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AN ASSESSMENT OF THE FEASIBILITY OF
INDEFINITE CONTAINMENT OF CANADIAN NUCLEAR FUEL WASTES

by

D.W. Shoesmith, F. King and B.M. Ikeda

ABSTRACT

This report presents an analysis of the expected corrosion behaviour of
nuclear fuel waste containers in a conceptual Canadian disposal vault. The
container materials considered are dilute Ti alloys (Grades-2, -12 and -16)
and oxygen-free copper. The corrosive conditions within the disposal vault
change with time as the initially trapped oxygen is consumed and as the
heat and y-radiation produced by the waste decays. This evolution of the
vault environment is broadly classified into an early, warm and oxidizing
period followed by a period of long-term, stable, cool and non-oxidizing
conditions. The corrosion behaviour of both types of material during these
two periods is discussed, and various models that have been developed to
predict the lifetimes of the containers are presented. The conclusion is
that indefinite containment of the waste is feasible with both copper and
titanium alloys under Canadian disposal conditions.

To achieve long titanium container lifetimes, it would be necessary to
limit the extent of corrosion damage by crevice corrosion. Such a
condition would eventually occur as vault conditions evolved.
Subsequently, corrosion would be uniform; it would occur under passive
conditions and proceed very slowly. The model presently used to predict
lifetimes of Grade-2 titanium containers does not acknowledge that crevice
corrosion would be limited by repassivation as vault conditions evolved.
Conségaiently, container failure is predicted to occur by either crevice
corrosion or hydrogen-induced cracking (as a conséquence of hydrogen
absorbed into the metal during crevice corrosion) between 10 and 7 x 10̂  a
after emplacement within the vault. The outline of a model to calculate
container lifetimes under conditions where crevice corrosion is limited is
presented. At present, insufficient data are available to predict
lifetimes of Grade-2 titanium containers by this procedure. However, for
Grades-12 and -16 titanium, on which crevice corrosion is severely limited,
lifetimes of >105 a are predicted on the basis of published rates of
uniform corrosion. Failure is predicted to be by hydrogen-induced cracking
as a consequence of hydrogen absorption into the metal during uniform
corrosion.



The most important environmental parameters responsible for long copper
container lifetimes are the limited amount of oxidants within the vault and
the low rates of mass transport in the compacted buffer material
surrounding the containers. Uniform corrosion and pitting are the only two
corrosion processes likely to lead to container failure. Uniform corrosion
has been modelled deterministically on the basis of the experimentally
determined corrosion mechanism, and pitting has been modelled
stochastically using a statistical extreme-value analysis of literature
pit-depth data. Under continuously aerated conditions (an extremely
conservative assumption), 25-mm-thick copper containers are predicted to
have lifetimes between 30 000 and >106 a. If the evolution of conditions
within the vault is accounted for in the corrosion model, the maximum
extent of corrosion of a copper container over a 10 -a period is predicted
to be less than 6 mm, thus ensuring indefinite containment of the waste.
Pitting is not predicted to lead to container failures under either set of
conditions.
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ÉVALUATION DE LA FAISABILITE DU CONFINEMENT ILLIMITÉ

DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE CANADIENS

par

D.W. Shoesmith, F. King et B.M. Ikeda

RESUME

Le présent rapport contient une analyse de la tenue à la corrosion
prévue des conteneurs de déchets de combustible nucléaire placés dans
une installation de stockage permanent de conception canadienne. Les
matériaux retenus par le conteneur sont des alliages de titane dilué
(nuances 2, 12 et 16) et de cuivre exempt d'oxygène. Les conditions
de corrosion à l'intérieur de l'installation de stockage changent avec
le temps à mesure que 1 ' oxygène piégé au début est absorbé et que la
chaleur et les rayonnements gamma dégagés par les déchets décroissent.
Cette évolution du milieu dans 1'enceinte est classée sommairement en
une période initiale, chaude et oxydante suivie d'une période de
conditions de longue durée, stables, froides et non oxydantes. On y
examine la tenue à la corrosion des deux types de matériaux durant ces
deux périodes et on y présente les divers modèles qu'on a mis au point
afin de prévoir les durées de vie des conteneurs. On en arrive à la
conclusion que le confinement illimité des déchets est réalisable dans
les conditions de stockage permanent canadiennes si l'on utilise des
alliages de titane et de cuivre.

Afin d'atteindre de longues durées de vie pour les conteneurs en
titane, il serait nécessaire de limiter l'importance des dommages dus
à la corrosion par fissuration. Cet objectif serait finalement
atteint à mesure que les conditions évoluent dans l'enceinte. Par la
suite, la corrosion serait uniforme; les conditions de sa propagation
seraient passives et très lentes. Le modèle dont on se sert
actuellement pour prévoir les durées de vie des conteneurs en titane
de nuance 2 ne tient pas compte du fait que la corrosion par
fissuration serait limitée par la repassivation au fur et à mesure que
les conditions changent dans l'enceinte. En conséquence, on prévoit
que la rupture des conteneurs se produira soit sous l'effet de la
corrosion par fissuration, soit par fissuration due à l'hydrogène (en
raison de l'absorption d'hydrogène dans le métal au cours du processus
de corrosion par fissuration) entre 103 et 7 x 103 a après la mise en
place des conteneurs dans l'enceinte. On présente les grandes lignes
d'un modèle destiné au calcul de la durée de vie des conteneurs dans
les conditions dans lesquelles la corrosion par fissuration est



limitée. Pour le moment, on dispose de données insuffisantes pour
prévoir par cette méthode la durée de vie des conteneurs en titane de
nuance 2. Toutefois, pour ce qui est des alliages de titane de
nuances 12 et 16, sur lesquels la corrosion par fissuration est
considérablement limitée, on prévoit des durées de vie >105 a en se
basant smr les vitesses de corrosion uniforme publiées. On prévoit
que la rupture aura lieu sous l'effet de la fissuration due à
l'hydrogène en raison de l'absorption d'hydrogène dans le métal
pendant la période de corrosion uniforme.

Les paramètres les plus importants relatifs à 1'environnement qui
favorisent les longues durées de vie des conteneurs en cuivre sont la
quantité limitée d'oxydants dans l'enceinte et les basses vitesses du
transport de masse dans le matériau tampon tassé autour des
conteneurs. La corrosion uniforme et la formation de piqûres
constituent les deux seuls processus de corrosion qui sont les plus
susceptibles d'entraîner la rupture du conteneur. La corrosion
uniforme a été modélisée de façon déterministe en se fondant sur le
mécanisme de corrosion déterminé par expérimentation, et la formation
de piqûres a été modélisée de manière stochastique par l'analyse
statistique des valeurs extrêmes des données sur la profondeur des
piqûres que l'on trouve dans les ouvrages de documentation. Dans des
conditions d'oxygénation continue (hypothèse extrêmement prudente), on
prévoit que les conteneurs en cuivre de 25 mm d'épaisseur auront des
durées de vie qui se situent entre 30 000 et >106 a. Si le modèle de
corrosion tient compte de l'évolution des conditions dans l'enceinte,
on prévoit que la propagation maximale de la corrosion dans un
conteneur en cuivre au cours d'un cycle de 106 a sera inférieure à
6 mm, ce qui garantit un confinement illimité des déchets. On ne
prévoit pas que la formation de piqûres entraînera la rupture des
conteneurs dans l'un ou l'autre ensemble de conditions.
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1. INTRODUCTION

The disposal of nuclear fuel waste requires the prediction of the corrosion
behaviour of container materials over extended periods of time. Containers
are the only absolute barrier to the release of radiotoxic elements to the
biosphere, all other barriers in the multibarrier disposal concept being
permeable to some degree (AECL 1994). Consequently, the safe disposal of
nuclear fuel waste could be ensured if it could be demonstrated that the
containers would remain unbreached indefinitely. It is the aim of this
report to demonstrate that indefinite containment is feasible for the two
container materials, copper and titanium alloys, considered in the Canadian
Nuclear Fuel Waste Management Program (CNFWMP). Our understanding of the
term indefinite is defined below.

A problem with predicting the lifetimes of nuclear fuel waste containers is
that we cannot rely on the experience and understanding gained from failure
analyses as would be common for industrial installations with shorter
lifetimes. Consequently, the selection of appropriate materials must be
based on conservative considerations. The criteria we adopted in choosing
copper and titanium alloys have been discussed in some detail elsewhere
(King et al. 1992a, Johnson et al. 1994a',b) .

The assessment of the corrosion performance of candidate container
materials can only be achieved by using predictive models. Models
developed to predict container lifetimes must be based on a thorough
understanding of corrosion behaviour and how it changes with time within
the vault. These models must also contain sufficient conservatism to cover
both the gaps in our understanding of mechanistic detail and the
uncertainties in the values of specific modeling parameters. An outline of
the procedure we have adopted is shown in Figure 1. As the figure
indicates, any container failure model must be compatible with the
engineered design of the waste vault and with models developed to predict
the rates of radionuclide release from failed containers.

The ability of any model to predict realistic failure times will depend on
(i) the quality of mechanistic understanding, (ii) the variability in the
values of measured modeling parameters, and (iii) the ability of the
mathematical expressions to accurately represent the expected corrosion
scenario. Clearly, a number of iterations of the procedure outlined in
Figure 1, especially stages 5 to 10, will be required for realistic
predictions to be made.

