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Abstract

A conceptual model for corrosion of a carbon steel (C-steel) used fuel container in a deep
geological repository in sedimentary rock is described. The model takes into account various
corrosion processes that might affect the container in the repository environment. Some
processes, such as uniform corrosion and localized (pitting) attack, are specifically included in
the conceptual model for the calculation of the used fuel container lifetime. Other processes,
such as hydrogen-related effects, stress corrosion cracking, microbiologically influenced
corrosion, preferential weld corrosion, and dry air oxidation are excluded from the conceptual
model. This is based on the assumptions that either the environment will not support these
processes or that these corrosion processes can be avoided by proper container design and
fabrication procedures. The validity of these assumptions would still need to be demonstrated
in the future through more-detailed engineering assessment, mathematical modelling, and
experimental studies.

The extent of uniform corrosion should be assessed through a combination of (i) mass-balance
arguments in the case of aerobic conditions, (ii) empirical corrosion rate data for the anaerobic

phase, and (iii) a mechanistic mixed-potential model to provide support and justification for the

calculations of the rate of wall loss. This combination of empirical calculations and mechanistic
modelling provides a justifiable, robust prediction of the long-term uniform corrosion behaviour

of a C-steel used fuel container.

Similarly, the effect of localized corrosion on the lifetime of C-steel containers should be
assessed through a combination of empirical data and mechanistic modelling. Empirical data
can be used to estimate the time-dependence of the degree of localization, whereas
mechanistic modelling is used to justify these long-term predictions.

Preliminary C-steel corrosion assessments suggest that, based on a combination of uniform
and pitting corrosion, the range of wall penetrations will be 9-34 mm after 10,000 years and
34-175 mm after 100,000 years. It is expected that a steel container would still have sufficient
remaining wall thickness and mechanical strength to avoid container failure or through-wall
penetration for a period of more than 10,000 years after it is placed in a repository in
sedimentary rock. This analysis suggests, therefore, that C-steel containers can provide
containment of used fuel for substantial periods of time in a deep geological repository in
sedimentary rock.
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1. INTRODUCTION

The Nuclear Waste Management Organization (NWMO) is developing the technology for the
management of Canada’s nuclear fuel waste (NWMO 2005). One aspect of the NWMO'’s
research and development program is advancing the technology associated with a deep
geological repository (DGR) for used fuel in a suitable formation such as the crystalline rock of
the Canadian Shield or Ordovician sedimentary rock (Gierszewski et al. 2004, Mazurek 2004).
For the DGR concept, used fuel would be placed and isolated in corrosion-resistant containers
in a stable host-rock formation (NWMO 2005, Russell and Simmons 2003). Copper is the
current reference corrosion-barrier material for the used fuel container (UFC) (Maak 1999),
although the use of carbon steel (C-steel) is also being considered (King 2005a). Although Cu
containers are likely to have longer lifetimes than C-steel containers, the shorter-lived C-steel
containers may provide adequate safety in deep, low-permeability sedimentary formations.

A number of countries have considered the use of C-steel containers in a variety of host rock
formations. Of these different international programs, the most developed are those in France,
Switzerland, and Belgium (Figure 1). France is considering the horizontal placement of C-steel
canisters in boreholes in argillaceous clay (Figure 1(a)). The boreholes would not be backfilled
to allow for retrieval for a period of up to 300 a. Environmental conditions are expected to result
in uniform corrosion only (Andra 2005). Switzerland is considering the use of C-steel canisters
for the placement of high-level waste and spent nuclear fuel in a backfilled deep geological
repository in the sedimentary Opalinus Clay formation (Nagra 2002). The canisters would be
placed on blocks of pre-compacted bentonite and the remaining void space filled with granular
bentonite pellets (Figure 1(b)). Environmental conditions in the repository would closely
resemble those expected in a DGR in sedimentary formations in Canada. Corrosion is
expected to be primarily uniform in nature, with a small degree of localized attack (Johnson and
King 2003). The Belgian program has recently re-designed its repository concept in favour of a
supercontainer comprising a C-steel overpack encased in a cementitious buffer material
surrounded by a stainless steel envelope (Bel et al. 2006). The supercontainers would be
placed in horizontal boreholes in Boom clay sedimentary deposits. One of the major driving
forces behind the re-design was the desire to create an alkaline near-field environment for
improved corrosion resistance of the C-steel canister.

Other countries that have considered the use of a C-steel UFC include Japan, Germany, and
the United Kingdom. Carbon steel is the reference container material in Japan (JNC 2000), but
no host-rock formation has yet been selected. The generic program involves the placement of
the high-level waste containers in a DGR and the backfilling of repository rooms with a
bentonite-based material. Various container materials have been considered in the German
program, with the focus on developing a deep geological repository in a salt formation (Smailos
et al. 1985). Carbon steel was among those materials evaluated, but the program has not
developed further over the past several years. The United Kingdom were also an early
proponent of the use of C-steel, with a focus on a granitic host rock in the 1980’s (Marsh and
Taylor 1988). Recently, the U.K. high-level waste program has re-started but it is unclear at this
stage whether C-steel will be the reference container material.
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Since the use of C-steel was first proposed in the 1980’s, much has been learnt of the corrosion
behaviour under expected environmental conditions within a DGR. This increased
understanding has lead to increased confidence in the use of C-steel for long-lived containers
and a corresponding acceptance that container lifetimes could be substantially longer than the
1000-year period originally envisaged (Marsh and Taylor 1988, JNC 2000). Lifetimes as long as
10,000 years (Johnson and King 2003) or longer (King 2005a) are now being proposed for
C-steel UFC.

An international consensus on the important corrosion processes for C-steel in a backfilled DGR
is now emerging (JNC 2000, Johnson and King 2003, King 2005a). The container will be
subject to uniform corrosion, which initially could take the form of uneven or localized attack.
The degree of localization is expected to diminish with time. Hydrogen (H) produced by
anaerobic corrosion will be absorbed by the container material, but proper selection of material
should preclude effects such as hydrogen-induced cracking (HIC) or blistering. Similarly, stress
corrosion cracking (SCC) and microbiologically influenced corrosion (MIC) can be ruled out
based on proper container fabrication and repository design.

Here, the basis for a conceptual model for the corrosion of C-steel UFC in a DGR in
sedimentary rock is presented. Detailed mathematical models and predictions of container
lifetimes are not given. Rather, the focus is on the underlying mechanistic understanding under-
pinning the conceptual models. First, a brief review of environmental conditions in a possible
DGR in sedimentary host rock is given, followed by a review of the relevant corrosion processes
for C-steel. Based on this discussion, a qualitative description is then given of the expected
corrosion behaviour of C-steel under the proposed repository conditions. Finally, the
conceptual C-steel corrosion model is presented, along with a discussion of processes leading
to ultimate failure of the container and preliminary lifetime predictions.

2. REVIEW OF THE EVOLUTION OF THE REPOSITORY ENVIRONMENT

One of the most important features of any deep geological repository is that the nature of the
environment evolves over time. Generally, the environment evolves in such a way that
corrosion becomes less severe and more predictable with time. The most aggressive forms of
corrosion (e.g., localized corrosion, stress corrosion cracking) occur during the initial transient
conditions. The long-term period is characterized by corrosion processes that result in slower
and more predictable penetration, such as uniform corrosion. Here, the repository environment
is discussed in terms of the following parameters: saturation of the repository, temperature,
groundwater and pore-water chemistry, redox conditions, microbial activity, mass transport,
residual stress and external loads, and gas transport mechanisms.

The repository sealing materials will be placed in an unsaturated condition. Depending upon
the local hydraulic conductivity, saturation of the repository with groundwater could take 100’s or
1000’s of years. The degree of saturation is important in determining the availability of water
(H20) to support electrochemical corrosion processes and the mass-transport of dissolved and
gaseous species to and from the container surface. Initially, there will be insufficient moisture to
support aqueous corrosion processes (King 2006). Only when the relative humidity increases,
and the UFC surface temperature decreases, will deliquescence of salt deposits on the
container surface occur and corrosion become possible. The supply of H,O could be rate-
limiting initially, especially for the corrosion of steel and the consequent production of hydrogen
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gas (H2). Eventually the repository will become saturated with water and corrosion will occur in
a continuous water phase. In general, the dry-out phase will be longer (i) the drier the placed
bentonite materials, (ii) the higher the maximum container surface temperature, and (iii) the
lower the hydraulic conductivity of the host rock.

The maximum UFC surface temperature is a design parameter dependent on a number of
factors, including the age and degree of cooling of the used fuel, the spacing of containers, the
thermal conductivity of the sealing materials and their initial moisture content, the ambient host
rock temperature, and the thermal conductivity of the sedimentary deposit. Historically,
maximum UFC temperatures have been limited to ~100°C to avoid alteration of the bentonite.
However, the reference Swiss concept for a DGR in Opalinus clay involves a maximum
temperature of 150-160°C. The higher temperature is partly a result of a higher ambient
temperature at repository depth and partly a result of the low initial moisture content of the
bentonite sealing materials (Nagra 2002). The consequences of thermal alteration of the
bentonite can be offset by using a thicker layer of bentonite, since only that portion of the
bentonite closest to the UFC surface may be altered during the relatively short thermal pulse.
However, the effect of bentonite alteration adjacent to the container on its ability to inhibit
microbial activity on or near the container surface still needs to be assessed.

The bentonite pore-water will undergo significant chemical changes during the evolution of the
repository environment. The initial composition will be determined by the nature of the water
used to wet the dense bentonite (groundwater, potable water) and the content of soluble
mineral impurities in the clay. Eventually, the pore water will equilibrate with the groundwater,
which tends to be highly saline at the proposed depths for a repository in the Michigan Basin
(40,000-300,000 mg-L™ total dissolved solids, King 2005b).

King (2005b, 2006) has described a sequence of events in the evolution of the pore-water
chemistry:

1. Dissolution of soluble mineral impurities (NaCl, CaCl,-xH,0, CaCO3;, CaSO4-2H,0) in the
water added for compaction of the sealing materials.

2. lon exchange with the sodium bentonite, resulting in the uptake of Ca®* and the release
of Na" ions.

3. Precipitation of the least soluble minerals as water is driven away from the container
surface by the thermal gradient.

4. Control of the pore-water pH in the range pH ~7-8 by calcite precipitation/dissolution.

5. Re-dissolution of precipitated minerals as the sealing materials re-wet, starting with the
most soluble (most deliquescent) phases.

6. Eventual saturation of the sealing materials.

For the present purposes, the long-term, equilibrated pore-water composition is defined as
(King 2005b):

1.1 mol-dm™ Na*

0.5 mol-dm™ Ca?*
2.1 mol-dm™ CI
0.005 mol-dm™ SO,*

corresponding to a total dissolved solids content of ~120,000 mg-L™.
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Currently, there is limited mineralogical information of the sedimentary formations at the
possible repository horizon depth in Canada. Potential host formations in Belgium and
Switzerland contain significant amounts of pyrite (Nagra 2002, ONDRAF-NIRAS 2002).
Dissolution of pyrite could lead to sulphide diffusing to the container surface or, during the initial
aerobic transient, intermediate oxidation products such as thiosulphate.

As widely understood, the redox conditions in the repository will evolve from an initial aerobic
phase to a long-term stable anaerobic condition. The duration of the aerobic phase is currently
unknown but, based on calculations performed for other repository designs in Canada and
internationally, is likely to be of the order of a few 10’s of years to a maximum of 100-200 years
(see, for example, Kolar and King 1996). Oxygen will be consumed by corrosion of the
container, aerobic microbial activity in regions of the repository not sealed using highly
compacted bentonite, and the oxidation of Fe(ll) and other oxidizable minerals. Deep
geological repositories typically contain 1-10 molo,-m™ of container surface area. If all of this
oxygen (O,) resulted in uniform corrosion of the container, the resulting wall loss would be of the
order of 10-100 um. Therefore, the container alone represents a massive inventory of reduced
material which will ensure that anaerobic conditions are maintained in the repository indefinitely.

