oxidation of the C-steel substrate. As more C-steel is exposed, the
potential-controlling processes become oxidation of the steel cou-
pled to H2O reduction, with characteristic potentials close to the
H2/H2O equilibrium line. Fig. 4 shows a typical transition in ECORR

that is expected as the repository environment evolves from aero-
bic to anaerobic. From a corrosion viewpoint, the most aggressive
period is that during the transition, at which time small areas of
the underlying C-steel are polarized to relatively positive poten-
tials and can dissolve locally quite rapidly.

The third possible oxidant during this period is H2O. Depending
upon the relative rates of O2 consumption and repository satura-
tion, it is possible that there will be a period of anaerobic corrosion
under unsaturated conditions. There are relatively few studies of
the corrosion of C-steel under such conditions, but corrosion is
likely to be uniform in nature and there is no mechanistic reason
for the separation of anodic and cathodic processes. Corrosion, of
course, will be accompanied by the formation of H2 gas.

This transition period in the evolution of the repository environ-
ment corresponds to a transition in the corrosion behaviour of the
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canister, characterised by the evolution in ECORR shown schemati-
cally in Fig. 4. In the early stages, relatively rapid general corrosion
and/or localised corrosion is possible, depending upon the nature
of the oxidants. Eventually, however, once the repository has be-
come anaerobic, corrosion will be general in nature supported by
the cathodic reduction of H2O and the evolution of H2.

4.2.4. Long-term anaerobic saturated period
Within a period of perhaps 100 y the repository environment

will become water saturated and all of the entrapped O2 (and the
oxidised corrosion products) will have been electrochemically re-
duced. This phase of saturated anaerobic conditions is expected
to persist indefinitely.

These environmental conditions are relatively benign for corro-
sion of the canister. The possibility of localised corrosion is much
diminished because there is no process by which the anodic and
cathodic processes may be spatially separated. Corrosion, there-
fore, is expected to be uniform in nature, proceeding at a rate
determined by the rate of the anodic process. A precipitated corro-
sion product layer will develop, comprising either a duplex spinel/
Fe3O4 layer (observed in bulk solution [2]) or a complex Fe, Ca-con-
taining carbonate film (observed in compacted clay systems
[12,13,22]) (Fig. 5).

The nature of the test environment is also found to affect the cor-
rosion rate. In bulk solution, the corrosion rate is observed to reach
a steady-state after 4–6 months exposure at a rate of �0.1 lm y�1

(e.g., [9,20]). In compacted clay systems, no steady-state is observed
after 4 y exposure, at which time the still-decreasing rate is
�1 lm y�1 (e.g., [13,22]). Knowledge of the precise corrosion rate
is important for estimating the canister lifetime and the rate of H2

generation. However, the observed corrosion rates are sufficiently
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Fig. 5. Summary of the anaerobic corrosion behaviour
high that H2 cannot be transported away from the canister surface
sufficiently fast by diffusion in the pore solution, so a separate H2

gas phase will form in the repository. The occurrence of gas trans-
port through the bentonite and Opalinus Clay host rock is not ex-
pected to compromise the safety functions of the barriers, as
discussed in more detail elsewhere [11].

4.3. Predicted canister lifetimes

4.3.1. Approach to lifetime prediction
Different approaches have been used for predicting the long-

term corrosion performance of nuclear waste canisters [17]. In all
cases, a sound mechanistic understanding of how the corrosion
processes change with time as the repository environment evolves
is essential. In this regard, it is useful to define the CEP as briefly
described above for a C-steel canister in the proposed repository
in Opalinus Clay.

Given this detailed mechanistic understanding, it is then possi-
ble to make mathematical predictions based either on detailed pro-
cess models or through relatively simple estimates of the extent of
corrosion damage during each stage of the CEP. The particular ap-
proach taken is not important, since the important factor is not the
level of mathematical sophistication used in arriving at a lifetime
prediction but the underlying level of mechanistic understanding
that is used to justify that prediction.