A probabilistic model, based on failure by crevice corrosion or hydrogen-
induced cracking, currently exists for containers constructed from ASTM
Grade-2 titanium (Ti-2) (Shoesmith et al. 1994a, Johnson et al. 1994a), and
the basis for a probabilistic model, based on pitting and uniform
corrosion, has been defined for copper containers and supported by a
sensitivity analysis (King et al. 1992a, 1994a). Probabilistic models are
used to take into account the uncertainties and variabilities involved in
predicting the behaviour of a large number of containers (assumed to be up
to -140 000 in a Canadian waste vault). The general approaches used to
model the corrosion behaviour of various candidate container materials and



- 2 -

the appropriateness of deterministic ana/or stochastic models have been
reviewed (Shoesmith et al. 1994a).

These models contain many conservative assumptions to cover uncertainties
in exposure conditions and corrosion behaviour. In this report, we revisit
the procedure outlined in Figure 1 and discuss the following: (i) the
advances we have made in conceptual understanding of the copper metal and
titanium alloy systems since our original models were developed; (ii) the
need for the conservative assumptions upon which these original models were
based; and (iii) the framework for more realistic predictive models that
take into account the evolution of conditions within a waste vault.
Although the development of the next generation of models remains to be
completed, we feel confident in claiming that long-term containment is
feasible with both copper and titanium containers.

2. TARGET LIFETIMES

Various target lifetimes can be defined for containers. In Figure 2 these
targets are superimposed on a plot showing the distribution of container
surface temperatures as a function of time since they were emplaced in the
vault. The general shape of the expected temperature profile for
containers is determined by the heat generated due to the decay of
radionuclides within the fuel, and its rate of dissipation to the
surrounding buffer/backfill/rock environment. The exact shape of the
temperature profile for any individual container will be determined by the
age of the fuel it contains, the thermal properties of the surrounding
materials, and the position of that container relative to the position of
all other containers. Heat production during the early warm period can be
attributed to the decay of gamma-emitting fission products in the fuel, a
relatively rapid process effectively complete after a few hundred years.
The subsequent long period of above-ambient temperature can be primarily
attributed to heat generation during the much slower decay of alpha-
emitting actinides.

A target lifetime of 10 to 100 a (1 in Figure 2) would allow both safe
handling of the containers during emplacement and the retrieval of defected
containers before final closure of the vault. With proper engineering
design, this is an easily achievable target. To cover the early warm
period (2, Figure 2), i.e., the period of highest radiotoxicity when the
highest gamma radiation fields and temperatures would be achieved at the
container surface, containment for 300 to 1000 a is required. Containment
for this period could be achieved using a variety of metallic materials,
including copper (King et al. 1994a, Werme et al. 1992), Ti-2 (Shoesmith et
al. 1994b, Johnson et al. 1994a), and the relatively inexpensive and
readily available carbon steels (Marsh and Taylor 1988, NAGRA 1984).

To cover both the early warm and slow-cooling periods, i.e., the time for
which the temperature would be above ambient, the container must last for
10* to 3 x 10 a (3 in Figure 2). Such lifetimes appear to be beyond the
scope of the commonly used carbon steel construction materials and, as yet,
no prediction exists to indicate that such a target could be achieved with



titanium. Analyses for copper show that containment for this period can be
achieved (King and LeNeveu 1992, King et al. 1994a, Werme et al. 1992).

Until now, with the exception of the Swedish assessment, the question of
indefinite containment, i.e., for periods >10D to 10° a (4 in Figure 2),
has not been addressed. A recent review of corrosion studies on a variety
of candidate container materials (Johnson et al. 1994b) suggests that such
target lifetimes may be achievable only for materials with suitable
thermodynamic stability (copper) or materials that are protected by
unreactive and protective oxide layers (titanium alloys and, possibly,
nickel-based alloys).

3. VAULT ENVIRONMENT AND ITS EVOLUTION WITH TIME

The evolution of environmental conditions within a Canadian nuclear fuel
waste disposal vault is expected to exert a major influence on the
durability of the container, as is illustrated in Figure 3. The
temperature plot shows the range of calculated temperature profiles for all
the containers located at warm (in the middle) and cool (on the periphery)
sites in the vault (Shoesmith et al. 1994a). The groundwater chloride
concentration is that chosen as a reference value (Johnson et al. 1994a) in
the CNFWMP and is typical of Canadian Shield groundwaters, although
concentrations up to 34 000 mg-L also are commonly encountered (Gascoyne
1988) and scenarios exist for the generation of even more saline pore-water
fluids (Gascoyne, private communication). The shape of the oxygen
concentration curve is arbitrary but of the form expected if oxygen is
cemeomed by oxidizable minerals. Estimates of the time required to consume
oxygen, based on the supply of Fe11 from the dissolution of biotite, vary
from 8 to 300 a (Johnson et al. 1994a, Wersin et al. 1994). As indicated
in Figure 3, conditions in the vault are expected to evolve from an initial
warm, oxidizing period to an eventual cool, non-oxidizing period.

Radiolysis of the groundwater is capable of producing oxidizing species
close to the container surface. However, this is not.expected to produce a
measurable amount of container corrosion. Thus, for a thin-walled titanium
container (6.35 mm), the maximum gamma-radiation dose rate at the container
surface would be -50 Gyh falling to <3 Gyh"1 after -100 a. According
to the results of Marsh et al. (1983) (on carbon steel in seawater at
90°c), doses in excess of 3 Gyh"1 are necessary for any effect of gamma
radiation to be discernible even for this readily oxidized material.
Indeed, for titanium, all the experimental indications are that gamma
irradiation suppresses the propagation of crevice corrosion, the process
most likely to limit the lifetimes of titanium containers (Shoesmith et al.
1992, Ikeda et al. 1990). Because of its higher density and the proposed
use of a greater wall thickness (25 mm), the equivalent maximum dose rate
for copper containers would be -11 Gyh"1. Regardless of the type of
container material, the dose rate would decrease with a "mean" half-life of

1^7-30 a (corresponding to the half-life of " Cs), and its effect on
corrosion would rapidly disappear. Consequently, radiolytic oxidants would
not extend beyond the maximum period of 300 a over which oxidizing
conditions are expected (Figure 3).



After the consumption of trapped oxygen and the decay of gamma radiation
fields, the amount of available oxidants would be limited to those supplied
by the inflowing groundwater. Uncontaminated groundwaters sampled at
depths around 500 m in the Whiteshell Research Area contain no detectable
dissolved oxygen (detection limit 10 ng-g ). However, the relatively high
U and SO^" concentrations, accompanied by relatively low Fe11 content and
the absence of CH4 and H2S, indicate that these waters are not "reducing"
(Gascoyne 1989, Gascoyne and Kamineni 1992). The concentration of oxygen
entering the vault would be further depleted by the reaction between O^ and
freshly exposed Fel:i:-containing minerals in the rock in the excavation
damaged zone and by reaction with biotite in the crushed granite and clay
used as backfill material in the vault. Consequently, the detection limit
of 10 ng-g would appear to be a conservative upper limit of oxygen
concentration beyond the early oxidizing period, Figure 3. The rate of
access of this oxygen to the container surface would be restricted by its
slow transport through the 1:1 mixture of sodium bentonite and silica sand
(buffer material) compacted around the container (Johnson et al. 1994a,b).
Mass transport through the buffer would be restricted not only by the low
porosity and the tortuosity and constrictivity of the pore network, but
also (for cations only) by ion exchange and adsorption on the clay fraction
of the buffer material.

The processes involved in the short- and long-term control of redox
conditions at the container surface are indicated schematically in
Figure 4.

4. CANDIDATE CONTAINER MATERIALS

The general characteristics of candidate materials for nuclear fuel waste
containers have been discussed (King et al. 1992a), and a review of the
performance of various materials under different disposal conditions has
been published (Johnson et al. 1994b). This review confirmed that, on the
basis of available information, copper and titanium alloys offer the best
prospects for long-term containment under Canadian waste vault conditions.
Both materials are compositionally and microstructurally simple,
eliminating the possibility of metallurgical phase transitions over the
long disposal period. Both are expected to be susceptible to only a small
number of corrosion processes, and their corrosion performance is expected
to improve as conditions within the vault evolve (Figure 3).

The major advantage in using copper is its thermodynamic stability in pure
water; for titanium it is the durability and chemical inertness of its
passive film under a wide range of conditions. These advantages are
illustrated in the simplified potential-pH diagrams in Figures 5A and 5B.
The two dashed lines in these diagrams represent the stability lines for
water: the equilibrium lines for its oxidation to oxygen and protons
(line 1), and its reduction to hydrogen and hydroxyl ions (line 2). For
titanium, passivity should be maintained irrespective of whether the
contact water is aerated (line 1) or anoxic (line 2). Copper metal is
unstable and unpassivated at neutral pH values in oxygenated water. In
anoxic waters, the metal should be thermodynamically stable, even in very
saline water.
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The other advantages in using copper include its resistance to stress
corrosion cracking (SCC) and the existence of archaeological artefacts and
natural analogues in the form of natural copper metal deposits. These
deposits confirm that, provided non-oxidizing conditions can be attained,
the long-term durability of copper metal is achievable. For titanium, the
very high pitting potentials (Schutz and Thomas 1987) allow us to ignore
this form of corrosion, and the durability of the passive film is a major
reason why microbially induced corrosion (MIC) has not been observed on
titanium alloys (Schutz 1991, Pope et al. 1989, Little et al. 1991).

5. CORROSION OF TITANIUM AND COPPER UNDER WASTE VAULT CONDITIONS

The localized corrosion processes most likely to lead to container failure
are crevice corrosion and hydrogen-induced cracking (HIC). Uniform
corrosion is expected to be the predominant form of corrosion for copper,
although pitting is also a possibility. The expected progress of corrosion
on copper and titanium containers can be appreciated by reference to the
illustrations in Figure 6.