Much effort has been put into characterizing deep sub-surface microbes and the factors that
control their activity (see, for example, King and Stroes-Gascoyne 1995, 1997; King et al. 2004;
Motamedi 1999, Pedersen 2000, Pedersen et al. 2000, Stroes-Gascoyne and King 2002,
Stroes-Gascoyne et al. 2006, 2007). There is now strong evidence that microbes will not
survive and/or are inactive in highly compacted bentonite. The physiological reason is
uncertain, but is thought to involve either the effect of compaction density on the availability of
water or the high swelling pressures in saturated bentonite. Regardless, a bentonite dry density
of >1.6 Mg-m™ is sufficient to suppress all microbial activity. It is assumed here that the
containers will be placed in compacted buffer material that meets or exceeds this required dry
density, and that microbial activity close to the container surface will not occur at anytime during
the lifetime of the UFC. However, it is accepted that microbial activity may occur in other
regions of the repository not sealed with highly compacted bentonite. Under these
circumstances, aggressive metabolic by-products could diffuse to the container surface.

One of the purposes for sealing the repository with highly compacted bentonite is to limit the
rate of mass transport of species to and from the container. In saturated bentonite, mass
transport occurs by diffusion only, at a rate approximately two orders of magnitude slower than
in bulk solution (King et al. 1996). In unsaturated bentonite, however, the diffusivity of dissolved
species is diminished and the diffusivity of gaseous species enhanced (King 2006).

The magnitude of the load acting on the container shell will determine its structural integrity.
The UFC is required to withstand external loads resulting from (i) the swelling pressure exerted
by the bentonite (2-4 MPa), (ii) the volume expansion of C-steel corrosion products, (iii) the
hydrostatic load (for example, 6 MPa at a depth of 600 m), (iv) the lithostatic load, (v) the
development of a gaseous H, phase due to the anoxic corrosion of steel (maximum pressure
8-10 MPa, King 2005b), and (vi) additional hydrostatic and lithostatic loads from future
glaciation events. In addition, residual stresses from container fabrication, especially the final
closure weld, will be present, although may be offset to some degree by non-thermal post-weld
stress relief. This complex set of residual stress and external loading could induce stress-
assisted failure mechanisms, such as stress corrosion cracking (SCC) or mechanical overload.
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Figure 2: Evolution of Environmental Conditions in a Deep Geological Repository
Characterized in Terms of the Stages of Saturation (King 2005b).

Hydrogen gas produced by corrosion of the UFC is unlikely to be removed from the repository
by diffusion sufficiently fast to avoid the formation of a separate H, gas phase. Transport
mechanisms for H, in low-permeability media are discussed in more detail in Section 3.1.3.

King (2005b) has characterized the evolution of the environmental conditions within a DGR in
sedimentary rock in terms of different phases of saturation (Figure 2). This description is

particularly apt for low-permeability host rocks as the rate of repository saturation is likely to be

slower than in more-permeable fractured crystalline rock. The various processes that

characterize the initial dry-out phase, the intermediate transition phase, and the long-term
saturated phase are described in the figure. Superimposed on this variation in repository
saturation is the transition from the initial warm, oxidizing environment to the long-term stable

saturated anaerobic condition.



3. CORROSION PROCESSES OF INTEREST

Various corrosion processes of interest are discussed in this section, both processes that might
lead to container failure and processes that can be excluded on the basis of UFC or repository
design.

3.1 UNIFORM CORROSION

Carbon steel will undergo uniform, or general, corrosion in the repository environment. Uniform
corrosion is usually discussed in either electrochemical terms (see Section 3.1.2) or in terms of
measured corrosion rates (Section 3.1.1), typically measured by mass loss or, in the case of the
anaerobic corrosion of C-steel, by the rate of H, generation. The rate of corrosion generally
decreases with time either because of the depletion of reactants or, more usually, because of
the formation of a protective corrosion product film.

3.1.1 Corrosion Rates

Given the expected evolution of the repository environment described above, C-steel containers
will be subject to uniform corrosion under the following conditions:

1. Aerobic, unsaturated vapour phase
2. Aerobic, saturated aqueous phase or an anaerobic, unsaturated vapour phase
3. Anaerobic, saturated aqueous phase

Since O, consumption and water saturation are occurring simultaneously, the nature of the
transitional period between the initial aerobic, saturated phase and the stable long-term
anaerobic, saturated conditions is currently uncertain. If O, consumption is faster than the rate
of saturation, then the transitional phase will involve a period of anaerobic, unsaturated
conditions. If, however, water saturation is fast, the transitional phase will be characterized by a
period of saturated, aerobic conditions. Both possibilities are considered here.

A compilation of reported corrosion rates from various nuclear waste management studies is
given by King and Stroes-Gascoyne (2000).

Aerobic, unsaturated vapour phase corrosion

Aqueous corrosion of a C-steel UFC will first start when the container surface becomes wetted
following the peak in the thermal pulse. Wetting of the surface will involve deliquescence of
(i.e., the absorption of moisture by) surface contaminants in exactly the same manner as
described for a Cu container by King (2006). Initial wetting of the surface is likely to lead to non-
uniform corrosion, and will be discussed in more detail in Section 3.2. Corrosion will become
more uniform once the surface becomes evenly wetted and there is no driving force for the
spatial separation of anodic and cathodic sites.

On the assumption that the surface evenly wets prior to the consumption of O,, there will be a
period of aerobic corrosion of the C-steel container in partially saturated bentonite. Corrosion
will be supported by the rapid diffusion of O, through the unsaturated bentonite (King 2006).
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Relatively few corrosion studies have been performed under environmental conditions relevant
to this period. Standard texts give ranges of corrosion rates for C-steel in different atmospheres
at ambient temperature, with rates varying from ~10 pm-a™ in urban and rural environments to
~100 um-a™" in marine locations (ASM 1987, Dechema 1990).

Studies in aerobic humid atmospheres for the Belgium program have resulted in a wide range of
reported corrosion rates. In experiments in humid clay atmospheres at 170°C, Debruyn (1990)
reported a rate of ~150um-a™, although in later reports the range of corrosion rates for as-

received, heat-treated, and welded specimens was of the order of 0.02-2 um-a™ (Debruyn et al.
1991).

No other studies under repository conditions in humid aerobic atmospheres have been reported
(King and Stroes-Gascoyne 2000).

Aerobic, saturated aqueous phase corrosion

A large number of C-steel corrosion studies have been performed in O,-containing groundwater
and compacted bentonite systems (King 2005a, King and Stroes-Gascoyne 2000). Solution
compositions have ranged from dilute sedimentary and volcanic groundwaters to saline
solutions simulating pore-fluids in salt deposits. Temperatures from ambient to 200°C have
been used with exposure times up to 2-3 years, and over a pH range of pH 5-12.6. Given this
wide range of environmental conditions and equally wide range of experimental techniques
employed, it is not surprising that the reported corrosion rates also exhibit a wide range of
values, from 2 to 2000 pm-a™ (King 2005a, King and Stroes-Gascoyne 2000).

Rather than trying to derive an appropriate range of corrosion rates from these various studies,
the discussion below focuses on one experimental study performed under well-controlled
conditions. Honda et al. (1991) determined the corrosion rate of C-steel exposed to compacted
bentonite under aerobic conditions for a range of conditions, including varying bentonite density,
pore-water salinity, and temperature (Figures 3-6).

Mass transport and, to some degree, salinity, clearly have an effect on the corrosion rate of
C-steel in aerobic compacted bentonite (Figures 3-5). More-restrictive mass transport, either
through the used of compacted bentonite as opposed to a bentonite slurry (Figure 3) or through
increasing the density of compacted clay (Figure 4), results in a decrease in corrosion rate due
to transport limitation of the cathodic reduction of O,. Corrosion rates are also higher in
synthetic seawater (~0.5 mol-dm™) than in distilled water, although the corrosion rate appears to
be independent of salinity at higher CI" concentrations (Figure 5).

Corrosion rates also increase with temperature, albeit the dependence is fairly weak (Figure 6).
Based on the data in Figure 6, the activation energy for the corrosion rate of C-steel in aerobic
compacted bentonite is 1.3 kJ-mol™ and 3.6 kJ-mol™ for synthetic seawater and distilled water,
respectively. These values are smaller than would be expected based on a diffusion-limited
corrosion process (typically ~15 kJ-mol™” in aqueous solution) or an activation-controlled process
(typically 60 kJ-mol™). The observed activation energy, however, is consistent with rate control
by O, diffusion because the rate of supply of O, is determined by both the diffusivity, which
increases with temperature, and the O, concentration, which decreases with temperature.
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The Honda et al. (1991) study provides useful mechanistic information regarding the corrosion
of C-steel in saturated compacted bentonite under aerobic conditions.

Anaerobic, unsaturated vapour phase corrosion

There are no reported studies of the corrosion of C-steel under anaerobic, unsaturated
conditions in the nuclear waste management literature (King 2005a, King and Stroes-Gascoyne
2000). Furthermore, no studies in the general corrosion literature could be found under these
conditions either. The reason for this lack of information is the fact that anaerobic vapour phase
environments are not generally encountered. In addition, corrosion would not be expected to be
severe under these conditions as there is no driving force for the spatial separation of anodic
and cathodic processes, so that any corrosion that does occur would be in the form of slow
uniform corrosion.

In the absence of specific corrosion rate measurements under these conditions, it is only
possible to infer the likely corrosion behaviour based on the known mechanism of atmospheric
corrosion. Corrosion in humid conditions occurs in a thin surface moisture film that forms on the
surface due to the condensation of water vapour. Water condensation may be driven by the
deliquescence of surface impurities or by condensation in pores and other surface
discontinuities.

Typically, condensation of sufficient moisture to support electrochemical reactions occurs at 60-
70% relative humidity (RH) (Shreir 1976). Although there is sufficient water present to enable
corrosion to occur, there is a greater propensity for precipitation of corrosion products than in
bulk solution because of the limited volume of water. Therefore, the corrosion rate is likely to be
lower than in saturated systems where more dissolution would have to occur before the
aqueous phase becomes saturated by, for example, Fe(ll)aq.

Depending on the relative rates of corrosion and water saturation, it is possible that the
corrosion rate could be limited by the supply of H,O. Under anaerobic conditions, water acts
not only as the electrolyte but also as the oxidant. If the supply of H,O was rate limiting, then
the thin moisture film would gradually dry out and electrochemical reactions cease until such
time that the RH increases sufficiently to cause further surface wetting.

Anaerobic, saturated agueous phase corrosion

In contrast, there are a large number of corrosion studies under anaerobic conditions in
saturated systems (King 2005a, King and Stroes-Gascoyne 2000). Johnson and King (2003)
have critically reviewed these studies and summarized the most pertinent corrosion rates
(Figures 7-9). Figure 7 shows typical behaviour observed during laboratory testing, with the
corrosion rate decreasing with time due to the formation of a protective corrosion product film.
In the case of cast iron and C-steel, Smart et al. (2002) have reported a duplex magnetite
(Fes0y4) film comprising an inner adherent layer formed by a solid-state process and a thicker
outer layer formed by dissolution-precipitation.

There are two major questions to be answered when considering the long-term rate of
anaerobic corrosion; first, what is the rate and, second, is the rate constant? The long-term
corrosion rate can be estimated from the data compiled by King and Stroes-Gascoyne (2000).
Depending upon the data considered, the long-term corrosion rate is of the order of
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0.1-10 um-a™ (Figures 8 and 9). Some of this variability is the result of environmental
differences between the different studies, but some is also undoubtedly due to variability in the
protectiveness of the corrosion product film. In turn, the protectiveness of the film depends on a
large number of factors, including: the rate of precipitation, the solution pH, the extent to which
groundwater species are incorporated into the film, the surface conditions and surface
preparation method, temperature, etc. Itis inherently difficult, therefore, to define a single
“corrosion rate” and instead a range or distribution of rates is more appropriate.