Here, a relatively simple mathematical treatment is used to pre-
dict the extent of corrosion of a C-steel canister in a repository in
Opalinus Clay as a result of general and localised corrosion. The
underlying mechanistic understanding is used to justify why these
corrosion processes are, and why other corrosion processes are not,
included in the lifetime assessment.
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4.3.2. Corrosion processes not considered
Before addressing those corrosion processes that are considered

to determine the lifetime of the canister, it is necessary to justify
the exclusion of those processes that are not considered. These
processes include MIC, stress corrosion cracking (SCC), and hydro-
gen-related effects.

As discussed above, MIC requires that there be microbial activ-
ity at the canister surface or, in the case of remote microbial activ-
ity, that aggressive metabolic by-products diffuse to the canister
surface. Based on the known effects of compacted bentonite [21]
and elevated temperature on microbial activity, it is believed that
significant microbial activity will not occur close to the canister
surface. Therefore, colonization and biofilm formation are not pos-
sible on the canister surface and the aggressive forms of MIC gen-
erally associated with this form of corrosion will not occur. The
extent of remote microbial activity in a deep geological repository
with bentonite-based sealing materials has been estimated by King
et al. [8]. (Although these calculations were performed for a copper
canister, the estimate of the amount of aggressive microbial by-
products is independent of the nature of the canister material). Be-
cause of the combined effects of compacted bentonite, low water
activity, elevated temperature, and the lack of nutrients, the extent
of MIC due to remotely produced sulphide and organic acids was
equivalent to�1 lm of additional wall loss. Therefore, it has been
concluded that microbial activity will not significantly impact the
lifetime of the canisters.

There are a number of forms of SCC of C-steel that must be con-
sidered when predicting the long-term performance of canisters
[5]. Many of these, such as caustic cracking, cracking in high-tem-
perature water, etc., can be discounted on the grounds that such
environments will not be present in the repository. Pipeline steels
are susceptible to SCC in carbonate-based solutions, however, and
such environments could be present at the canister surface for
some or all of the service life of the canister. However, these forms
of cracking require a cyclic load to be present, either to rupture
crack-tip films in the so-called high-pH form of pipeline SCC or
as an inherent component of the corrosion fatigue mechanism
for the so-called near-neutral pH form of cracking. Because of the
absence of either a permissive environment or the necessary cyclic
loading, therefore, SCC is not considered a credible failure mecha-
nism for C-steel canisters in a deep geological repository [5].

Finally, some steels are susceptible to various forms of hydro-
gen-related damage. Hydrogen absorbed by the canister material
during anaerobic corrosion can result in hydrogen-induced crack-
ing, blister formation, step-wise cracking, and other forms of
hydrogen damage [5]. Some of these forms of cracking require an
externally applied tensile stress, whereas others result in internal
stresses due to the absorption of hydrogen. Regardless, the suscep-
tibility to this form of attack increases with increasing strength of
the material [6]. In addition, older steels with high concentrations
of MnS inclusions, especially of a given shape, are more susceptible
to hydrogen damage than modern steels. Because of the use of a
relatively low-strength modern steel for the canister, this form of
corrosion is not expected to limit the service life.

4.3.3. Corrosion processes included in model and lifetime prediction
The two forms of corrosion that are included in the lifetime pre-

diction for C-steel canisters are general and localised corrosion. As
noted above, a relatively simple empirical approach is taken to life-
time prediction, supported by a sound mechanistic understanding
of the processes involved and how they are affected by the evolu-
tion of the repository environment.

General corrosion is predicted through a combination of mass-
balance and corrosion rate estimates. The extent of aerobic corro-
sion is easily estimated based on the amount of atmospheric O2 en-
trapped in the bentonite sealing materials upon repository closure.
For the Nagra design of a repository in Opalinus Clay, this amount
of O2 is equivalent to <1 mm of general corrosion. Under anaerobic
conditions, the extent of corrosion is based on an assumed steady-
state corrosion rate of 1 lm/y, for which there is ample supporting
evidence from the literature (see Fig. 5). Since the Opalinus Clay
contains pyrite, an additional allowance is made for the trans-
port-limited diffusion of HS- to the canister. Over a 10000-year
period, sulphide-induced corrosion amounts to an additional
0.2 mm. (The implicit assumption is that sulphide causes addi-
tional corrosion over and above that which occurs under anaerobic
conditions).