If crevice corrosion initiated on titanium, then oxygen reduction on
surfaces external to the crevice would lead to the development of acidity
at active sites within the crevice (Figure 6A). Proton reduction inside
the crevice would not only cause more metal dissolution, but would also
lead to hydrogen absorption and the formation of hydrides in the metal. If
crevice corrosion continued unchecked for an extended period, then the
metal would be in danger of failing by either crevice corrosion or HIC
(provided appropriately concentrated tensile stresses are present).
However, the depletion of oxygen should eventually lead to repassivation of
the crevice, and slow uniform corrosion, controlled by the rate of oxide
film (TiO2> growth, should dominate. A more extensive discussion of the
evolution of localized corrosion on titanium has been published elsewhere
(Shoesmith and Ikeda 1994).

The expected chemistry for copper in chloride-dominated groundwaters is
summarized in Figure 6B. Under oxidizing conditions, oxidation of
dissolved Cu(I) to form cupric species in solution would be the dominant
process, and the local precipitation of cupric phases over a base layer of
Cu2O could leave the metal susceptible to both pitting and uniform
corrosion (Lucey 1967). As oxygen is consumed, cuprous species would be
stabilized in solution by chloride complexation, and pitting should cease.
Since electrochemical experiments show the interfacial charge transfer
processes to be relatively fast (King and Litke 1989), the rate of uniform
corrosion would be controlled by diffusion/adsorption processes in the
surrounding buffer material.

These corrosion schemes for titanium and copper are summarized in Figure 7,
and two distinct corrosion periods can be defined:

(i) an early period of localized corrosion, while vault conditions
are warm and oxidizing, during which substantial penetration of
the container wall could occur; and
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(ii) a later period of uniform corrosion, after conditions have
evolved to cool and non-oxidizing, when only slow penetration of
the container wall should occur, especially if transport control
in compacted media surrounding the container can be achieved.

Clearly, if rapid container failure is to be avoided, then the duration of
the early period, and the extent of corrosion damage sustained over this
period, must be minimized.

6. MODELING THE CORRQSION-TO-FAILURE OF WASTE CONTAINERS

6.1 DEFINITION OF CONTAINER FAILURE

If, for corrosion proceeding by both localized and uniform processes, the
deepest localized penetration is well ahead of the uniform penetration
front, then the container will be breached if this localized penetration
exceeds the wall thickness before the uniform penetration front exceeds the
corrosion allowance (Figure 8A). However, if the deepest penetration is
not far ahead of the uniform penetration, then, according to standard
engineering practice, failure is said to occur when the uniform penetration
front exceeds the corrosion allowance (Figure 8B).

6.2 GENERAL APPROACH TO MODELING

To achieve long container lifetimes, localized penetration into the
container wall during the early, warm, oxidizing period (Figure 3) must
proceed slowly and be of limited duration. The dilemma when trying to
predict the damage, or wall penetration, due to localized corrosion is the
normal one of whether to attempt the development of deterministic or
stochastic models. Generally, the complexity of the localized corrosion
process inhibits the development of a justifiable prediction based on
deterministic principles. To date, it has proven necessary to recognize
the stochastic nature of localized corrosion events. This has led to
efforts to accumulate a database of penetration depths sufficiently large
to allow statistically meaningful predictions to be made of the probable
maximum depth of penetration of the container as a function of the time
since its emplacement in the vault. The statistical approaches generally
adopted have been reviewed (Shoesmith et al. 1994a).

Provided the extent of damage by localized corrosion during the warm,
oxidizing period (Figures 3 and 7) can be predicted, then a localized
corrosion allowance (egual to the maximum depth of penetration suffered)
can be adopted to cover this period. Predicting the failure time of the
container then becomes a problem of predicting how rapidly the slow uniform
corrosion process, which would prevail under cool, non-oxidizing conditions
(Figure 7), consumes the remainder of the original design corrosion
allowance. The application of deterministic models based on mechanistic
principles is much easier when corrosion is uniform as opposed to
localized. The general principles on which such models are based have been
reviewed (Shoesmith et al. 1994a).
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6.3 PREDICTING LIFETIMES OF TITANIUM CONTAINERS

When attempting to predict the lifetimes of titanium containers it is
necessary to recognize that there is an inexorable link between crevice
corrosion and HIC, since much of the hydrogen required to establish
susceptibility to HIC would be absorbed into the metal as a consequence of
crevice propagation (Figure 6A).

6.3.1 Present Model for Container Failure

Recently, we described a model that predicts the lifetimes of Ti-2
containers on the basis of either crevice corrosion or HIC (Shoesmith et
al. 1994b, Johnson et al. 1994a). The crevice propagation rate was assumed
to be controlled by the properties of the material used and by the
temperature of the vault. At the time this model was developed the
dependence of the propagation rate on oxygen concentration had not been
determined. Therefore, it was assumed that a constant supply of oxygen
maintained a constant crevice propagation rate, without repassivation, over
the lifetime of the container.

The dependence of crevice propagation rate on temperature was determined
over the temperature range from 30°C to 150°C, and the resulting rate
dependency was used in conjunction with calculated vault temperature
profiles to determine corrosion propagation rates for containers in various
regions of the vault. The thermal analysis of the vault shows that each
container would possess a characteristic temperature profile. Depending on
the general shape of these profiles, containers were grouped into three
general categories, "hot", "cool" and "cold", representing containers
located in central regions, near the periphery, or at the periphery of the
vault, respectively. These profiles were then approximated with simple
step functions. For the majority of the containers (the 62.6% designated
"hot"), the temperature profiles were approximated by a two-level step
function, the first level corresponding to the early warm and oxidizing
period and the second to the longer-term cool, non-oxidizing period in the
vault, as defined in Figure 3. For "cool" and "cold" containers the
cooling profiles were approximated by single-level step functions. The
procedures used to develop these functions have been described elsewhere
(Johnson et al. 1994a).

Crevice propagation is accompanied by the absorption of hydrogen by the
metal (Figure 6A). Our studies using the slow strain rate technique on
compact tension specimens préchargea with hydrogen to a known concentration
have shown that HIC is feasible only for hydrogen contents of *500 //g-g
in the metal (Clarke et al. 1994). Since hydrogen levels in as-received
materials are generally on the order of tens of fig-g"1, extensive crevice
propagation leading to the absorption of large amounts of hydrogen is a
prerequisite for HIC to become a potential failure mechanism.

The schematic in Figure 9 summarizes the possible paths to failure, by
either crevice corrosion or HIC, according to this model. Failure by
crevice corrosion would occur when the depth of wall penetration (Pw)
within the crevice exceeds the corrosion allowance and failure by HIC would
occur when the total amount of hydrogen absorbed (HA, the sum of the amount
present in the as-recieved metal plus that absorbed due to crevice
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propagation) exceeds the critical value of -500 jug-g"1. The two distinct
stages in PW and HA are a consequence of the two-step temperature function
used to compute the crevice propagation rate (Rcc) for the 62.6% of
containers designated as "hot". Similar schematics involving only a single
stage in temperature, and hence PW and HA, could be given for "cool" and
"cold" containers. At the time our model was developed, our understanding
of HIC was limited. Consequently, since the possibility of crevice
repassivation was not included in this model, it was assumed that
sufficient hydrogen would eventually be absorbed and failure by HIC would
be inevitable once the temperature fell to <30°C. The justification for
this assumption has been discussed elsewhere (Johnson et al. 1994a).

In the absence of repassivation, >97% of containers were predicted to fail
by crevice corrosion between 1200 a and 7000 a. The fraction of the "hot",
"cool", "cold" and total containers failed as a function of time for the
whole vault is shown in Figure 10. Although not clearly visible because of
the scale of the plot, -0.06% of the containers are predicted to fail
before 1000 a. These early failures arise from two sources: (1) an
assumption that 0.05% of containers have undetected defects, and (2) a
small number of containers on the very edge of the vault cool rapidly to
<30°C and are assumed to fail by HIC, even though they are very unlikely to
have absorbed sufficient hydrogen.

6.3.2 Review of Assumptions in the Present Model

Since many of the mechanistic details of the crevice corrosion and HIC of
titanium were then unknown, iXnd the values of many necessary modeling
parameters uncertain, the model used for the postclosure assessment
(Johnson et al. 1994a) was based on the assumptions listed in Table 1, many
of which are extremely conservative.

Improved understanding and the availability of more accurate values of
important modeling parameters mean that many of the unnecessarily
conservative of these assumptions can be relaxed. In Appendix A, the need
for the assumptions in Table 1 is reviewed in the light of our recent
studies. Here, we redevelop our approach to modeling crevice corrosion and
hydrogen absorption by taking into account the fact that wall penetration
by crevice propagation would be limited by repassivation. Subsequently, we
outline a deterministic model for predicting the rate of corrosion and
hydrogen absorption by uniform corrosion. Finally, the two models are
combined to-yield predictions of container lifetimes when the extent of
crevice corrosion is limited by either the properties of the material or
the evolution of conditions within the vault. Experimental data and
calculations that support this model are summarized in Appendix A.

6.3.3 Reassessment of the Crevice Corrosion of Titanium Alloys

While no convincing arguments can yet be advanced to claim that crevices
would not initiate under waste vault conditions (assumption (ii). Table 1),
it is justifiable to argue that the period of crevice corrosion, and hence
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TABLE 1

ASSUMPTIONS FOR THE TITANIUM CONTAINER FAILURE MODE!.
USED IN THE POSTCLOSURE ASSESSMENT (Johnson et al. 1994a)

(i) Between 1 in 10 and 1 in 10 containers will be emplaced with
undetected manufacturing defects and will fail quickly.

(ii) Crevice corrosion will initiate rapidly on all containers.