The data in Figures 7-9 exhibit a tendency to reach a constant corrosion rate with increasing
time (note that the logarithmic time scale in Figures 8 and 9 tend to obscure this trend). The
mechanism of the anaerobic corrosion of C-steel is uncertain at this time, in particular the
identification of the rate-determining process. If the surface is protected by a duplex Fe;04
layer, as suggested by Smart et al. (2002), and if the rate of supply of H,O is not rate limiting
under saturated conditions, a constant corrosion rate could indicate that the film reaches a
steady-state thickness and a constant porosity. Rate control might then be the dissolution of
the Fe;0, layer at the film/solution interface. However, typical values of the corrosion potential
(Ecorr) Under anaerobic conditions are not consistent with the equilibrium potential for
Fes;04/Fe(ll) for reasonable concentrations of dissolved Fe(ll). Alternatively, the corrosion rate
could be limited by transport across the inner epitaxial layer (if such exists, as proposed by
Smart et al. (2002)), either of Fe?* or O% ions. It is also possible that transport of dissolved
Fe(ll) in the pores of the outer precipitated Fe;O, film could be rate-determining. In this latter
case, a constant film porosity and thickness would be required to explain the observed constant
corrosion rate. Constant porosity could be maintained by the hydrolysis of Fe(ll) within the
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pores and the generation of acidity to prevent Fe;O, precipitation, except at the film/solution
interface. A constant film thickness could be produced by the periodic spalling of the film once it
reached a critical thickness. At this stage, however, these mechanisms are somewhat
speculative and a more-thorough analysis is required in order to support the use of a constant
corrosion rate in C-steel UFC lifetime predictions.

Further evidence for the long-term corrosion rate of C-steel can be obtained from analog
studies. Figure 9 shows the spread of corrosion rates (0.1-10 pm-a™") derived from one such
study (Miller et al. 1994). Additional long-term corrosion rates were discussed by Crossland
(2005) and are presented in Figure 10. Data are presented for both soil environments and for
artifacts exposed to bulk aqueous solution. The original author divided the data into aerobic
and anaerobic environments in an arbitrary manner by drawing parallel lines through the data,
the slopes of which represent the time dependence of the corrosion rate. Long-term (i.e.,

100 a) anaerobic corrosion rates are of the order of 0.02-0.2 pm-a™ in soil and 0.01-2 um-a™ in
solution. It is also interesting to note the different apparent time dependence of the corrosion
rate in the two environments. In soil, the corrosion rate decreases according to t*°, whereas in
bulk solution the rate is almost constant with time.

3.1.2 Electrochemical Considerations

Uniform corrosion can also be represented by the electrochemistry of the constituent oxidation
and reduction reactions in the overall corrosion process. This approach has been used in the
Canadian program to describe the uniform corrosion of copper UFC (King and Kolar 2000), and
a similar procedure could be adopted for C-steel.

The anodic dissolution of Fe

Fe —> Fe®" + 2¢” (1)
is supported by either the cathodic reduction of O, or H,O

O, + 2H,0 + 4e" > 40H (2)

H,0 + & — YiH, (3)
Under aerobic conditions, dissolved Fe?* is rapidly oxidized to Fe** (Stumm 1992)

4Fe* + O, + 2H,0 — 4Fe” + 40H (4)
The rates of these individual electrochemical processes have been studied in detail. For
instance, there are numerous reports on the dissolution of Fe in CI” solutions, including studies
by Ashley and Burstein (1991), Chin and Nobe (1977), MacFarlane and Smedley (1986), Marsh
and Taylor (1988), Turnbull and May (1987), and You et al. (1993). The kinetics of O, reduction
on steel has been studied by Calvo and Schiffrin (1988), Gervasio et al. (1998), Gojkovic et al.

(1994), Jovancicevic and Bockris (1986), Miyata and Asakura (2002), Stratmann and Mdller
(1994), Vago and Calvo (1992), Wroblawa and Qaderi (1990), and Zecevic¢ et al. (1991a,b).



-15-

100
10
£
S
2
o1
a
:
0.1
0.01
.001
0.1 1 10 100 1000 10000
Time years
(a) Soil
100
I Kerobi
10 |
1
IS
1S A -
7 [ Aracrobic|
3 0.1
©
9]
=
0.01
0.001
0.0001
0.1 1 10 100 1000
Time years

(b) Bulk solution

Figure 10: Corrosion Rates of Carbon Steel and Cast Iron from Archaeological
Analogs (Crossland 2005).



-16 -

The mechanism of H, evolution has been the subject of extensive study, and useful reviews are
given by Bockris and Reddy (1970) and Kaesche (1985). The overall reaction is a two-stage
process, involving first the formation of adsorbed hydrogen atoms (Haps)

H,O +M + € — MHups + OH" (9)
where M is a surface metal site. The second stage may follow one of two routes depending on
a number of factors, including the nature of the surface, potential, and the surface coverage by
Haps. The so-called Volmer-Tafel route involves the surface recombination of two MHaps
species

2MHaps — H> + 2M (6)
whereas the Volmer-Heyrovsky mechanism involves reaction between MHaps and H,O

MHADS + Hzo +e —> H2 + M+ OH (7)
Kinetic parameters describing the rates of these anodic and cathodic electrochemical reactions
are available in the references cited. Sufficient information is available, therefore, to develop a
mixed-potential model (MPM) for the prediction of the corrosion potential (Ecorr) under film-free
conditions. An initial attempt to develop such a model is described by King and Kolar (1999,
2001).

The overall reactions for the corrosion of C-steel are

4Fe + 2H,0 + 30, —» 4’FeOOH” (8)
and

Fe + 2H,0 — Fe(OH), + H, (9)
under aerobic and anaerobic conditions, respectively. The species “FeOOH” is used to
describe a generic hydrated ferric oxyhydroxide species with an arbitrary number of waters of
hydration. Because of the presence of groundwater anions (e.g., CI, S0,7, Cogz'), various
types of green rust are more likely to form under aerobic conditions (King and Stroes-Gascoyne

2000).

As the environment becomes anoxic, the Fe(lll) corrosion products will be converted to Fe(ll)
via:

2FeOOH + Fe + 2H,0 — 3Fe(OH), (10)
Under anaerobic conditions, Fe(OH), may not be the stable corrosion product, especially at

higher temperatures (>80°C). Ferrous hydroxide can decompose to magnetite via the Schikkor
reaction

3Fe(OH), — Fes04 + 2H,0 + H, (11)

In addition to modifying the corrosion rate, the formation and alteration of these films will affect
the value of Ecorr. Precipitated surface films will have a number of effects on Ecorg, including:
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blocking surface sites and reducing the effective surface area for anodic and/or cathodic
reactions

restricting the mass transport of species to and from the reactive surface

potentially catalyzing the rates of O, reduction and/or H, evolution

spatially separating anodic and cathodic reactions

galvanically coupling to the underlying C-steel

participating in redox reactions, resulting in both changes to the oxidation state of film
species and also of species in the bulk environment

SoahwhN

Blocking the surface has no effect on the value of Ecorr if both anodic and cathodic reactions
are equally affected, although the corrosion rate will be lower. If, however, the relative surface
areas for the two electrochemical reactions changes then Ecorr Will either shift to more-positive
(higher cathodic surface area) or more-negative (higher anodic surface area) values. These
effects were included in the modified C-steel MPM described by King and Kolar (2001), as were
the effects of restricting the mass transport of species to and from the underlying C-steel
surface. Catalysis of either the O, reduction or H, evolution reactions will cause a positive shift
in Ecorr @nd an increase in corrosion rate, whilst spatially separating anodic and cathodic sites
or galvanically coupling film processes to dissolution of the underlying C-steel will induce
localized corrosion. Finally, participation in redox processes will also affect the value of E¢ogg,
shifting in either direction, depending upon the nature of the processes involved.

No detailed studies have been performed of the evolution of Ecorr for C-steel in a DGR.
Compounding the complexity of the various processes described above is the fact that the
environment evolves over time. An example of the evolution of Ecorr Of film-covered C-steel is
shown in Figure 11 (Qin et al. 2004). In this example, the film is a layer of millscale produced
during the steel-making process, comprising a mixture of Fe;0,4, FeCO3, and maghemite
(y-Fe203). This mixture of Fe(ll) and Fe(lll) species imparts a degree of electrical conductivity to
the film and it participates in various electrochemical reactions. The film is also cracked and
defected. For the experiment shown, the film-covered C-steel electrode was immersed in a
dilute groundwater solution purged with CO,.

Various electrochemical processes occur during the course of the experiment. Exposure of the
sample to this environment causes the millscale layer to slowly dissolve. Initially, the potential
appears to be determined by redox processes between the Fe;0,4 and y-Fe,O; phases and
dissolved Fe(ll) in solution (Stage ). After a period of exposure, Ecorr decreases precipitously
before reaching a second steady-state value in Stage Ill. During Stage ll, it is believed that the
reductive dissolution of Fe(lll) in the millscale is galvanically coupled to dissolution of Fe in the
underlying steel, which becomes possible as the pores and cracks in the film are opened by
dissolution of the oxide. As the pores become increasingly larger, the dominant electrochemical
reactions become the dissolution of Fe as Fe(ll) coupled to the reduction of H,O, with both
occurring over the same surface area, presumably at the base of the pores now opened by
further oxide dissolution (Stage Ill). Note that the value of Ecorr in Stage lll is identical to that
of a film-free C-steel electrode, also shown in Figure 11.

The data in Figure 11 are shown for illustrative purposes, but are thought to be representative of
the evolution of Ecorr 0f a C-steel UFC in the repository. As for the Cu UFC, the development
of a mixed-potential model for C-steel would not only provide justification for long-term
predictions of the rate of uniform corrosion, but would also permit the prediction of the duration
during which localized corrosion or SCC is possible.
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Figure 11: Time Dependence of the Corrosion Potential of a Millscale-Covered C-steel
Electrode in CO,-Containing Solution (Qin et al. 2004).

3.1.3 Gas Generation and Transport

Under anaerobic conditions, uniform corrosion of C-steel is accompanied by the generation of
H.. The overall reaction for the corrosion of C-steel is given by Equation (9), from which it can
be seen that 1 mole of H, is produced for each mole of Fe corroded. However, if the corrosion
product from Reaction (9) (i.e., Fe(OH),) reacts further to produce Fe;0, via the Schikkor
reaction (Equation (11)), an additional 0.33 mole of H; is produced for each mole of Fe
corroded. It is important, therefore, to understand the nature of the long-term stable corrosion
product for C-steel.

The H, generated by corrosion will be transported away from the container surface via a
number of mechanisms. Some will be absorbed by the C-steel and diffuse through the
container wall. The remainder will accumulate at the UFC/buffer interface and be transported
away from the container. Because of the limited solubility of H, in water and because of the
restrictive mass-transport of dissolved species through compacted bentonite, the rate of
diffusive transport of H, away from the container surface is limited. Based on estimates
reported by Nagra (2002), the maximum diffusive flux of H, away from the container surface is
equivalent to a corrosion rate of <<0.1 um-a™. At higher corrosion rates a secondary H, gas
phase will form. Transport of gaseous H, through compacted bentonite occurs above a
threshold gas pressure approximately equal to the sum of the swelling and hydrostatic
pressures (Nagra 2002). The exact mechanism of transport is uncertain, but may involve micro-
fracturing and pathway dilation, although capillary flow is although believed possible (Nagra
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2002). However, regardless of the exact transport mechanism, the overall sealing properties of
the bentonite are not believed to be compromised by gas transport, and the permeability returns
to its original value once the H, pressure is released.