There are a number of possible mechanisms by which localised
corrosion could initiate and propagate on C-steel canisters,
including:

� non-uniform wetting of the surface by deliquescence of salt con-
taminants leading to the spatial separation of anodic and catho-
dic sites during the aerobic period,

� differential [O2] cells, or
� electrochemical coupling of defected or cracked Fe(III) corrosion

films to dissolution of the underlying steel.

Regardless of the mechanism by which localised corrosion initi-
ates, the extent of propagation is treated using an empirical pitting
factor derived from a mixture of long-term corrosion studies and
short-term tests [6]. Fig. 6 shows the dependence of the pitting fac-
tor on the average depth of corrosion. It is clear from these data
that the degree of surface roughening (it is misleading to refer to
this as pitting since the aspect ratio is small except for the very
shallowest of penetrations) diminishes significantly with increas-
ing depth. This is an impressive set of data, comprising as it does
a set of 1350 measurements from steel specimens exposed to var-
ious soil conditions and a further 50 or so measurements from con-
trolled short-term laboratory experiments.

For the current analysis, a conservative value of the pitting fac-
tor of 10 has been selected. This factor is applied to the predicted
depth of corrosion during the aerobic period only, as the presence
of O2 (or of Fe(III) produced by corrosion under aerobic conditions)
is clearly a pre-requisite for localised corrosion. Since the extent of
general corrosion during the aerobic phase is <1 mm, the maxi-
mum depth of surface roughening or ‘pitting’ that will occur during
this period is estimated to be <10 mm. This surface roughening will
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diminish with time as the canister corrodes under anaerobic con-
ditions, but it is conservatively assumed here that this roughening
is maintained at all times.

Prediction of the extent of damage is then a simple matter of add-
ing contributions for each of the proposed forms of corrosion. Over a
10000-year period, the extent of damage during the aerobic period is
<10 mm, with an additional �10 mm due to general corrosion dur-
ing the anaerobic phase at a rate of 1 lm/y (with an additional allow-
ance for the transport-limited corrosion by sulphide). Therefore, the
maximum wall penetration is predicted to be�20 mm, significantly
less than the proposed wall thickness of 150 mm.

5. Key future research issues

The evaluation of the corrosion evolutionary path provides
some guidance in focusing future corrosion studies in support of
lifetime assessment of canisters for disposal of SF/HLW in Opalinus
Clay. The evolution of the canister surface over a period of decades
from partially saturated conditions at a temperature of about
100 �C to reducing conditions at cooler temperatures suggests
the need for studies of corrosion damage under these transitory
conditions, including some in situ studies. In addition, the ability
of compacted bentonite to maintain conditions that prevent MIC
of canister materials requires further investigation, including
long-term in situ corrosion measurements. Such studies would
also provide insights into the possibility of any localised corrosion
occurring under reducing conditions.
6. Summary

The concept of the corrosion evolutionary path has been used to
assess the extent of corrosion of carbon steel canisters in a deep
geological repository in Opalinus Clay. A key feature of this ap-
proach is the link between the evolution of the repository environ-
ment and the time-dependent corrosion behaviour of the canister.

A detailed mechanistic understanding is required of the corrosion
processes that will, and will not, limit the service life of the canister.
This mechanistic understanding is required as the basis of the math-
ematical model for calculating canister lifetimes as well as for the
justification of the long-term predictions. Provided this sound mech-
anistic understanding is available, it does not matter whether corro-
sion predictions are based on detailed process models or on the basis
of simple mass-balance arguments and empirical corrosion rates.

A carbon steel canister in a repository in Opalinus Clay will be
subject to general and localised corrosion. Other corrosion pro-
cesses, such as microbiologically influenced corrosion, stress corro-
sion cracking, or hydrogen-related damage, are not expected to
occur, either because the environment is not supportive or because
the material is non-susceptible. The maximum extent of wall pen-
etration after 10000 y is predicted to be �20 mm, far less than the
proposed wall thickness.

The canister lifetime assessment described here is based on a
simple extrapolation of laboratory corrosion rates determined un-
der repository-relevant conditions. Crucially, this prediction is sup-
ported by a sound mechanistic understanding of the corrosion
behaviour of the canister and how it changes over time as the
repository environment evolves.
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