(iii) There will always be sufficient oxygen available for crevice
corrosion to propagate indefinitely without repassivation.

(iv) The reference container material is a coarse-grained low iron-
containing Ti-2, a material very susceptible to crevice
corrosion.

(v) Failure by crevice corrosion will occur when the depth of the
uniform corrosion front within the creviced area exceeds the
corrosion allowance.

(vi) Containers which do not fail by crevice propagation will
fail by HIC once their temperature falls to <30°C.

(vii) The required combination of stress intensity and hydrogen
content for HIC to occur will be present when T < 30°C.

(viii) Once HIC starts, failure will be rapid.

the extent of damage caused by its propagation, would be limited by
repassivation (Appendix A). This enables us to relax assumption (iii).
When the inevitability of repassivation is accepted, the paths to container
failure can be represented schematically as shown in Figure 11. This
figure summarizes the expected variation of the rates of crevice corrosion
(RCC) and uniform corrosion (HUC'

 an<^ tne total amount of hydrogen
absorption (Ĥ ) with time. Also shown are the relationships between these
parameters and the total depth of container wall penetration (P̂ )/ compared
with the engineered corrosion allowance and the amount of absorbed hydrogen
required for HIC (Hç).

Two failure routes are possible: (a) a combination of crevice corrosion
(CC) and uniform corrosion (UC), leading to failure once the wall
penetration exceeds the corrosion allowance; (b) failure by HIC once the
hydrogen content of the metal exceeds the critical value (Ĥ ), irrespective
of the depth of wall penetration by other processes. This second route
acknowledges that assumption (viii) (Table 1) is difficult to relax. By
adopting a threshold for susceptibility to, and hence failure by, HIC based
on a critical absorbed-hydrogen content (Hc), assumption (vi) is no longer
relevant. However, it is likely that further measurements will demonstrate
that H£ increases with temperature, making failure by HIC more likely as
the vault cools. By retaining assumption (viii) (that failure by HIC would
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be rapid once the value of Ĥ  is exceeded) we also retain assumption (vii)
(Table 1), but in a modified form: the temperature criterion, T < 30°C, is
replaced by one for absorbed hydrogen content, i.e., H > HC. It is
possible that HC would be a function of temperature.

The definition of failure by route (a) is more conservative than the one?
used in our original model (assumption (v), Table 1). By averaging the
penetration front, our previous model allowed deeper localized penetrations
to exceed the corrosion allowance, provided they did not exceed the total
wall thickness before the averaged penetration front exceeded the corrosion
allowance (Figure 8). According to our new definition, failure would occur
when the deepest localized penetration exceeded the corrosion allowance.

It is clear from the schematic in Figure 11 that reductions in the rate and
extent of crevice propagation would have the greatest effect in increasing
container lifetimes irrespective of the route to failure. Provided the
wall penetration by, and the amount of hydrogen absorbed during, crevice
propagation can be limited, corrosion would be uniform in form and very
slow. Under these conditions, long container lifetimes should be
achievable.

6.3.4 Limiting the Period of Crevice Propagation

The results discussed in Appendix A demonstrate that the main parameters
controlling the rate of penetration by crevice propagation are (i) the
supply of oxidants to surfaces external to the crevice, (ii) the
temperature, (iii) the geometrical mode of penetration within the creviced
area, and (iv) the composition and microstructure of the titanium alloy.
The composition of the groundwater (other than its chloride content) and
the presence of gamma radiation are minor influences (Ikeda et al. 1990,
Shoesmith et al. 1992).

For Ti-2, especially the susceptible material defined previously, as our
reference, the evolution in vault conditions (Figure 3), is critical in
determining the extent of crevice corrosion damage. Crevice propagation
would initially be fast, but eventually would be limited by the decreasing
supply of oxygen and the fall in temperature, and repassivation would occur
when oxygen was exhausted at the surface of the container (Ikeda et al.
1994a). The steps involved in determining the total depth of wall
penetration due to crevice propagation are outlined schematically in
Figure 12. By combining our experimentally determined propagation rates
(Rcc) as a function of temperature (T) (Frame A) and oxygen concentration
([02!) (Frame B) with the evolution of these parameters under vault
conditions (Frame C) and a transport model to determine the flux of oxygen
(JQ ) to the container surface (Frame D), we can predict the evolution of
the crevice propagation rate with time of emplacement in the vault
(Frame E).

Provided we know the combination of temperature (Tp) and oxygen
concentration ([O2]p) for which repassivation becomes inevitable (at time
tp. Frame E), we can integrate the crevice propagation rate as a function
of time from the time of emplacement (taken as t = 0) to the time when
repassivation occurs (tp) . This procedure will yield a prediction of the
total extent of crevice corrosion damage expressed as the amount (Q) of
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oxygen consumed (Frame F). Actually, the integration will yield the total
amount of metal dissolved (W) due to crevice propagation, but this can be
converted to Q since the fraction (g-) of total corrosion caused by oxygen
reduction on surfaces outside the crevice (as opposed to proton reduction
inside the crevice. Figure 6A) is known (Ikeda et al. 1994a). From an
experimentally determined damage function relating the depth of wall
penetration (Pw) to the amount of oxygen consumed (Frame G) (Appendix A,
Section A.1.3), we can then predict the maximum depth of wall penetration
((PW)MAX)) up to the time of repassivation (tp) (Frame H). By subtracting
(PYJ)MAX from the corrosion allowance we can then calculate the wall
thickness remaining to resist uniform corrosion under anoxic conditions.
Our reliance on the parameter Q as opposed to the seemingly more
appropriate parameter W is due to the fact that Q can be accurately
measured electrochemically (Ikeda et al. 1994a) and readily calculated
under vault conditions.

The extent of crevice corrosion damage can be limited by adopting a more
crevice corrosion-resistant alloy (Appendix A). For ASTM Grade-12 titanium
(Ti-12) the decrease in oxygen concentration and temperature are not so
critical in determining the crevice propagation rate, since repassivation
is possible in the presence of substantial oxygen concentrations and
inevitable once the temperature falls to ̂ 70°C. To some degree this makes
the period and extent of crevice propagation independent of the evolution
of waste vault conditions, Figure 3. The damage due to crevice corrosion
will, therefore, be severely limited in comparison with that on Ti-2.
Measurements of corrosion damage on Ti-12 show penetration depths limited
in total to -1 mm irrespective of the environmental conditions (Ikeda at
al. 1994b). A similar limit was observed by Westerman (1990) in hot
(150°C) saturated salt brines. For Grade-16 titanium (Ti-16) the depth of
penetration by crevice corrosion is insignificant because repassivation
occurs too rapidly to allow significant propagation to occur.

The advantage of changing the container material is summarized in the
schematic of Figure 13. The period of crevice propagation (tp) and the
maximum depth of wall penetration (PW) decreases in the order

Ti-2 > Ti-12 » Ti-16 .

Consequently, the remaining corrosion allowance (PR) increases in the order

Ti-2 (?) < Ti-12 (-3 mm) < Ti-16 (-4.2 mm)

where the numbers in brackets are estimates of PR for an original design
corrosion allowance of 4.2 mm. Until the modeling procedure outlined above
is complete, a value of PR for Ti-2 cannot be specified. Since the rate of
crevice propagation also determines the rate of hydrogen absorption, the
hydrogen content at the end of the crevice corrosion period will be much
lower for Ti-12 than for Ti-2, and insignificant for Ti-16. The total
amount of hydrogen absorbed as a function of time can be calculated by
multiplying the rate of crevice propagation by the fractional efficiency
for hydrogen absorption (Shoesmith et al. 1994e).

If Ti-2 or Ti-12 is to be specified as the container material, then the
procedure outlined in Figure 12 must be followed to determine the extent of
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wall penetration due to crevice propagation. At present, this development
is under way but incomplete. However, if Ti-16 is adopted as the material
of container construction, then there is no need to consider a model for
crevice corrosion, since wall penetration by this process would be
insignificant (Ikeda et al. 1994b).

6.3.5 Corrosion to Failure bv Slow Uniform Corrosion

Once repassivation of crevices on Ti-2 occurred, corrosion will continue by
the reaction of titanium with water under anoxic conditions to produce an
oxide film of ever increasing thickness,

Ti + 2H20 -» Ti02 + 2H2 . (1)

For Ti-12 and Ti-16 anoxic conditions may not have been established by the
time repassivation of crevices occurred. Consequently, corrosion by
reaction 1 would not occur until all this oxygen was consumed, either in
maintaining passivity by reaction with Ti or by reaction with oxidizable
minerals. Both routes to failure (Figure 11), remain possible. Which
route would lead to failure, and the time required for this to happen,
would be controlled by the following:

(a) the corrosion allowance available after the propagation of
crevices has stopped;

(b) the rate of oxide film growth and film dissolution processes;

(c) the rate of hydrogen absorption due to the permeability of the
oxide film, and

(d) the continued presence of sufficient stress to cause HIC once the
critical hydrogen concentration (Hc) is reached.

The reaction pathways by which film growth, film dissolution and hydrogen
absorption could occur are summarized in Appendix A.

As with crevice corrosion, the rate of hydrogen absorption would be
directly proportional to the corrosion rate of the metal, since the
oxidation of Ti to TiC>2 by water (reaction 1) is the only viable source of
hydrogen in a form that could be absorbed by the growing oxide film and
subsequently transported into the metal, which route (Figure 11) would
eventually lead to container failure would still be determined by whether
the corrosion allowance was penetrated before the critical hydrogen
concentration (Hc) was exceeded. Implicit in retaining the possibility of
failure by HIC is the assumption that stress levels would always be
sufficient to drive a crack through the wall of the container. Whether
such stresses would be present in the container remains to be demonstrated.