Hydrogen gas transported through the bentonite must also be transported through the low-
permeability host rock (King 2005b). Based on the analysis performed by Nagra (2002), the
following conclusions can be drawn for the transport of gas in the Ordovician shale and
limestone sedimentary deposits (Figure 12):

e As for Opalinus Clay, transport of dissolved H; through the shale or limestone is unlikely
to transport H, away from the repository fast enough to avoid the formation of gaseous
H. because of the low hydraulic conductivity of the rock formations. However, advection
may be possible along the more-conducting Manitoulin Dolostone formation (hydraulic
conductivity of 10® m-s™) that overlays the Queenston Shale.

o Two-phase flow is possible in the sedimentary deposits if the pressure exceeds the
break-through pressure (the sum of the hydrostatic and gas-entry pressures). For
Opalinus Clay, the gas-entry pressure is of the order 5-10 MPa (Nagra 2002), so
assuming the same range for the sedimentary deposits, two-phase flow may occur once
the H, pressure exceeds 11-16 MPa, for a repository at a depth of 600 m, for example.
Two-phase flow will cause gas to flow along some of the existing pore pathways, but
does not in itself alter the structure of the sedimentary deposit.

o Pathway dilation, on the other hand, does involve the slow creation of additional
microscopic gas pathways, and can occur if the pressure rises because two-phase flow
cannot remove the H; fast enough.

e Gas fractures can form when the H, pressure builds up quickly and involves the
formation of microscopic channels and occurs when the gas pressure exceeds the
tensile strength of the host rock. Based on the data provided by Golder (2003), this
would occur at a pressure of ~20 MPa (tensile strength plus lithostatic load). This
mechanism requires the rapid generation of H, pressure, which will not occur in a deep
geological repository for any realistic corrosion rate.

}o }o

a) Phenomenological description

Clay
agaregates *En

are- Dilatancy

‘,." wister

Free gas
Cuart phas=
grain =%

Advection

Diffursian b3 v

Tip of frac | <
y 5
\ Fi a\a

Envelope of

2005).

~1 pm

Advection and diffusion
of dizssolved gas

damage zone

Viso-capillary flow of gas and
water phase ("two-phase flow")

b) Transport mechanisms

Slnglt;ﬂ;;ise Visco-capillary two phase flow

Figure 12: Schematic of Gas Transport Mechanisms in Opalinus Clay (Marschall et al.

Dilatancy contralled gas
flow {"pathway dilation”)

Gas transport in tensile
fractures ("hydro-/gasfrac”)

Single phase
(gas)



-20 -

3
= : : DA T R
6_‘ i * In-situ porewater pressure Dilatancy controlled Gas-
= 100 - gas transport ! frac
] : , : P
© (,over-“)conservative o
& 10 production rate L
S
N
- 102
[sp]
£
P
S 107 | Two-phase flow ]
) : Realistic
% ! production rate
(&) 10-4 = . . . : 5 =
+ Advection and diffusion
8_ of dissolved gas :
2 40t | o
®© ' :
-b / i i
() : — O3
© 108 [ / Threshold pressure for ~ : : o
o i dilatancy controlled
: & gas transport : :
10-7 H FAV . . : | :
6 8 10 12 14 16

Gas pressure (MPa)

1000 a:
10000 a:

Gas transport capacity after

Figure 13: Gas Transport Capacity for Various Gas Transport Mechanisms in Opalinus
Clay as a Function of the Total Pressure (Nagra 2004).

Figure 13 shows the gas transport capacity in Opalinus Clay for various mechanisms as a
function of the gas pressure. The gas transport capacity represents the rate at which gas (e.g.,
H>) can be transported through Opalinus Clay, and can alternatively be expressed in terms of a
corrosion rate. The horizontal shaded area in Figure 13 represents a range of corrosion rates of
1-10 um-a™', approximately the range expected for the long-term anaerobic phase. It is clear,
therefore, that advection and diffusion of dissolved gas (the blue shaded area) will not remove
gas fast enough from the UFC surface to prevent the formation of a secondary gas phase.
Two-phase flow, possibly with some degree of dilatancy-controlled transport will be able to
remove H, at the expected generation rate, however. Transport by gas fracs, on the other
hand, would require a corrosion rate 3-4 orders of magnitude higher still (L.H. Johnson, private
communication 2007).

It appears, therefore, that H, gas generated by corrosion will exist in both the dissolved and
gaseous forms at the UFC surface during the anaerobic phase in the evolution of the repository
environment. However, this gas can be removed by a combination of diffusion and two-phase
flow (and, possibly, some pathway dilation), but will not compromise the sealing and mass-
transport properties of the compacted bentonite or sedimentary host rock.
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3.2 LOCALIZED CORROSION

By definition, localized corrosion results from the spatial separation of anodic and cathodic
reactions, resulting in the localized dissolution of the metal. Classically, localized corrosion
occurs as a result of the breakdown of a passive film, whereby the majority of the surface is
protected from corrosion and dissolution occurs preferentially at defects in the passive layer
(Szklarska-Smialowska 2005). It is uncertain whether the surface of a C-steel UFC will be
passive or not. Japanese studies in compacted bentonite (JNC 2000) suggest that the surface
is active, an observation that is consistent with the expected pore-water pH value of pH 7-8
(King 2005b). As illustrated in Figure 14, C-steel (or Fe) will passivate due to the formation of a
Fes;0O, film in the pH range pH 7-9, depending upon potential (based on the equilibrium between
Fe;0, and a 10 mol-dm™ Fe(ll) solution). Under relatively oxidizing conditions (e.g., -0.25 Vsue
or —0.5 Vscg), Fes0O4 will is thermodynamically stable at ~pH 7. Conversely, under anaerobic
conditions (e.g., -0.55 Vgue or —0.8 Vsce), the equivalent pH is ~pH 8.5.
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Figure 14: Potential-pH Diagram for the Fe-H,O System at 25°C (Pourbaix 1974).
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Localized attack, however, can be induced by other processes, such as the inhomogeneous
distribution of environmental conditions. For example, a non-uniform flux of O, to the container
surface, or the presence of chemical gradients due to the inhomogeneous distribution of mineral
impurities in the clay or local mass-transport gradients. Under such circumstances, however, if
the surface is not inherently passive then attack tends to be in the form of uneven uniform
corrosion.

3.2.1 Mechanisms of Localized (Pitting) Corrosion of C-steel UFC

A number of different mechanisms can be postulated under which a certain degree of localized
attack of the surface could occur. The possible localized (pitting) corrosion mechanisms
discussed here are: (i) non-uniform wetting of the surface during the initial cooling phase
following the peak in UFC surface temperature, (ii) localized breakdown of a passive film, and
(iii) reductive dissolution of an Fe(lll)-rich film during the transition from aerobic to anaerobic
conditions.

During the initial thermal transient, the UFC surface will first dry out and then re-wet as the
temperature drops and the %RH in the bentonite pores increases. Wetting of the UFC will first
occur as a result of the deliquescence of (salt) impurities on the surface of the container (King
2006). Deliquescence of isolated salt crystals will cause the spatial separation of anodic and
cathodic sites, with the anodic reaction located under the water droplet condensed on the salt
particle and the cathodic reaction restricted to the periphery of the droplet and in satellite micro-
droplets (Figure 15). The degree of localized corrosion will depend on a number of
environmental factors, including:
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Figure 15: Proposed Mechanism for the Distribution of Anodic and Cathodic
Reactions for Micro- and Large Droplets of Water (after Zhang et al. 2005).
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1. the surficial density of contaminants, with less localized attack the greater the density of
salt crystals,

2. the rate of increase in the %RH, and

3. the duration of the aerobic phase.

The driving force for localized corrosion via this non-uniform surface wetting mechanism will
diminish with time as the surface becomes more-evenly wetted. Separation of anodic and
cathodic sites results from the greater access of O, to the C-steel surface around the periphery
of the droplets and to the micro-droplets and thin surface film connecting the micro-droplets to
the main droplet (King 2006). As the %RH increases, the surface will become increasingly
wetted and the solution in the droplet will become more dilute. More uniform wetting results in
uniform access of O, and the loss of the spatial separation of anodic and cathodic reactions. As
the environment evolves, therefore, the natural tendency will be for this form of localized
corrosion to stifle.

Classical localized corrosion due to the breakdown of a passive film requires that the UFC
surface be passive. Japanese workers have studied the passivity of C-steel in compacted
70:30 bentonite:sand buffer as a function of pore-water pH and buffer density (Figure 16). In
dense buffer material (dry density 1.8 Mg-m™), voltammetric scans suggest active behaviour in
the range pH 9-11 (Figure 16(a)). At a constant pH 10, passivity is observed at dry densities of
1.2 Mg-m™ and 1.8 Mg-m™, but not at 0.5 Mg-m™. No explanation was given for this latter effect,
but it may reflect the lower pH-buffering capacity of the relatively unconsolidated buffer. lon-
exchange and equilibration with calcite impurities in the bentonite are likely to result in a
decrease in the initial pore-water pH to values closer to the pH 7-8 range.
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Figure 16: Anodic Polarization Curves for C-steel in Compacted 70:30 Bentonite:Sand
Buffer Material (JNC 2000).
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Fukuda and Akashi (1995) and Fukuda et al. (1995) report a critical pH (in bulk solution) of

~pH 9.5 at 20°C above which C-steel is passive (Figure 17). This pH value is lower than the
initial pore-water pH values in the compacted buffer tests in which only active behaviour was
reported (Figure 16), further suggesting that the pore-water pH in these latter tests is modified
by interaction with the clay minerals. Fukuda et al. (1995) also determined the values of the re-
passivation potential for creviced C-steel samples (Egr crev, Figure 17(a)) and the value of Ecorr
in aerated and deaerated solution (Figure 17(b)), both as a function of pH.

Comparison of these data suggest that localized corrosion due to the breakdown of a passive
film is unlikely to occur for a C-steel UFC in compacted buffer material. The value of Ecorg Only
exceeds Egr crev at pH > 9.5 and then only in aerated solution. As with the deliquescence-
induced localized corrosion mechanism described above, this mechanism also becomes less
likely as the environment evolves and conditions becomes anaerobic.

The third possible mechanism for localized corrosion considered here occurs during the
transition from aerobic to anaerobic conditions. Reductive dissolution of Fe(lll) corrosion
products could become coupled to the dissolution of the underlying C-steel exposed at pores or
cracks in the corrosion product layer (Figure 18(a)). This coupled process would occur during
Stage Il in the evolution of Ecorr illustrated in Figure 11 or, in other words, during the transition
from aerobic to anaerobic conditions in the repository. Evidence for such coupled processes is
widespread in the literature (e.g., Shoesmith et al. 1981).

The duration of this localized corrosion mechanism depends on: (i) the quantity, exposed
surface area, and rate of reduction of Fe(lll) corrosion product, (ii) the relative rates of Fe(lll)
reduction and the reduction of H,O, and (iii) the rate of pore-opening and increasing surface
area of exposed C-steel. Rapid rates of localized penetration will only occur if the small
anode:large cathode geometry is maintained. As the pores in the Fe(lll) corrosion product layer
increase in size due to dissolution of the layer, the overall cathodic current will become
increasingly dominated by the reduction of H,O on the exposed C-steel layer at the base of the
pores (Figure 18(b)). Under these circumstances, the anodic and cathodic reactions are
occurring in the same location and corrosion becomes uniform in nature. Again, therefore, this
localized corrosion mechanism is transitory and tends to stifle with time.
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Figure 18: lllustration of Possible Spatial Locations for Anodic and Cathodic
Reactions on a Film-covered C-steel Surface.
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There are other possible localized corrosion mechanisms not considered in detail here. For
example, O, diffusion to the UFC surface could be inhomogeneous if the buffer is unevenly
compacted or placed or if uneven swelling develops. Another example is the catalysis of H,O
reduction on areas of the surface covered by Fe;O, coupled to Fe dissolution in pores or cracks
in the film (Figure 18(c)). Jack et al. (2003) report evidence for faster H,O reduction kinetics on
millscale-covered surfaces than on polished C-steel. (Millscale is a mixture of Fe(lll) corrosion
products and Fe;0, resulting from the manufacture of steel, and may be electrochemically
similar to a Fe;O4-covered surface).

In summary, it is difficult to exclude the possibility of some form of localized dissolution of a
C-steel UFC in the repository environment. However, in all cases, the driving force for localized
corrosion diminishes with increasing time. Localized corrosion, therefore, is only of concern
during the initial period in the evolution of the repository environment. After the establishment of
stable, long-term anaerobic conditions, corrosion will be uniform in nature.