Oxide film growth to produce a limiting thickness of an insoluble defect-
free passive film would be an unrealistic expectation. The most likely
scenario is one in which the film growth rate, and hence the corrosion
rate, rapidly evolves (on the timescale of container lifetimes) to a linear
rate. This linear rate would be controlled by either the recrystallization
or the dissolution of the oxide film at the film/environment interface
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(Appendix A, Sections A.2.3 and A.2.4). To determine the rate of hydrogen
absorption, the corrosion rate must be multiplied by the fractional
efficiency for hydrogen absorption (f) under passive conditions.

For Ti-2, the passive film would act as a good transport barrier to
hydrogen absorption, and we have adopted an f value of 0.02 based on the
results of Okada (1983). For Ti-12, it is possible that the efficiency for
hydrogen absorption could be higher if the presence of nickel as T̂ Ni
particles or in the /J-phase in the alloy act as transport pathways that
bypass the transport barrier of the passive film. Consequently, we have
adopted a fractional efficiency (f) of 0.1. This value can be considered
conservative since it is the fractional efficiency measured for hydrogen
absorption under crevice corrosion conditions when no oxide exists to act
as a transport barrier (Shoesmith et al. 1994e). For Ti-16, ennoblement
due to the accumulation of Pd at the alloy/oxide interface should decrease
the film growth (corrosion) rate but could increase the efficiency of
hydrogen absorption. Since these two influences would offset each other,
we have taken the film growth rate for Ti-16 to be the same as that for
Ti-12, and the fractional efficiency to be between 0.02 and 0.1 with the
latter being a conservative upper limit. Appropriate general corrosion
rates and fractional efficiencies, based on the results of Mattsson and
Olefjord (1990) and Blackwood et al. (1988), are discussed in Appendix A
(Section A.2.7) and listed in Table A.I.

These rates and fractional efficiencies can now be used, along with a
knowledge of both the corrosion allowance remaining after crevice corrosion
has ceased and the hydrogen content of the material due to absorption
during crevice propagation, to predict container lifetimes. If failure
occurs as a consequence of wall penetration due to a combination of crevice
corrosion and uniform corrosion,

tp = tp + tuc

where tp is the period for which crevice corrosion propagates (see
Figure 12, Frame E), and t̂ c is the subsequent-period of uniform corrosion
required for the total wall penetration due to both processes to exceed the
corrosion allowance. If failure occurs by HIC once the hydrogen content of
the material exceeds HC, then

tF = tp + tĵ

where tĵ  is the period of uniform corrosion required (after crevice
repassivation) before the.total amount of absorbed hydrogen exceeds HC.
The route by which the container fails will be decided by which of the two
periods, tuc and tHA, is smaller.

At present, this calculation remains to be completed for Ti-2 since our
measurements of wall penetration by, and the amount of hydrogen absorbed
during, crevice propagation are still in progress. For Ti-12 and Ti-16,
however, predictions of expected container lifetimes can be made. For
Ti-12, the maximum value of PW due to crevice propagation is conservatively
estimated to be -1.3 mm (-0.2 to 0.3 mm greater than the maximum measured
in our experiments) leaving a residual corrosion allowance of -3 mm. Since
penetration of Ti-12 by crevice corrosion is localized, the total extent of
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damage due to crevice propagation is not large. Consequently, the amount
of hydrogen absorbed prior to crevice repassivation will be small compared
to Hc and little error is introduced by ignoring it. Thus, only the rate
of hydrogen absorption during uniform corrosion affects the time to reach
HC. For Ti-16, the extent of crevice propagation is negligible (i.e., tp
-> 0) and the full corrosion allowance of 4.2 mm is available for general
corrosion. Details of the procedure used to calculate corrosion rates and
rates of hydrogen absorption are given in Section A.2.7 in Appendix A.

The predictions listed in Table 2 show that container lifetimes in excess
of 10s a can be expected for both Ti-12 and Ti-16. The one reaction
pathway that could lead to lifetimes <105 a is uniform corrosion controlled
by a significant dissolution rate of the TiU2 film in the surrounding
environment. Using a film dissolution rate of 31.5 nm-a"1, estimated by
extrapolation of the data of Blackwood et al. (1988) (recorded for pH f 2),
yielded a minimum lifetime prediction of 2 x 104 a for Ti-12. For Ti-16,
enrichment of Pd at the metal/oxide interface should prevent extensive
dissolution (Armstrong et al. 1973). Even for Ti-12, steady-state
dissolution is unlikely to continue indefinitely in the presence of natural
groundwaters. The presence of species such as Ca2+, Mg2+, A13+ ind
dissolved silica would be expected to lead to the formation of insoluble
titanates and aluminosilicates that would significantly inhibit dissolution
in the longer term. Surface analytical evidence exists to show that
calcium-, aluminum- and oxygen-containing mineral films do form at titanium
alloy surfaces exposed to natural groundwaters (Appendix A, Section A.2.1).

For all the reaction pathways outlined above, container failure is
predicted to occur by HIC, since the amount of absorbed hydrogen is
calculated to exceed HC before P̂  exceeds the available corrosion allowance
as a result of either uniform corrosion (Ti-16) or crevice plus uniform
corrosion (Ti-12). Our calculation of the rate of hydrogen absorption is
conservative, since no credit is taken for the ability of the passive film
to act as a transport barrier. This is implicit in our use of a fractional
efficiency (f) of 0.1 for hydrogen absorption, a value obtained under
acidic crevice corrosion conditions when no oxide film is present. If
credit for the oxide film is taken, a value of fo.02 appears more
appropriate. If this value were to be adopted, predicted lifetimes would
increase by a factor of -5. If it is assumed that uniform corrosion
involves film growth and recrystallization unaccompanied by film
dissolution and hydrogen absorption, then predicted container lifetimes
should exceed 10 a. This would be true even for Ti-2 which had undergone
significant crevice propagation (i.e., to a depth equivalent to about half
of the corrosion allowance (2.1 mm)).

These predictions of minimum container lifetimes are summarized, on a plot
showing the evolution of container temperatures and vault redox conditions
for the three feasible reaction scenarios, in Figure 14. These three
scenarios are

(1) film growth, recrystallization and dissolution accompanied by
hydrogen absorption leading to failure by HIC;

(2) film growth and recrystallization accompanied by hydrogen
absorption leading to failure by HIC; and



TABLE 2

PREDICTED CONTAINER LIFETIMES AND VALUES OF MODELING PARAMETERS
FOR THE IMPROVED TITANIUM CONTAINER FAILURE MODEL

Material

Ti-12

Ti-16

Film Growth
Rate
(nm-a"1)

0.44
4.1
0.4
31.5

0.44
1.4
0.4

Available *a'
Uniform
Corrosion
Allowance

(mm)

3.0
3.0
3.0
3.0

4.3
4.3
4.3

Fractional
Efficiency (f)
of Hydrogen
Absorption

0.1
0.1
0.1
0.1

0.1
0.1
0.1

Mode(b)

of
Corrosion

1
1
2
2

1
1
2

Failure
Mode

HIC<C>
HIC
HIC
HIC

HIC
HIC
HIC

Predicted
Container
Lifetime

(a)

1.4 x 106

1.5 x 105

1.6 x 106

2.0 x 104

1.4 x 106

4.5 x 105

1.6 x 106

(a) For Ti-12, 1.3 mm of the originally available corrosion allowance lost by crevice
corrosion.

(b) (1) Film growth accompanied by film recrystallization;
(2) Film growth offset by film dissolution.

(c) HIC - Hydrogen-induced cracking.

in

I
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(3) crevice corrosion to a maximum depth equal to half the corrosion
allowance followed by uniform corrosion without significant
hydrogen absorption, leading to failure by corrosion penetration
of the container wall.

The vertical lines indicate the calculated lifetimes from Table 2 and the
horizontal arrows (which are of arbitrary length) are meant to indicate
these predictions represent minimum lifetimes. For comparison, line 4 in
Figure 14 shows the range of container lifetimes predicted by our published
conservative model (Johnson et al. 1994a). The major advantage to be
gained by limiting or eliminating crevice propagation by the selection of
Ti-12 or Ti-16 is clear. While scenario 1 can be considered pessimistic,
since steady-state film dissolution is unlikely, scenario 3, in which it is
assumed no further hydrogen absorption will occur once crevices have
repassivated, is optimistic considering the limited information available.
For Ti-12 and Ti-16, scenario 2, in which hydrogen absorption due to
uniform corrosion is assumed to occur, can be considered the most likely
claim. According to our definition (Section 2), container lifetimes of
>10 a constitute indefinite containment. The assumptions on which this
model is based are summarized in Table 3.

6.4 PREDICTING LIFETIMES OF COPPER CONTAINERS

Two failure models have been developed for copper containers. In both
models, uniform corrosion and pitting are the corrosion processes
considered to lead to container failure. Uniform corrosion can be modeled
deterministically because the mechanism and rate-determining step(s) of the
reaction can be specified. Because pitting is a stochastic process,
however, it is best modeled using statistical analysis of a large empirical
database.

First, we discuss the mechanistic and mathematical basis of the earlier
model and the range of predicted container lifetimes obtained from a
sensitivity analysis. Then the more recent model is described and an
estimate of container lifetimes given. The assumptions made for each model
are listed here and discussed in detail in Appendix B.

6.4.1 Copper Container Failure Model for Oxidizing Conditions

The mechanistic basis for the original failure model is illustrated in
Figure 15 (King and LeNeveu 1992, King et al. 1994a). This figure, based
on the results of corrosion experiments in compacted buffer material (King
et al. 1992b,c; Litke et al. 1992), summarizes the extent of our
understanding of the chemical reactions involved in the uniform corrosion
of copper at the time the model was developed. Pitting was accounted for
in the original model by an extreme-value statistical analysis of
literature pit-depth data (King and LeNeveu 1992).

Experimental evidence suggested that the rate-controlling process, among
those illustrated in Figure 15 was the diffusion of dissolved copper away
from the copper surface through the compacted buffer (King et al. 1992b,c;
Litke et al. 1992). Under aerated conditions, Cu(II) was found to be the
predominant oxidation state of the corrosion product, and the copper
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TABLE 3

SUMMARY OF ASSUMPTIONS FOR IMPROVED CONTAINER FAILURE MODEL

1. Between 1 in 10 and 1 in 10 containers will be emplaced with
undetected manufacturing defects and will fail quickly.

2. Crevice corrosion on Ti-16 is insignificant, and on Ti-12 is limited to
a maximum penetration depth of -1.3 mm.

3. Since the extent of crevice propagation is limited on Ti-12 and
insignificant on Ti-16, the amount of hydrogen absorbed during crevice
propagation will be insignificant compared with HC (-500 /Jg-g"

1), the
amount required for HIC to be possible.

4. In the absence of crevice corrosion, or when crevices have
repassivated, film growth, under uniform corrosion conditions, will not
lead to the development of a limiting passive oxide thickness, but will
become linear in rate due to oxide dissolution of recrystallization.

5. The uniform corrosion rate data of Mattsson and Olefjord (1990) and
Mattsson et al. (1990) recorded in groundwater-saturated bentonite at
90°C over a six-year exposure period are appropriate for Canadian waste
vault conditions.

6. Failure occurs when either the maximum depth of wall penetration
exceeds the design corrosion allowance or when the concentration of
absorbed hydrogen exceeds HC, whichever comes first.

7. The passive oxide present on the surface of the container will not
provide a transport barrier to hydrogen absorption. Hence, the
fractional efficiency of hydrogen absorption during uniform corrosion
will be the same as that measured during crevice corrosion when no
surface oxide is present.

8. The required stress intensity for HIC to occur once the hydrogen
content is >Hc will always be present.

9. Once HIC starts, failure is assumed to be instantaneous.

concentration profiles in the buffer material showed that the diffusion of
Cu(II) away from the copper surface was retarded by adsorption on the
Na-bentonite in the buffer material. Paradoxically, although adsorption
results in slower Cu(II) diffusion, it also results in higher rates of
corrosion because the removal of dissolved copper from solution by
adsorption drives the interfacial dissolution of copper metal. For
modeling purposes, the rate of container corrosion was assumed to be
determined at all times by the rate of Cu(II) diffusion, including the
effects of adsorption, away from the container surface. Furthermore, it
was conservatively assumed that the Û2 concentration is sufficiently high



- 18 -

that Cu(II) is always the major dissolution product and that 02 supply to
the container never becomes rate-limiting. Since our experiments were
performed under aerated conditions, their use in the model is equivalent to
assuming that aerated conditions are maintained indefinitely within the
disposal vault.

Calculation of the rate of copper diffusion, and hence of the rate of
corrosion, requires that the complex mass-transport régime of the
conceptual disposal vault be translated into a simplified mass-transport
problem that is computationally manageable. This was achieved by
describing the vault geometry as a one-dimensional (1-D), planar diffusion
problem (King and LeNeveu 1992, King et al. 1994a) similar to that
described in the vault model in the environmental impact statement (EIS)
(Johnson et al. 1994a). For the copper container failure model, two
diffusion layers were considered: the first layer was a 25-cm-thick layer
of buffer material, and the second was a semi-infinite layer of backfill or
rock. The conceptual vault design for the copper container failure model
also included a planar, hydraulically active fracture that intersected the
plane of the vault (Figure 16). The inclusion of this fracture in the
model represents a worst case, since the rates of mass transport of species
to and from the container are higher than if no fracture is present. For
those containers located in parts of the vault above the fracture, the
semi-infinite layer was taken to be rock, since the direction of
groundwater flow is towards the fracture. For containers below the
fracture, the semi-infinite layer was taken as the backfill rather than the
rock, since this resulted in the highest predicted corrosion rate (King et
al. 1994a). The mathematical expression for the interfacial flux of copper
for the 1-D, 2-layer diffusion model is given elsewhere, along with other
details of the analysis (King et al. 1994a). The applicability of this
model was demonstrated by comparing predicted corrosion rates with rates
derived from long-term experiments (King et al. 1992b) and from the
analysis of a bronze cannon that had been immersed in sea-bed sediments
(King et al. 1994a).

The maximum pit depth on a container as a function of time was calculated
using an extreme-value statistical analysis of literature pit-depth data
(King and LeNeveu 1992). Since the vault was assumed to be indefinitely
aerated for the calculation of the rate of uniform corrosion, we were
forced to assume that pitting was possible throughout the lifetime of the
containers, even though it is likely that pitting, if it occurred, would be
limited to the early, warm, oxidizing period in the evolution of the vault
environment (Appendix B). Because of the assumption of indefinite pitting,
we chose to statistically analyze pit-depth data from buried copper and
bronze objects and archaeological artefacts that had been exposed to
aerated conditions for very long periods (up to -3000 a) (King and LeNeveu
1992). From this analysis, the probability that the deepest pit on a
single container would exceed 9 mm within 10 a was calculated to be <10 .
This represents a probability of <10 that any of the -10 containers
within the disposal vault would be subject to a pit of this depth and,
consequently, 9 mm was adopted as the maximum pit depth after 106 a.
Maximum pit depths at shorter times were calculated in a similar manner.
Results of this analysis suggest that the rate of pit growth decreases
rapidly with time. Because of the nature of the extreme-value distribution
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function, the depth of the deepest pit is predicted not to increase much
after the first few years of exposure.

For the sensitivity analysis, a minimum container wall thickness of 25 mm
was assumed. The maximum wall penetration due to corrosion was taken as
the depth of uniform corrosion plus the depth of the deepest pit.
Following the definition of container failure illustrated in Figure 8, the
container was assumed to have failed if the uniform corrosion front
exceeded the corrosion allowance (taken as 16 mm for the 25-mm-thick copper
container, with the remaining 9 mm being taken as the minimum wall
thickness required for mechanical stability) or if the maximum penetration
due to uniform corrosion and pitting equalled the wall thickness of 25 mm.
Since the depth of the deepest pit should not exceed 9 mm within 10 a,
however, containers will fail within this period only if the uniform
corrosion front exceeds the corrosion allowance of 16 mm. The prediction
of container lifetimes up to 106 a, therefore, becomes a matter of
predicting the depth of uniform corrosion.

Figure 17 illustrates the maximum wall penetration as a function of time
derived from this model. The two curves illustrated represent the best
estimate of the depth of uniform corrosion (see below) and the sum of the
depth of uniform corrosion and maximum pit depth. In the example
illustrated, the container fails after 76 000 a when the uniform corrosion
front breaches the corrosion allowance. At this time, the maximum wall
penetration due to uniform corrosion and pitting has not exceeded the wall
thickness, and is not predicted to do so until -115 000 a. Figure 17 also
shows that the maximum pit depth after 1 a is almost as large as that after
104 a. This does not mean that the depth of any given pit, or the average
depth of a collection of pits, does not increase much after 1 a, only that
the maximum pit depth does not increase significantly with time. The
maximum pit depth of 9 mm, as defined above, would be attained after 106 a.

The input parameters used to calculate the wall penetration plotted in
Figure 17 were derived from the results of corrosion experiments in
compacted buffer material under aerated conditions at 100°C (King et al.
1992b,c, 1994a; Litke et al. 1992). As such, the predicted container
lifetimes represent a conservative estimate in view of the conservative
assumptions included in the model. Predicted container lifetimes were
found to be sensitive to the dissolved copper concentration at the
container/buffer interface (CQ), and the diffusion coefficients and
adsorption properties of the semi-infinite diffusion layer. A minimum
container lifetime of 31 000 a was predicted for the case of a high CQ when
backfill material was taken as the second layer. Lifetimes in excess of
10 a were predicted for low CQ or if low-porosity rock was taken as the
second layer (King and LeNeveu 1992, King et al. 1994a). These predictions
emphasize the importance or the mass-transport conditions in the vault and
geosphere in determining the corrosion rate of the containers.

The assumptions included in this failure model are listed in Table 4 and
discussed in detail in Appendix B.
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TABLE 4

ASSUMPTIONS FOR THE COPPER CONTAINER FAILURE MODEL

FOR OXIDIZING CONDITIONS

(i) Between 1 in 103 and 1 in 104 containers will be emplaced with
undetected manufacturing defects and will fail quickly.

(ii) Corrosion failures result from uniform corrosion or from a
combination of uniform corrosion and pitting only, and no other
localized corrosion processes occur.

(iii) The vault environment will be indefinitely aerated, resulting in
uniform corrosion under oxidizing conditions and indefinite pitting.

(iv) The rate of diffusion of Cu(II) away from the container surface
is the rate-limiting step for uniform corrosion, and can be
described by a 1-dimensional, 2-layer, planar diffusion geometry
with a constant interfacial copper concentration.

(v) The maximum pit depth can be calculated from an extreme-value
statistical analysis of available long-term pit-depth data.

(vi) The vault is immediately saturated upon closure.

(vii) There are no spatial or temporal temperature gradients within
the vault or geosphere, and a temperature of 100°C is assumed
to be maintained indefinitely.

(viii) Dissolved oxygen is the only source of oxidant, and no sulphide is
present in the vault or groundwater.