3.2.2 Treatment of Initiation and Propagation

There are a number of methods for predicting the localized corrosion behaviour of C-steel UFC.
These methods can be broadly classified as relating to either the initiation of localized corrosion
or the propagation of damage following initiation. Predictions based on initiation are useful if it
expected that the UFC will be immune to localized corrosion, or only susceptible for a short
period of time or under a limited set of conditions. Propagation models are useful when
initiation is assumed but the extent of damage is thought to be limited, again either because of
limitations of time or environment or because the material properties are such that the
propagating pit or crevice will stifle (cease to grow). In the case of C-steel and the various
mechanisms proposed above, both initiation and propagation arguments are appropriate.

As briefly described above, initiation of localized corrosion is typically predicted based on a
comparison of the corrosion potential Ecorr and the re-passivation potential Egrp. Localized
corrosion is assumed to initiate if the following condition is met:

Ecorr = Erp (12)

This approach is conservative, since initiation actually occurs at the breakdown potential Eg,
which is typically 50-200 mV more-positive than Egp. The re-passivation potential is actually the
potential at which an already initiated pit ceases to grow (i.e., re-passivates) (Szklarska-
Smialowska 2005).

This approach requires a knowledge of the (time-dependent) Ecorr Of the container and of the
value(s) of Erp under a range of relevant environmental conditions. This approach has been
extensively used in the U.S. Yucca Mountain Project for the prediction of localized corrosion of
Alloy 22 (see, for example, Gordon 2002, King and Kolar 2006) and has also been implicitly
used for the prediction of the pitting of Cu UFC (King 2002, 2004; King et al. 2001, 2002).

Re-passivation data for C-steel are available in the literature or could be generated from specific
experimental studies. Data can be measured on free surfaces, in which case the Egp is referred
to as a pitting re-passivation potential Egp pi7, Or using samples with artificial crevices, in which
case one measures the crevice re-passivation potential Erp crey. Because it is easier to
separate anodic and cathodic reactions (and, hence, initiate localized corrosion) if there is a
geometric discontinuity such as a crevice, Egp crev is typically more negative than Egp pir, and
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therefore provides a more-conservative assessment of localized corrosion initiation. In both
cases, however, the value of the re-passivation potential is dependent on environmental
conditions (e.g., temperature, [CI], [HCO3/CO3?], etc.) and also exhibits variability due to
experimental factors, such as the surface preparation method, method of forming and tightness
of crevice, etc. Therefore, Erp values are best described as a probability density function.

Sources of re-passivation potentials in the literature include the compilation of Szklarska-
Smialowska (2005), in addition to numerous other individual studies. A key role is played by the
pH of the environment, with uniform corrosion observed below a critical pH (pHcrit) and
localized corrosion possible at higher pH (Brossia and Cragnolino 2000). The value of pHcrt
depends on the temperature and the concentration of ions in solution, and has been reported to
range from pH 8 to pH 10.5 (Bird et al. 1988, Fukuda and Akashi 1995, Makar and Tromans
1996, Marsh and Taylor 1988). Species such as ClI"and SO4* promote localized film
breakdown, whereas HCO;/COs* and increasing pH promote passivity.

The other required parameter is the corrosion potential of the container. Although Ecorr can be
measured during laboratory experiments (e.g., Figures 11 and 17(b)), the long-term Ecorr
behaviour is best predicted using a mixed-potential model, as has been carried out for Cu (King
and Kolar 2000).

Propagation of localized corrosion can be predicted in a number of ways (Turnbull 1993).
These methods can be broadly classified as either empirical or mechanistic in nature. Empirical
models make use of measured parameters, such as current transients from electrochemical
experiments or direct measurements of damage from simple immersion tests, to extrapolate into
the future. For empirical models, the key factor is whether the environments in which the
measurements were made are representative of the service conditions for which the prediction
is required. Mechanistic models, as their name suggests, are based on the mechanism of the
pitting or crevice corrosion process. These models typically account for the electrochemical,
chemical, mass transport, and (sometimes) precipitation/dissolution reactions inherent in the
overall corrosion process. As such, the effects of many different environmental factors can be
taken into account, provided the mechanism is sufficiently well understood.

In reviewing these modelling approaches, Turnbull (1993) concluded that the best approach to
predicting localized corrosion propagation was through a combination of empirical and
mechanistic modelling. Predictions of corrosion damage are best made using empirical
techniques, but the understanding derived from mechanistic models is essential for assessing
the robustness of the predictions and for providing insights into the empirical data.

The Japanese (JNC 2000) and Swiss (Johnson and King 2003) nuclear waste management
programs have made use of an extensive database of pitting factors derived from a long-term
underground corrosion study carried out by the U.S. National Bureau of Standards (Romanoff
1989). Similar databases exist in the pipeline industry (e.g., Katano et al. 2003, Martinsek
2003), although these latter sources have not yet been incorporated into predictions of UFC
lifetimes.
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Carbon Steel Exposed to Various Environmental Conditions (JNC 2000, Johnson and
King 2003).

Figure 19 shows the variation in pitting factor (the ratio of the depth of the deepest pit to the
mean depth of corrosion) as a function of the mean corrosion depth. This impressive data set
of ~1400 points clearly shows that the degree of roughness diminishes with increasing depth of
corrosion. In other words, what starts off as localized corrosion transforms into uneven uniform
corrosion with time. This tendency for localized corrosion to stifle can also be expressed as

D = kt" (13)

where D is the maximum depth of corrosion, k is a constant, and the time (t) exponent n has a
value of <1.

From a mechanistic standpoint, the value of n < 1 could have a number of causes, including:

iR drop down the pit or crevice, reducing the potential driving force for dissolution
limitation by diffusion into or out of the pit or crevice

loss of critical crevice/pit chemistry

dissolution of un-passivated crevice/pit walls resulting in a decrease in aspect ratio

PO~

This is an example of how a mechanistic understanding of the detailed corrosion processes can
support the use of empirical data for lifetime prediction. The data in Figure 19 have been used
to predict the depth of localized corrosion for C-steel UFC in both the Japanese (JNC 2000) and
Swiss programs (Johnson and King 2003) and, in a preliminary fashion, in the Canadian
program (King 2005a).
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3.3 HYDROGEN EFFECTS

3.3.1 Hydrogen Degradation Mechanisms in Carbon Steel

A number of hydrogen-related degradation mechanisms have been identified for C-steel (Craig
1987), including: (i) embrittlement during plastic deformation due to exposure to gaseous H,,

(ii) hydrogen stress cracking (also referred to as hydrogen-induced cracking (HIC) and, in
sulphide-containing environments, sulphide stress cracking), (iii) the loss of ductility during
plastic deformation, (iv) high-temperature hydrogen attack, (v) blister formation, (vi) damage due
to hydrogen picked up during casting and forging, (vii) hydrogen cracking of welds, and (viii)
degradation of creep properties.

Of these mechanisms, a number can immediately be excluded from consideration as not being
relevant under repository conditions (Craig 1987). First, neither H embrittlement in gaseous H,
nor high-temperature H attack will occur at repository temperatures. Second, processes such
as the loss of ductility during plastic deformation and the degradation of creep properties by H
can be avoided through proper UFC design that limits plastic strain or creep due to external
loading. Third, the unwanted absorption of H during casting/forging and welding can be avoided
through proper specification of procedures and weld consumables.

Consequently, the two H degradation mechanisms of most concern are

1. hydrogen stress cracking (of hydrogen-induced cracking), in which H accumulates under
a stress gradient leading to internal crack formation, and

2. Dblister formation, as a result of H accumulation at internal voids, laminations, or
inclusions.

These mechanisms have been extensively studied in relation to the use of C-steel in the oil and
gas industry. In general, the susceptibility of C-steel to these mechanisms increases with
increasing strength of the material and increasing absorbed hydrogen concentration [H]

(Figure 20). For these reasons, both JNC (2000) and Johnson and King (2003) argued that
both the use of a low-strength steel container and the nature of the repository environment
mitigated against hydrogen-related degradation mechanisms. The grade of C-steel for a UFC in
the hypothetical DGR in sedimentary rock has not been defined, but as a guide the yield
strengths considered by JNC (2000) and Johnson and King (2003) for the Japanese and Swiss
UFC were <635 MPa and 256 MPa, respectively. Based on Figure 20, the maximum
“allowable” [H] to avoid hydrogen-related cracking mechanisms would be of the order of 2 pug-g™
and 10 pg-g™, respectively. In contrast, Figure 21 shows the effect of a number of
environmental parameters on the sub-surface [H] determined from hydrogen-permeation tests
(King et al. 2005). With the possible exception of HS’, the concentrations are of the order of
0.2-2 mol-m™ (0.05-0.5 nug-g™'), approximately one order of magnitude below the “allowable” [H]
based on Figure 20. Sulphide results in higher [H] because of the poisoning of the H atom
recombination reaction on the surface. The presence of a surface film reduces the
concentration of absorbed hydrogen, possibly by blocking surface sites for H formation and
subsequent absorption (Jack et al. 2003).
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3.3.2 Treatment of Hydrogen Degradation Mechanisms

As noted above, H degradation due to hydrogen stress cracking or blistering can be avoided if
the sub-surface absorbed H concentration (c") is lower than the (temperature-dependent)
threshold concentration (cHO)TH, i.e.,

cr’ < (c)H (14)

The data shown in Figures 20 and 21 are for older ferrite/pearlite steels with high concentrations
of MnS inclusions. Modern steels, typical of that from which the UFC would be constructed, are
designed to be more resistant to hydrogen-induced damage (Hay 2003).

Resistance to H-related effects can be achieved by either lowering ci° or by raising (cy%)th.
Various alloying elements in low concentrations are found to lower ¢’ in sour (i.e., H,S-rich)
environments, including:

e Cu at a maximum concentration of 0.35 wt.%, is believed to stabilize protective iron
sulphide films,

e Coin the range 0.6-1.0 wt.%, possibly through an effect on the iron sulphide film,

o Niis believed to lower the corrosion rate and may also inhibit H atom absorption, and

e Cr at a concentration of 0.6 wt.% is found to reduce H atom absorption.

Thus, alloying elements affect the value of ¢ by either (i) stabilizing protective iron sulphide
films, (ii) lowering the corrosion rate and, hence, the rate of H atom formation, or (iii) reducing
the fraction of H atoms absorbed by the steel.

The alternative strategy is to increase the value of (cy’)ry (Hay 2003). This strategy involves:

¢ eliminating MnS inclusions of a certain (Type Il) shape, Al,O; particles, anomalous
(heavily banded) microstructures, and other non-metallic inclusions (e.g., silicates, slag,
Fe oxides, large Nb carbonitride particles),
reducing the segregation of trace/impurity elements in the steel, and

e increasing the homogeneity of the microstructure.

Type Il MnS inclusions are dendritic or rod-like in shape and are associated with deleterious
effects on the susceptibility to H damage due to the trapping of H atoms as H, molecules.
Elimination of Type Il MnS inclusions can be achieved by:

¢ reducing the S content as much as possible (<0.003 wt.% and sometimes <0.001 wt.%)
¢ a maximum Mn content of 1.00 wt.%, and preferably 0.80 wt.% max., and
o controlling the shape of remaining MnS inclusions.

Shape control is achieved by adding elements that have a higher affinity for S than Mn, such as
Ca. In addition, CaS is spherical in shape (Type |) and non-deformable during processing. The
optimum Ca:S ratio depends on the S content and whether the material is to be used as plate or
as welded or seamless linepipe. For a S content of 0.003 wt.%, the Ca:S ratio should be in the

range 1-3.5, with the upper end of the range decreasing with increasing S content.
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Alumina particle stringers, or the voids associated with them, are also effective trap sites for H
atoms (Hay 2003). The total Al content (including dissolved Al, aluminates, aluminum nitrides,
and alumina particles) should not exceed 0.030 wt.%. The formation of alumina can be avoided

by

e adding the minimum Al necessary when killing the steel,
e preventing oxidation of Al during casting, and
e preventing the incorporation of alumina particles as the steel solidifies.

Excessive banding in the microstructure (due to the formation of alternating ferrite and
ferrite/pearlite bands) can be avoided by controlling the concentrations of C, Mn, and P.
Microstructure control can be achieved if the C content is <0.10 wt.%, the P content is
<0.015 wt.% (preferably <0.010 wt.%), and the maximum Mn content is 1.00 wt.%.

The content of non-metallic inclusions can be reduced by skimming off prior to solidification.

Reducing the C and Mn content to avoid excessive banding has the adverse effect of reducing
the strength of the steel. Micro-alloying elements (such as Ti, Nb, and V) are therefore
commonly added to increase the strength through the formation of Ti, Nb, or V carbides. These
elements are added to a maximum combined concentration of 0.12 wt.% to avoid the formation
of small regions of high hardness in the heat-affected zone (HAZ) of welds.

An alternative strategy for increasing the yield strength, obtaining resistance to H effects, and
improving the toughness and weldability of linepipe steel is Thermo-Mechanical Control
Processing (TMCP). The overall aim is to produce a steel with a uniform, very clean, fine-
grained, non-banded microstructure. In addition to chemical control, this process involves the
careful control of temperature during the rolling process. Such steels tend to have a uniform
ferrite-bainite microstructure, with no pearlite banding.

The recommended specification for HIC-resistant pressure vessel plate, similar to that from
which a C-steel UFC would be manufactured, is (Hay 2003):

Processing:

minimize use of scrap additions

desulphurized, dephosphorized, and fully deoxidized (Al-Si killed)
removal of oxide inclusions (35 ppm O max.)

addition of Ca for sulphide shape control

continuous casting

normalized heat treatment

Chemical composition:

e C 0.18 wt.% max. (UTS <414 MPa), 0.21 wt.% max. (UTS > 414 MPa)
e Mn 1.30 wt.% max.

e Si 0.45 wt.% max.

e P 0.010 wt.% max.

e S 0.002 wt.% max.

e Cu 0.35 wt.% max.

e Ni 0.25 wt.% max.
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e Cr 0.25 wt.% max.

e Mo 0.10 wt.% max.

e Total Al 0.040 wt.% max. (preferably <0.030 wt.% max.)
e Nb 0.015 wt.% max.

o V 0.015 wt.% max.

o Ti 0.020 wt.% max.

e B 0.0005 wt.% max.

e Ca 1.8-3.5 X %S

e Nb+V 0.020 wt.% max.

The carbon equivalent (defined as CE = C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5) should be
limited to the range 0.40-0.47.

Microstructure:
The microstructure should be free of excessive ferrite/pearlite banding.

By controlling the steel chemistry and processing in this manner, it is possible to produce a
highly HIC-resistant steel.

3.4 STRESS CORROSION CRACKING

Stress corrosion cracking is a failure mechanism that occurs because of the simultaneous
presence of tensile stresses (due to static or cyclic loading conditions), an environment, and a
susceptible material. Carbon steel is considered to be susceptible to SCC.

Environments

Carbon steel is susceptible to stress corrosion cracking (SCC) in a number of environments,
notably: caustic, nitrate, phosphate, CO-CO,, high-temperature water (>200°C), and
HCO;/C0O5* (Ciaraldi 1992). Of these causes, a number can be excluded from consideration
because the environment will not form in the repository (Johnson and King 2003, King 2005a),
particularly nitrate, phosphate, CO-CO,, and high-temperature water. Because of the
pH-buffering capacity of the bentonite clay, it is unlikely that the pH at the overpack surface will
be high enough to cause caustic cracking, even if an alkaline plume reaches the container.

Based on environmental considerations, the most likely forms of SCC are those in HCO5/CO5*
environments. These forms of cracking have been observed on buried pipelines and are
referred to as high-pH and low- (or near-neutral) pH SCC, based on the range of pH of the
electrolyte found in contact with patches of SCC in the field (Parkins 2000). High-pH SCC is
observed in concentrated HCO5/CO3% solutions (of the order of 0.1-1 mol.dm'?’) at pH 9.5-11.5
(Figure 22). Crack growth involves a film-rupture/anodic dissolution mechanism, requiring that
the potential be in the range of the active/passive transition. Near-neutral pH SCC is associated
with dilute (~0.01 mol-dm™ HCO43/C0O4?) solutions, a pH in the range pH 5.5-7.5, and potentials
close to the open-circuit potential in anaerobic environments (Figure 22). A corrosion fatigue
mechanism has been proposed (Been et al. 2004, 2005). It is significant that each form of SCC
occurs at a pH corresponding to one of the pK’s for the H,CO3/HCO3/CO4* system (the
H,CO4/HCO;5 equilibrium in the case of near-neutral pH SCC and the HCO3/CO3> equilibrium
for high-pH SCC).
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Figure 22: Potential-pH Diagram for Iron Showing the Regions of Susceptibility for the
Two Forms of Stress Corrosion Cracking of C-steel Pipelines (King 2005a).

These forms of SCC are unlikely to affect a C-steel container in the repository. The high-pH
environment is unlikely to form on the UFC surface because of the need for a highly
concentrated HCO3/CO3? solution. Since the container surface temperature will likely not
exceed 100°C, the only concentration mechanism that could generate such solutions involves
the deliquescence of precipitated salts during the initial saturation of the repository. However,
CI salts tend to deliquesce at a higher temperature (or lower relative humidity) than carbonate
salts, so it is unlikely that concentrated HCO5/CO5% solutions will form by deliquescence. The
environment for near-neutral pH SCC is possible, however, and it is difficult to exclude this form
of cracking on environmental grounds.

Loading and stresses

The presence of tensile stresses is required to cause SCC. A steel used fuel container may be
subjected to tensile stresses resulting from the external pressure loads in a repository or from
residual stresses resulting from the fabrication and closure welding processes.

In a repository, a container will be subjected to external monotonic pressure loads from
hydrostatic pressure, bentonite swelling pressure, and lithostatic pressure (only from shale)
(Maak 2006). Stresses will be induced into the container wall and lid by the external pressure
load. Compressive stresses will be present on most of the external surface of the container,
which will not induce SCC. However, relatively low tensile stresses (i.e., about 5% of the yield
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strength of C-steel) will be present in a small area on the wall the container near the lid region
(Saiedfar and Maak 2000). The containers are not subjected to any cyclic loading in a
repository.

The strongest argument against the high-pH and low-pH forms of cracking is the need for cyclic
loading for sustained crack growth (Parkins 2000). Near-neutral pH SCC is believed to be a
form of corrosion fatigue, with cracks becoming dormant at low frequencies (Been et al. 2005).
Cyclic loading may be necessary for high-pH for rupture of the film at the crack tip and the
importance of cyclic softening (Parkins 2000). In both cases, sustained crack growth is highly
unlikely for a monotonically loaded container in the repository. However, there is a need to
confirm that SCC of steel containers will not be caused by static loading under expected
repository conditions.

Residual stress could result in superficial cracking of the container. Figure 23 shows the cross
section through a crack in pipeline steel typical of the vast majority of cracks found in the field.
Approximately 99% of the cracks observed are of the order of 0.5-1 mm deep and exhibit
rounded crack tips and corroded crack walls. These cracks are dormant and are believed to
have stopped growing as the crack penetrated beyond the surficial layer of tensile residual
stress. Although these cracks would not represent a threat to the integrity of the UFC, their
formation should be avoided through post-weld stress relief of the final closure weld.

Residual stresses can result from the fabrication welding process of the C-steel container.
However, suitable post-weld heat treatment (PWHT) at elevated temperature (i.e., > 600°C) can
be employed to remove the residual stresses from welding, which also soften the hardened
microstructure in the heat-affected zone. During fabrication, PWHT can be freely carried out
since there is no risk of damaging the used fuel.

For the final closure weld, PWHT at an elevated temperature is not recommended because of
concerns over thermal damage to the used fuel. However, other types of stress-relief treatment
could be considered. Figure 24 shows the beneficial effect of shot peening on the distribution of
residual stress on pipeline steel (Eadie et al. 2002). A net compressive stress of ~500 MPa was
induced at the surface, with some benefit to depths of ~0.6 mm. Machining of the final

Figure 23: Cross-section of Dormant Crack in Pipeline Steel (Chen et al. 2002).
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weld bead will also reduce the stress magnification resulting from the shape of the weld (Eadie
et al. 2002). Laser peening is being considered as a post-weld stress-relief treatment in the
U.S. Yucca Mountain Project. Figure 25 shows the magnitude of the reduction in residual
tensile stress in Alloy 22 closure welds resulting from laser peening (BSC 2004). As with shot-
peening, a net reduction in surface stress of ~500 MPa is possible which, in this case, was
sufficient to produce a net surface compressive stress. Compressive stresses persisted for a
depth of 2-4 mm in this case.

3.5 MICROBIOLOGICALLY INFLUENCED CORROSION

There are a number of forms of microbiologically influenced corrosion (MIC) of C-steel (Little et
al. 1991). Microbiologically influenced corrosion of C-steel is most often associated with
sulphate-reducing bacteria (SRB) and the formation of sulphide. However, there are others
forms of MIC associated with acid-producing bacteria. In addition, any form of microbial activity
that produces a biofilm can potentially induce localized corrosion.

The most aggressive forms of MIC occur underneath biofilms (Little et al. 1991). However, as
for copper containers, biofilm formation on the surface of a steel container is not believed to be
possible and only those remotely produced microbial metabolic by-products that could reach the
container are considered here. Again, as for the MIC of Cu containers, the main threat is from
hydrogen sulphide (HS") produced by SRB. Sulphide may enhance the rate of uniform
corrosion although, depending on the flux of HS", the iron sulphide film that forms may be
protective. Of greater concern, however, is the enhanced entry of H into the steel. Sulphide
promotes H entry (King et al. 2005), leading to higher sub-surface hydrogen concentrations and
increased possibility of HIC or blistering (see Section 3.3).

In order for the highly compacted bentonite (HCB) buffer material surrounding the UFC to
minimize microbial activity, the following conditions of the HCB material will need to be met
(Stroes-Gascoyne et al. 2006):

a) a water activity values below 0.96, or

b) a swelling pressure values at or above 2 MPa together with an in situ dry density of 1.6
g-cm™ (i.e., an effective montmorillonite dry density of 1.4 g-cm™) for a porewater salinity
<100 g-dm™, or

c) a pore-water salinity in excess of 100 g-dm™.

As mentioned in Section 2, the groundwater and thus the equilibrated pore-water salinity in a
DGR is expected to be in excess of 100 g-dm™. The swelling pressure of the bentonite buffer
would decrease with increasing pore-water salinity (Dixon 2000). Under expected sedimentary-
rock DGR environments, the swelling pressure requirement (i.e., > 2 MPa) will not be met.
However, microbial activity on or near the used-fuel container surface will be suppressed or
prohibited by the presence of high groundwater and pore-water salinity (i..e., >100 g-dm™) and
the associated low water activity (i.e., <0.96).
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3.6 CORROSION BEHAVIOUR OF WELDS

Sealing of the UFC will be accomplished by welding the closure lid to the body of the container.
Welds are often preferential locations for corrosion and cracking to occur, and special attention
must be paid to the design, fabrication, post-weld stress relief (if any), and inspection of the
weld in order to ensure sufficient long-term integrity. At this stage, neither the material of
construction nor the welding procedure have been defined for the Canadian repository program.

Weld development studies for C-steel containers have been performed in Japan (Asano and
Aritomi 2005; Asano et al. 2005, 2006a,b). Tungsten inert gas (TIG) and electron beam (EB)
welds have been produced in C-steel plates with a thickness of 40-190 mm, the upper end of
the range corresponding to the proposed thickness of the C-steel overpack in the Japanese
program. High quality TIG welds were produced, with no significant weld flaws (Asano et al.
2005). Electron-beam welding produced welds that were less satisfactory, primarily because of
the surface protrusions and porosity at the start and end of the weld (Asano et al. 2006a), and it
was concluded that further work was necessary. Weld porosity was also an issue for the EB
welding of thick Cu canisters in the Swedish program (King 2004).