(ix) There is no detrimental effect of y-radiation.

(x) Precipitation of dissolved copper does not occur.

(xi) 25-mm-thick copper containers are assumed to fail if the uniform
corrosion front exceeds the corrosion allowance of 16 mm or if
the combined depth of uniform corrosion and the deepest pit
equals the minimum wall thickness of 25 mm .

6.4.2 Copper Container Failure Model for Evolving Vault Environments

In view of our improved understanding of the corrosion mechanism, we have
recently re-examined the conservative assumptions upon which the earlier
model is based and have developed an improved version that incorporates the
evolution of redox conditions within the vault.
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Figure 18 illustrates a more detailed mechanism for the corrosion behaviour
of copper in compacted buffer material. Comparison of Figures 15 and 18
shows that significant advances have been made in the understanding of the
interfacial and mass-transport processes involved in the copper dissolution
reaction. In addition, although not shown in Figure 18, we now have a
detailed understanding of the mechanism of the interfacial reduction of
oxygen. A more extensive discussion of the reactions illustrated in
Figure 18 is given in Appendix B.

In terms of the failure model, the most significant improvement is that we
can now account for the effects of the consumption of oxygen, which results
in the evolution of the vault redox conditions from initially aerated to
nearly anoxic in the long term (King et al. 1994b) (Figure 3). This
evolution of redox conditions affects the mechanism of uniform corrosion
and the extent of pitting of copper, which are assumed to be the only two
corrosion processes that would lead to container failure. For uniform
corrosion, the evolution of redox conditions means that the dominant copper
speciation would change from Cu(II) in the early, aerated phase to Cu(I) in
the long-term, anoxic period. For pitting, it is now possible to limit the
period over which pitting would be possible, because in the long-term,
anoxic period there would be insufficient oxidant available to sustain pit
propagation.

A discussion of uniform corrosion is given in Appendix B. Here, we discuss
those specific aspects of the overall corrosion process that define the
form of the improved model:

(a) From corrosion potential (ECQRR) measurements in compacted clay
and from copper dissolution studies in C1~/SO^~ mixtures using a
rotating split-ring disc electrode (King et al. 1995), it is
evident that copper dissolves as Cu(I) in chloride solutions,
stabilized as CuCl^, even in aerated solution. Cupric species
are formed subsequently by the oxidation of Cu+ (and possibly
CuCl°) by O2 (Sharma and Millero 1988a,b,c). The dissolution
valency is determined by ECQRR, not by the redox potential (En) .
The proportions of Cu(I) and Cu(II) are determined by the
relative rates of the oxidation and diffusion of Cu(I) and cannot
be predicted by thermodynamic considerations.

(b) The more detailed understanding of the interfacial processes
involved in oxygen reduction and copper dissolution allows us to
predict not only the corrosion rate, but also the corrosion
potential. The variation of ECQRR with time, temperature, [02],
[Cl~], etc., provides an indication of the progression of the
corrosion process and can be related to the susceptibility to
localized corrosion by comparison of ECORR with breakdown and
repassivation potentials.

(c) Precipitation of copper-containing corrosion products (Ĉ O, CuO,
Cu2Cl(OH)2) at the container surface is now included in the
model. This is important since any model involving mass-
transport processes should consider processes such as
precipitation and adsorption that can affect the movement of
diffusing species. Precipitates may also form occluded regions
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on the surface, in which localized corrosion could occur. The
period for which these precipitates endure can be related to the
length of time over which pitting- is possible.

(d) We are now able to avoid the limitation of assuming a single
rate-determining step. The mathematical model being developed
will take into account changes in the rate-controlling step as
environmental and interfacial conditions evolve.

(e) Improved knowledge of the dependence of rates of individual
reactions on parameters such as temperature and [Cl~] has
introduced flexibility and made the model adaptable to a wider
range of possible vault environments.

There are also significant improvements in the new model for the treatment
of pitting (King et al. 1994b). The prediction of the maximum pit depth
will be calculated using the same extreme-value statistical analysis used
in our previous model (King and LeNeveu 1992), but the analysis will be
performed only for a limited time period. The pitting period will be
estimated by calculating the time over which both Cu(I) and Cu(II) species
are present at the container surface. Lucey's (1967) mechanism for Type 1
pitting of copper requires the coexistence of both Cu(I) and Cu(II)
species, and in the absence of sufficient O2 to oxidize Cu(I) to Cu(II),
pitting via this mechanism should not occur. For comparison, the period of
pitting will also be estimated by comparing the time-dependent ECORR
calculated from the uniform corrosion model, with the pitting or
repassivation potential for copper measured by various workers (Sridhar and
Cragnolino 1993, Drogowska et al. 1992).

Modeling of the corrosion mechanism illustrated in Figure 18 is in
progress. To date, we have performed a series of bounding calculations
that are sufficient to demonstrate that, in a sealed disposal vault, the
lifetimes of 25-mm-thick copper containers would be in excess of 10 a
(King et al. 1994b). By sealed disposal vault, we mean a vault in which
the only available oxidants are oxygen initially trapped in the porous
buffer and backfill materials, oxidizing species produced by y-radiolysis,
and, in the long term, oxygen that diffuses into the vault from the
groundwater in the surrounding rock. In these calculations, the evolution
of the vault environment as depicted in Figure 3 was considered and the two
distinct periods of corrosion behaviour summarized in Figure 7 were
incorporated, i.e., an initial, warm, oxidizing period during which uniform
corrosion and pitting occurred, and a long-term, cool, anoxic period during
which only uniform corrosion was considered.

The extent of uniform corrosion during the warm, oxidizing period was
equated to the quantity of oxygen trapped in the pores of the buffer and
backfill material when the vault is sealed. This quantity of oxygen was
assumed to cause the corrosion of copper as Cu(I) (this is a conservative
assumption, since dissolved Cu(I) is likely to be subsequently oxidized to
Cu(II) by C>2 during this period), and was taken to be evenly distributed
over the surface of the container. Using this analysis for the container
borehole-emplacement configuration described in the EIS (Johnson et al.
1994a), the depth of corrosion was calculated to be 0.23 mm. Fitting was
assumed to last for 1000 a, a period substantially longer than the duration
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of warm, oxidizing conditions (Figure 3) (Johnson et al. 1994a, King et al.
1994b), and was modeled using the same extreme-value analysis technique
applied previously (King and LeNeveu ll.'S,.'!, King et al. ISS'Sb). The
probability that the deepest pit on a single container will exceed 5 mm in
1000 a is <10~^ , i.e., <10 for any of the -10^ containers in the vault.
Therefore, a. maximum pit depth of 5 mm is added to the depth of uniform
corrosion, for a maximum penetration of 5.23 mm during the initial
oxidizing phase.

From an original uniform corrosion allowance of 16 mm, therefore, 15.77 mm
remains as the residual allowance for uniform corrosion during the cool,
anoxic period. The source of oxidant for the subsequent cool, anoxic phase
was assumed to be the maximum groundwater dissolved oxygen concentration of
10 ng-g . Using a mixed-potential model, described in Appendix B, to
calculate ECORR and the corrosion rate, the depth of uniform corrosion over
a 10^-a period was predicted to be a further 0.02 mm (King et al. 1994b).
These very low corrosion rates during the cool, anoxic period are a
consequence of the low [02] in the groundwater and its slow transport
through the buffer material surrounding the container (King et al. 1994b).
In total, therefore, the maximum wall penetration over 106 a is 5.25 mm of
the 25-mm wall thickness and the depth of uniform corrosion is 0.25 mm of
the 16-mm corrosion allowance.

Figure 19 illustrates the corrosion penetration predictions described above
for the case of evolving redox conditions within the vault. The two
curves, one representing the uniform corrosion penetration the other the
combined uniform corrosion plus pitting penetration, become parallel after
1000 a once pitting has stopped. (In Figure 19 we have arbitrarily assumed
the penetration of the uniform corrosion front is proportional to log t,
with penetrations of 0.23 mm and 0.25 mm after 10 and 10 a respectively.)
In contrast to the earlier model, our improved model predicts that no
containers (with a wall thickness of 25 mm) will fail due to corrosion in
less than 10 a (cf. Figures 17 and 19). Consequently, if it can be shown
that copper containers will remain unbreached indefinitely under these
conditions, the safety of the whole disposal concept could be assured by
their use. In addition, the predictions illustrated in Figure 19 could
form the basis for the optimization of the design of copper containers,
since it is apparent that a thinner wall could be used whilst still
maintaining a corrosion lifetime in excess of 10 a.

More detailed modeling using finite-difference techniques is in progress,
as described in detail in Appendix B. The purpose of the modeling is to
predict the following: ECQRR an<^ *-ne corrosion rate as a function of time;
the time period over which Cu(II) precipitates form; and the length of time
required for the precipitates to dissolve once cool, anoxic conditions have
been established in the vault. The depth of uniform corrosion is obviously
determined by integrating the time-dependent expression for the corrosion
rate. The period over which pitting is possible will be equated to the
time for which Cu(II) precipitates are present on the container surface, in
line with Lucey's (1967) model. The extent of pitting will then be
calculated using the extreme-value statistical technique described earlier
(King and LeNeveu 1992). In addition, calculation of EcoRR' as weH as

giving an indication of the progression of the corrosion behaviour with
time, will provide a second estimate of the pitting period, since pitting
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is only likely if EQQJ^ exceeds a threshold repassivation potential (see
Appendix B).