Residual stress measurements were also made on the completed welds. Tensile stress levels
were lower for the EB welds (of the order of 200-300 MPa) than for the TIG welds

(300-400 MPa), compared with the yield and ultimate strengths of the base material of
176-310 MPa and 378-430 MPa, respectively. For TIG welds, the maximum tensile residual
stress was located at a depth of 10-20 mm below the surface and, in terms of the surface
stress, at a distance of 15-30 mm away from the centre of the weld (Asano et al. 2005). For EB
welds, the maximum tensile residual stress was located at a depth of ~30 mm and 30-50 mm
away form the centre of the weld for the maximum surface tensile stress (Asano et al. 2006a).
Post-weld stress relief through shot- or laser-peening (Figures 24-25) should be capable of
imparting a net compressive residual stress on the closure weld without the need to heat the
UFC and its contents.

A limited series of corrosion tests have been performed on the TIG and EB welds. Much of this
work is only available in Japanese (Mitsui et al. 2005, 2006a-c), although a paper on the SCC
susceptibility of C-steel welds in CO3? is planned in 2007 (Y. Yokoyama, private communication
2007).

Corrosion tests of TIG, EB, and gas-metal arc welds (MAG) have been performed in aerobic
synthetic seawater and a dilute groundwater solutions at 80°C for a period of 90 days
(Yokoyama et al. 2007). These environments were selected to represent the early transient
conditions in the repository. Preferential attack of the weld metal was observed for TIG- and
MAG-welded specimens, but no preferential attack occurred on EB-welded samples. Weight-
losses were higher in the dilute groundwater, possibly because of the lower [O,] in the synthetic
seawater due to salting-out effects. Less corrosion was observed in synthetic seawater if
bentonite was added to make a stiff slurry (solid:solution ratio 1 Mg:1 m™), again possibly
because of mass-transport limitations on the supply of O, to the surface. Plans are in place for
long-term (>1 year) immersion tests and for tests in anaerobic environments, as well as SCC
testing.

Conventional arc welding processes for fabricating the steel container will result in the
development of hardened microstructures in the heat-affected zone, which will be more
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susceptible to SCC than the base metal. Elevated-temperature post-weld heat treatment can
be used to temper and reduce the hardness of the heat-affect zone, which will also reduce
residual stresses and the hydrogen content in the weld metal and heat-affected zone. However,
if PWHT is not permitted due to the concern over thermal damage to the used fuel, the temper
bead welding technique can be potentially used to produce a tempered heat-affected zone with
acceptable hardness without the need for PWHT at high temperatures. Other types of stress
relief processes can be used to reduce the residual stresses of the final closure weld.

Although still at a relatively early stage of development, there are indications that both high-
quality and corrosion-resistant welds are possible for thick-walled C-steel containers.

3.7 OXIDATION OF CARBON STEEL

During the initial heating cycle immediately following placement of the UFC, the container
surface will be dry and subject to dry air oxidation as opposed to aqueous corrosion processes.
However, the rate of oxidation is small for temperatures ~100°C, the expected maximum UFC
surface temperature. Stahl et al. (1995) have proposed the following expression for calculating
the extent of dry air oxidation:

X =1.787 x 10° t°*® exp(-6870/T) (15)

where X is depth of metal lost through oxidation in time t (a) at temperature T (K).
Differentiation of Equation (15) gives the following expression for the rate of oxidation:

X _ 5.90x10%t08 exp _6870 (16)
dt T

For the UFC temperature profile given by King (2006), corresponding to a maximum surface
temperature of 95°C attained at 10-30 years following placement, the cumulative extent of dry
air oxidation over the first 1000 a is only 0.007 um. This amount of corrosion is trivial in
comparison to that resulting from aqueous corrosion processes and can be ignored in UFC
lifetime assessments.
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Figure 26: Schematic of Expected Evolution of the Corrosion Potential of a Carbon
Steel Used Fuel Container in a Canadian Repository in Sedimentary Host Rock.

4. QUALITATIVE DESCRIPTION OF CORROSION BEHAVIOUR OF CARBON STEEL
USED FUEL CONTAINERS

The preceding discussion of the various corrosion processes that might affect a C-steel UFC
provides sufficient information to enable a qualitative description of the evolution of the
corrosion behaviour of the container. For this purpose, it is convenient to divide the
evolutionary timescale into three periods, namely:

1. the early aerobic phase,
2. the transition period between aerobic and anaerobic conditions, and
3. along-term, stable anaerobic period.

Furthermore, it is also convenient to express the corrosion evolutionary path in terms of the time
dependence of the corrosion potential of the container. Figure 26 shows a schematic illustration
of how the Ecorr Of a C-steel UFC might be expected to evolve over time in a Canadian DGR in
a sedimentary host-rock formation.
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Early aerobic phase

During the early aerobic phase, the following corrosion processes will occur:

slow dry air oxidation as a result of dry-out of the UFC surface,

the possible initiation of localized corrosion resulting from non-uniform wetting of the
surface due to deliquescence of salt contaminants,

loss of driving force for localized corrosion as surface progressively wets due to the
increase in %RH and decrease in temperature,

possible passivation of the UFC surface if the interfacial pH increases above the
threshold of pH 8.5-10,

localized breakdown of the passive film (if present) by CI" and/or SO4* ions,
counteracted by the protective effects of HCO3;/COy3,

propagation of localized corrosion (if initiated) due to separation of anodic and cathodic
reactions,

uniform corrosion of evenly wetted surfaces supported by the reduction of O,,
decreasing rate of uniform corrosion due to the development of a protective oxide film
and the consumption of O,,

corrosion may occur under vapour phase or saturated conditions, depending upon the
rate of saturation,

progressive development of a roughened uniform corrosion front as opposed to localized
corrosion in the form of pits or crevices,

absence of H effects since corrosion supported by O, reduction, rather than the
reduction of H,0,

absence of preferential weld corrosion due to proper weld design and welding
procedures,

absence of SCC due to the presence of compressive residual surface stress imparted by
post-weld stress relief, and

absence of MIC at the container surface because of either the low water activity or the
eventual development of a bentonite swelling pressure.

The corrosion potential will be relatively positive during the early aerobic phase, once aqueous
conditions have become established on the container surface (Figure 26). The presence of O,,
and the subsequent formation of Fe(lll), will ensure potentials more positive than approximately
—0.3 to -0.4 Vsce. Such positive values may be sufficient to initiate localized corrosion if the
surface is passive (Figure 17). As the O, is consumed, Ecorr Will shift to progressively negative

values.

Transition period between aerobic and anaerobic conditions

The transition from aerobic to anaerobic conditions will occur from a few 10’s to a few 100’s of
years following placement of the containers. During this period, the repository may or may not
be saturated by groundwater. Corrosion will be characterized by:

continuing uniform and/or localized corrosion supported by reduction of the last traces of
O,

onset of uniform corrosion supported by the reduction of H,O, and the concomitant
generation of Hy,

corrosion may occur under vapour phase or saturated conditions, depending upon the
rate of saturation,
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¢ reductive dissolution of Fe(lll)-rich corrosion products formed during the aerobic phase,
with possible initiation of localized corrosion by galvanic coupling of oxide reduction and
C-steel dissolution,

e progression to uniform corrosion as pores in the corrosion product layer open up and as
Fe(lll) is progressively reduced to Fe(ll),

e accumulation of expansive corrosion products at the surface, resulting in compaction of
bentonite and increased load on the container,

e absorption of H by container material and, depending upon the degree of saturation of
the near-field, the possible generation of a separate H, gas phase,

. absegce of H effects through proper selection of the container material, ensuring that ¢,
< (cH ),

e absence of preferential weld corrosion due to proper weld design and welding
procedures,

e absence of SCC due to the presence of compressive residual surface stress imparted by
post-weld stress relief, and

e absence of MIC at the container surface because of either the low water activity or the
eventual development of a bentonite swelling pressure.

During the transition period, the Ecorr also goes through a transition from the relatively positive
values characteristic of the aerobic phase to the more-negative values characteristic of
anaerobic conditions (Figure 26). The rate at which Ecorr passes through this transient will
depend on the quantity of Fe(lll) corrosion products, the porosity of the surface layer, the rate of
film (pore) dissolution, and the relative rates of Fe(lll) and H,O reduction. Potentially damaging
localized corrosion can result if the transition period is slow and the potential is maintained in
the —0.3 Vsce to —0.6 Vsce range for an extended period of time.

Long-term, stable anaerobic period

Eventually, the environment will evolve to a stable, long-term anaerobic condition characterized
by the absence of O, and fully saturated near-field. Under these conditions, the expected
corrosion behaviour is as follows:

slow uniform corrosion supported by the reduction of H,O,

the absence of localized corrosion,

progressive reduction in the degree of surface roughening,

continued accumulation of H, at the container surface and its transport into the near-

and far-fields,

° absegce of H effects through proper selection of the container material, ensuring that ¢,
< (CH )rH,

e absence of preferential weld corrosion due to proper weld design and welding
procedures,

e accumulation of expansive corrosion products at the surface, resulting in compaction of
bentonite and increased load on the container,

e gradual loss of the surface layer of compressive residual stress by corrosion,

e absence of SCC because of a combination of an unsupportive environment and/or the
absence of cyclic loading,

e absence of MIC at the container surface because of either the low water activity or the

bentonite swelling pressure,
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o eventual UFC failure as the wall thins to below the thickness required to sustain the
external load from hydrostatic and buffer swelling pressures and the load from expansive
corrosion products.

The anaerobic phase is characterized by a stable Ecorr value in the range —0.7 Vgce to
-0.8 Vsce (Figure 26).

5. CARBON STEEL CONTAINER FAILURE MODEL

5.1 TREATMENT OF CORROSION PROCESSES

The conceptual C-steel UFC failure model is relatively simple since many of the possible
corrosion processes of concern can be excluded based on either the expected environmental
conditions in a deep geological repository or by proper container design and fabrication. Only
two corrosion processes need to be quantitatively assessed in order to predict container
lifetimes: uniform corrosion and the degree of localized attack. All other corrosion processes,
including H effects, SCC, MIC, preferential weld attack, and dry air oxidation, can be excluded
from consideration in the repository.

5.1.1 Uniform Corrosion

The extent of uniform corrosion should be assessed through a combination of (i) mass-balance
arguments in the case of aerobic conditions, (ii) empirical corrosion rate data for the anaerobic
phase, and (iii) a mechanistic mixed-potential model to provide support and justification for the
calculations of the rate of wall loss. This combination of calculations and mechanistic modelling
provides a justifiable, robust prediction of the long-term uniform corrosion behaviour of a C-steel
UFC.

The calculation of the maximum extent of uniform corrosion during the aerobic phase is trivial.
The volume of trapped O, in the pores of the as-placed buffer and backfill sealing materials is
normalized with respect to the affected containers. Deep geological repositories typically
contain 1-10 molo,-m of container surface area. If all of this O, resulted in uniform corrosion of
the container, the resulting wall loss would be of the order of 10-100 um. Various “what-if”
scenarios can be assessed for scenarios in which the O, might only affect a certain fraction of
the container surface, for example, as a result of uneven saturation of the bentonite.

For anaerobic corrosion, it is common to assume a constant corrosion rate (Johnson and King
2003, King 2005a). Whether the rate is constant, and what that rate should be, can be
determined from existing information in the literature or from new, targeted, experiments. Both
long-term laboratory and archaeological evidence suggests that the anaerobic corrosion rate is
in the range 1-10 pm-a™. What is missing, however, is the supporting mechanistic argument for
whether this rate is constant or whether it continues to decrease with time. In addition, the
effects of pore-water and groundwater constituents, such as HCO5/COs% and CI', are not well
understood at this time.

A mixed-potential model for C-steel UFC is required to support the predictions of uniform
corrosion during the aerobic and anaerobic phases. There is a significant electrochemical
database available to support such a model, although additional data may be needed on the
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kinetics of H,O reduction. In addition, the effects of film formation on Ecorr need further
investigation. However, as noted below, such a model will not only support the uniform
corrosion predictions, but will also allow a more-rigorous assessment of the likelihood of
localized corrosion.

5.1.2 Localized (Pitting) Corrosion

As proposed above for uniform corrosion, the effect of localized corrosion on the lifetime of
C-steel containers should be assessed through a combination of empirical data and mechanistic
modelling. The empirical data are used to estimate the time-dependence of the degree of
localization, whereas the mechanistic modelling is used to justify these long-term predictions.

Empirical localized corrosion data for C-steel currently exist, for example, as shown in

Figure 19. These data should be supplemented by additional data from the literature, most
notably the large database available from the pipeline industry. The current data format, i.e.,
pitting factor as a function of the mean depth of corrosion, is suitable for predictive modelling,
since the depth of uniform corrosion can be calculated as described above.

As for uniform corrosion, mechanistic modelling is used to support the empirical calculations of
localized corrosion damage. Mechanistic descriptions are required for each of the postulated
localized corrosion scenarios. The mixed-potential model described above is suitable for
predicting whether localized corrosion due to breakdown of a passive film is possible (and,
indeed, whether a passive film will form in the first place), and the possibility and duration of
localized corrosion due to coupling of oxide reduction and C-steel dissolution during the
transition from aerobic to anaerobic conditions. A modified model will be required to assess the
extent of localized corrosion due to non-uniform wetting of the surface during the early stages of
the aerobic phase.

Additional localized corrosion scenarios, for example, the dissolution of steel coupled to
enhanced H,O reduction on Fe;0, surfaces, require mechanistic experimental verification.

5.1.3 Hydrogen Effects

Numerical assessment of H-related effects is specifically excluded from the conceptual C-steel
UFC failure model. As described in detail above, it is assumed that the material of construction
will be specified in order to minimize the possibility of HIC or blister formation. In addition,
existing experimental evidence suggests that the sub-surface H concentration is less than the
threshold for H damage, even for vintage ferrite-pearlite steels. Therefore, the avoidance of H-
related failure mechanisms is a credible UFC design criterion.

5.1.4 Stress Corrosion Cracking

As with H-related effects, the possibility of SCC of the C-steel container is specifically excluded
from the UFC failure model. Stress corrosion cracking can be excluded from consideration
based on a combination of environmental- and stress-related arguments. Aggressive
environments, except possibly that associated with near-neutral pH SCC, are unlikely to be
generated in the repository. The necessary stress, either in the form of cyclic loading or a
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tensile residual stress, will also be absent, either because of the nature of the environment or, in
the case of residual stress, because of suitable post-weld stress relief.

It is possible that near-neutral pH SCC cracks could initiate once the near-surface region of
tensile residual stress has been corroded. However, although cracks might initiate in the
then-exposed tensile residual stress layer, propagation to failure will not occur because of the
absence of cyclic loading that has been shown to be necessary for crack growth for this form of
SCC.

5.1.5 Microbiologically Influenced Corrosion

Microbiologically influenced corrosion is not currently accounted for in the C-steel lifetime
assessment. As previously argued for Cu UFC, the near-field environment will not support
microbial activity or biofilm formation on the container surface. Therefore, the only possible
cause of MIC is the transport of corrosive metabolic by-products produced in less-inhospitable
regions of the repository to the container surface. Analyses performed to date (King et al. 2004)
show that the amount of sulphide that could reach the container surface due to remote SRB
activity is minimal.

Therefore, no allowance is currently included for MIC in C-steel UFC lifetime predictions.

5.1.6 Welds

Preferential weld corrosion can be avoided by proper weld design and welding procedures.
Recent Japanese evidence suggests that non-susceptible weld material can be produced using
existing techniques (Yokoyama et al. 2007). Therefore, no allowance is made in the current
conceptual model for preferential attack at welds in the C-steel UFC.

In lifetime assessments in the Japanese program, only a fraction of the wall thickness is used
as a corrosion allowance (Asano and Aritomi 2005). This reduction in wall thickness is partly
from concerns about the ability of inspection techniques to detect deep sub-surface weld flaws.
Depending upon future developments in inspection techniques and the ability to detect sub-
surface weld flaws remotely, it may be necessary to use a corrosion allowance for the C-steel
UFC that is less than the wall thickness.

5.1.7 Oxidation

The extent of dry air oxidation during the initial dry-out period has been shown above to be
trivial and is not included in the C-steel UFC lifetime assessment.
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5.2 CONTAINER FAILURE

5.2.1 Mechanical Overload

Final failure of a UFC is unlikely to result from complete corrosion of the container wall resulting
in ultimate perforation. Instead, failure will result from mechanical overload, as the reduced wall
thickness becomes unable to support the external load exerted by the combination of

(i) hydrostatic pressure, (ii) bentonite swelling pressure, (iii) the pressure of H, gas, and

(iv) forces from the formation of expansive corrosion products.

The point at which the UFC would fail mechanically is not currently known, and needs to be
assessed using a combined corrosion-structural model.

5.2.2 Time Dependence of Failure Aperture

At the time of container penetration, the entire surface of the UFC does not disappear. The
failed container is expected to continue to provide significant mass-transport resistance, first to
the diffusion of H,O into the container and then to the diffusion of released radionuclides into the
near-field. Depending upon the mean remaining wall thickness at the time of container failure,
there may be some benefit in taking credit for the continued barrier function offered by the
remaining wall.

5.2.3 Preliminary Lifetime Assessment

Preliminary corrosion assessments have been performed for a C-steel container in a repository
in Michigan Basin sedimentary formations (King 2005a). Based on a combination of uniform
and pitting corrosion, the range of wall penetrations was estimated to be 9-34 mm after

10,000 years (1-10 mm as uniform corrosion and 8-24 mm as pitting) and 34-175 mm after
100,000 years (10-100 mm as uniform corrosion and 24-75 mm as pitting).

No structural analysis has been performed to estimate the remaining wall thickness of a steel
container necessary to provide mechanical integrity in a DGR in sedimentary rock. In order to
withstand the external pressure loads in a DGR in sedimentary rock, it is expected that a steel
container would need a wall thickness of the order of 100 mm, which is similar to the wall
thickness of the inner steel vessel of the reference copper used-fuel container (Maak 2006,
Saiedfar and Maak 2000, Maak and Simmons 2001). The container thickness will be
determined based on structural analyses that will follow the intent of the ASME Boiler and
Pressure Vessel Code with a safety factor of 3 for the pre-glaciation period (10,000 years is
considered to be within the pre-glaciation period). This means that a steel container with a
remaining thickness of about 66 mm (100 mm minus the 34 mm maximum corrosion
penetration) should still have adequate mechanical strength with a substantial safety margin to
withstand the external pressure for a period of at least 10,000 years. No container failure or full-
wall penetration is expected and a steel container should still be capable of providing
containment of the used fuel for a period of more than 10,000 years after it is placed in a
repository.

A summary of this, and other earlier, lifetime predictions for C-steel containers is given in
Table 1 (King 2005a).
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6. CONCLUSIONS

A conceptual model for the corrosion of a C-steel used fuel container in a deep geological
repository in sedimentary rock has been described. The model takes into account various
corrosion processes that might affect the container in the repository environment. Some
processes, such as uniform corrosion and localized attack, are specifically included in the
calculation of the container lifetime. Other processes, such as H-related effects, stress
corrosion cracking, microbiologically influenced corrosion, preferential weld corrosion, and dry
air oxidation are currently excluded from the assessment. This is based on the assumptions
that the environment will either not support these processes or that these corrosion
mechanisms can be avoided by proper container design and fabrication processes.

The validity of these assumptions will need to be examined in the future through more-detailed
engineering assessment, mathematical modelling, and experimental studies.

The extent of uniform corrosion should be assessed through a combination of (i) mass-balance
arguments in the case of aerobic conditions, (ii) empirical corrosion rate data for the anaerobic

phase, and (iii) a mechanistic mixed-potential model to provide support and justification for the

calculations of the rate of wall loss. This combination of empirical calculations and mechanistic
modelling provides a justifiable, robust prediction of the long-term uniform corrosion behaviour

of a C-steel UFC.

Similarly, the effect of localized (pitting) corrosion on the lifetime of C-steel containers should be
assessed through a combination of empirical data and mechanistic modelling. The empirical
data are used to estimate the time-dependence of the degree of localization, whereas the
mechanistic modelling is used to justify these long-term predictions.

Preliminary C-steel container lifetime assessments suggest that, based on a combination of
uniform and localized (pitting) corrosion, the range of wall penetration is 9-34 mm after

10,000 years and 34-175 mm after 100,000 years. A 100-mm-thick C-steel container with a
reduction in wall thickness of 34 mm is still expected to have adequate mechanical strength and
no container failure of through-wall penetration is expected. This analysis suggests, therefore,
that C-steel containers can provide containment of used nuclear fuel for a period of more than
10,000 years after being placed in a deep geological repository in sedimentary rock.
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Table 1: Summary of Corrosion Rate Predictions for C-steel Used Fuel Containers

Country Host Uniform corrosion Localized Environmentally Other Corrosion
formation corrosion assisted cracking prediction
United Granite 10 um-a™' during Max. pen. = 8.35t*  Stress relief to avoid - 86 mm in
Kingdom anoxic period for period of passive SCC and post-weld heat 1000 a
(Marsh et (>125 a¥) conditions (125 a)  treatment to soften HAZ
al. 1987) to avoid H embrittlement
United Granite Aerobic period 1 mm  Max. pen. = 8.35t%*  SCC mitigated by stress Max. pendueto 231 mmin
Kingdom Anaerobic period (based on EVA) relief heat treatment MIC =13 mm, 1000 a
(Marsh and <10 ym-a" calculated for entire based on
Taylor . period organic C
1988) Additional 7 mm due limitation
to radiolysis
United Granite 216 um-a”' based on  Max. pen. = 8.35t>*° - - 216 mm in
Kingdom electrochemical (based on EVA) 1000 a
(Marsh and active model, calculated for entire
Taylor including effect of ~ period. Not additive
1988) radiolysis to rate of uniform
corrosion.
United Marine Electrochemical None, O, supply - - 33 mm in
Kingdom sediments model under active insufficient to 1000 a
(Marsh et conditions, including sustain passive
al. 1989) radiolysis conditions
Japan (JNC Not yet 50 mm in 1000 a, None, only active No H embrittlement, No MIC due to 50 mm in
2000) defined. based on dissolution in sulphide stress cracking,  survivability in 1000 a
electrochemical compacted buffer. or HIC based on compacted
model threshold [H] arguments. buffer.

*125 a = 125 years

.. continued
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Table 1: Summary of Corrosion Rate Predictions for C-steel Used Fuel Containers (concluded).

Country Host Uniform Localized Environmentally Other Corrosion
formation corrosion corrosion assisted cracking prediction
Japan (JNC Not yet Aerobic period Additional pit depth No H embrittlement, MIC taken into 24.6 mm, 30.7 mm,
2000) defined. 0.3-1.8 mm 4.1-10.0 mm during  sulphide stress cracking, account during and 31.8 mm in
depending on aerobic period or HIC based on anoxic period 1000 a for in-room,
repository design, depending on threshold [H] arguments. based on in-borehole (hard
based on O, mass repository design. convgzrsion of rock) and
balance. Pitting factor = 2, SO, to HS in-borehole (.soft
10 um-a”" during corresponding to rock), respectively.
anoxic period. additional 10 mm pit
depth during anoxic
period.
Switzerland Crystalline, <1 mm during Pitting corrosion No SCC based on No MIC basedon  ~12 mm in 1000 a.
(Johnson Opalinus aerobic phase, during aerobic absence of cyclic loading absence of ~21 mm in
and King Clay based on mass- phase = 10 mm and aggressive species. microbial activity 10.000 a.
2003) balance. based on empirical  No H-related failures due in compacted ’
Corrosion rate pitting factor. to absorbed [H] below bentonite.
1 um-a”' during threshold concentration
anoxic period.
0.02 pm~a'1 due to
HS" diffusion,
including localized
corrosion
Canada Sedimentary  0.087 mm due to Depth-dependent No SCC based on MIC not included 9-34 mm in
(King 2005a) rock O, during aerobic pitting factor absence of cyclic loading  because of use of 10,000 a

phase.

Corrosion rate of
0.1-1.0 pm-a”
during anoxic

period

and aggressive species.

No H-related failures due
to absorbed [H] below
threshold concentration

100% bentonite in
repository and
assumption of no
microbial activity
in host rock

34-175mmin 10° a
depending on
anoxic uniform
corrosion rate