Inevitably, comparisons are made between the Canadian and Swedish concepts
for the disposal of used nuclear fuel in copper containers. The concepts
are similar in that they both involve placing the containers in a compacted
Na-bentonite-based buffer material in vaults deep underground in stable
granitic rock (Werme et al. 1992). In both cases, uniform corrosion and
pitting are assumed to be the two corrosion processes that may lead to
container failure, and the containers are predicted to remain unbreached
for periods in excess of 106 a. There is, however, a significant
difference between the two concepts in terms of the chemical environment in
the vault and the impact that this has on the progression of the corrosion
reactions and how these reactions are modeled. Unlike deep groundwaters at
the Underground Research Laboratory site in Canada, typical Swedish
groundwaters contain sulphide (Werme et al. 1992). In the presence of
sulphide, water is an oxidant for copper. The uniform corrosion rate of a
copper container in a Swedish vault, therefore, can be predicted by
estimating the possible sources of sulphide in the vault and surrounding
geosphere and calculating the rate at which sulphide reaches the container
surface, since this rate represents the maximum rate of container
corrosion. Reducing conditions are assurcad to be established within the
vault soon after closure and, apart from the decrease in container
temperature with time, the corrosive environment around the containers
remains unchanged. Recent calculations on the consumption of 0% by
reaction with pyrite (present in the Wyoming bentonite to be used in a
Swedish vault) suggest that anoxic conditions would be established in a
Swedish vault within 7 to 290 a after the vault is closed (Wersin et al.
1994) .

In contrast to the reducing conditions in a Swedish disposal vault, the
redox conditions within a Canadian disposal vault are expected to be more
oxidizing and to evolve with time, gradually becoming less oxidizing as the
initially trapped oxygen is consumed. In a Canadian vault, dissolved
oxygen would be the major oxidant, although minor amounts of oxidizing
radiolysis products would also be produced. Redox reactions involving
Cu(I), Cu(II), Fe(II) and Fe(III), as well as O2 would be important in
determining the nature of the corrosion reaction. Since the amount and
relative proportions of these species would change with time, it would be
inappropriate for us to calculate the rate of corrosion based on the rate
of a single rate-determining step as in the Swedish model, even though this
was the basis of our earlier conservative failure model described in
Section 6.4.1 for which aerated conditions were assumed to persist
indefinitely.

The treatment of pitting is also different in the two models. Pitting is
possible under Swedish disposal conditions because the formation of copper
sulphide corrosion products may lead to passivation of the container.
Since sulphide is considered to be present indefinitely, pitting must also
be considered at all times. In our improved model, however, pitting is
only of concern during the early warm, oxidizing period when sufficient
oxidant is available to support the process (Figure 3). Since the
prediction of the extent of localized corrosion processes is more difficult



- 25 -

than that for uniform corrosion, there is a distinct advantage in being
able to limit the time period of concern.

The assumptions underlying this improved container failure model are listed
in Table 5 and discussed in more detail in Appendix B.

TABLE 5

ASSUMPTIONS FOR THE COPPER CONTAINER FAILURE
MODEL FOR EVOLVING REDOX CONDITIONS

(i) Between 1 in 10 and 1 in 10 containers will be emplaced with
undetected manufacturing defects and will fail quickly.

(ii) Corrosion failures result from uniform corrosion and pitting
only, and no other localized corrosion processes occur.

(iii) When the vault is sealed, the amount of oxygen available for
container corrosion is limited to that trapped initially in the
pores of the buffer and backfill material and that which
diffuses to the container from the groundwater, which is assumed
to contain 10 ng-g dissolved C>2 (the analytical limit for
detection of C>2 ̂ n groundwater) .

(iv) The mechanism of uniform corrosion is described by the reactions
illustrated in Figure 18.

(v) Pitting is possible only whilst Cu(II) species are present at the
container surface, and the maximum pit depth can be predicted
using an extreme-value statistical analysis of literature
pit-depth data.

(vi) The vault is immediately saturated upon closure.

(vii) There are no spatial or temporal temperature gradients around
the container.

(viii) Dissolved oxygen is the only source of oxidant and no sulphide
is present in the vault or groundwater.

(ix) There is no detrimental effect of y-radiation.

(x) Precipitation of dissolved copper may occur.

(xi) Failure is assumed to occur when the uniform corrosion front
exceeds the corrosion allowance of 16 mm or when the coirbined
depth of uniform corrosion and the deepest pit equals the
minimum wall thickness of 25 mm.
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7. CONCLUSIONS

The containers represent the only absolute barrier to the migration of
radionuclides to the biosphere. As such, it is important to understand the
corrosion behaviour of the container materials and to be able to predict
their lifetimes. The expected corrosion behaviour of the two classes of
material considered in the Canadian Nuclear Fuel Waste Management Program
(dilute titanium alloys, Ti-2, Ti-12 and Ti -16, and oxygen-free copper)
has been presented for conditions expected in a Canadian disposal vault.
Two of those conditions, the decrease in temperature with time and the
limited amount of available oxidant, have significant impacts on the nature
and extent of corrosion of the two materials and on the predicted container
lifetimes.

For titanium alloys, crevice corrosion and hydrogen-induced cracking (HIC)
are the two corrosion processes thought most likely to occur during the
initial period in the evolution of the vault environment. For Ti-2, the
extent of crevice corrosion would be limited by the evolution of
environmental conditions, as repassivation would likely occur as
temperatures cool and as the oxygen concentration decreases. Ti-12 and
Ti-16 are more crevice-corrosion resistant and repassivation of these
materials would occur more readily than for Ti-2. Since most of the
hydrogen would be absorbed in the actively corroding crevice, the extent of
hydrogen absorption, and, hence, the possibility of HIC, is linked to the
extent of crevice corrosion. If the containers survive the initial period
of rapid crevice propagation and hydrogen absorption, then the containers
would be subject to slow uniform corrosion and hydrogen absorption under
passive conditions. At present, insufficient data are available to predict
the lifetimes of Ti-2 containers under evolving redox conditions. For
Ti-12 and Ti-16, lifetimes >10 a are predicted.

For copper, uniform corrosion and pitting are the only two corrosion
processes likely to causa container failure. The extent of uniform
corrosion would be determined by the limited amount of available oxidant
within a sealed disposal vault and by the slow rate of mass transport of
species to and from the container surface through the compacted buffer
material. Pitting would only occur during the initial oxidizing period
when sufficient oxidants would be available to support pit propagation.
The uniform corrosion of copper has been modeled deterministically, based
on a detailed mechanism of the corrosion process. The extent of pitting
attack has been estimated on the basis of a statistical analysis of
literature pit-depth data. Under evolving redox conditions, a copper
container would be subject to a maximum wall penetration of -5.3 mm over a
period of 106 a, as a consequence of uniform corrosion and pitting.
Consequently, 25-mm-thick copper containers would remain unbreached
indefinitely in a conceptual Canadian disposal vault.

Long lifetimes for containers manufactured from either dilute titanium
alloys or oxygen-free copper are achievable under Canadian disposal
conditions. For both materials, lifetimes >10 a, corresponding to the
period of above ambient temperature within the vault, are attainable. For
copper, lifetimes >106 a can be justified. Consequently, the safety of the



- 27 -

entire disposal concept can be largely ensured by just one of the
engineered barriers - the container.
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FIGURE 12: The Steps Involved in Determining the Depth of Wall Penetration
Due to Crevice Propagation as Vault Conditions Evolve from Warm
and Oxidizing to Cool and Non-oxidizing. (A) crevice
propagation rate (Rcc) as a function of temperature (T);
(B) crevice propagation rate as a function of oxygen
concentration ([O21); (C) evolution of oxygen concentration and
container surface temperature within the vault; (D) flux of
oxygen (JQ ) to t^ie container surface as a function of time;
(E) predicted evolution of crevice propagation rate up to the
time of repassivation (t ); (F) total extent of crevice
corrosion damage expressed as the total amount of oxygen
consumed (Q); (G) experimentally determined damage function
relating the depth of wall penetration (Pw) to the amount of
oxygen consumed; (H) predicted maximum depth of wall

penetration ((%)MAX̂  up to the time of repassivation (tp).
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Cu(D)

FIGURE 15 : Simplified Mechanism for the Corrosion of Copper in Compacted
Buffer Material. This mechanism served as the basis for the
copper container failure model under oxidizing conditions, with
the Cu(II)-transport step as rate determining (rds).
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FIGURE 16: Schematic Illustrating the Conceptual Vault Layout for the
Copper Container Failure Model Under Oxidizing Conditions. The
containers, buffer and backfill materials and rock are
approximated by layers to simplify the calculation of mass-
transport rates. A fracture is assumed to intersect the vault
with the predominant flow direction being towards the fracture.
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A.I REASSESSMENT OF THE CREVICE CORROSION OF TITANIUM ALLOYS

In developing our original model to predict the lifetimes of titanium waste
containers (Johnson et al. 1994, Shoesmith et al. 1994a,b) the conservative
assumptions listed in Table 1 were included to cover the gaps in our
understanding of the crevice corrosion process and the absence of reliable
values for essential modeling parameters. Here, we present our improved
understanding of the crevice corrosion process in the light of recent
results and re-evaluate the need for these assumptions, since assumption
(i) (Table 1) is not directly related to the container corrosion process it
is retained without revision.

A.1.1 INITIATION OF CREVICE CORROSION

The assumption ((ii) (Table 1) ) that crevice corrosion will initiate on all
containers has always been recognized as very conservative, since crevice
corrosion has never been observed in immersion tests performed under
simulated vault conditions, i.e., in groundwater-saturated compacted buffer
(Johnson et al. 1994).

According to the susceptibility diagram determined by Kido and Tsujikawa
(1989), crevice corrosion of Ti-£ should not be observed in the Canadian
reference groundwater for temperatures below 100°C, a temperature greater
than that of the hottest container in the vault (Figure 2, main text) .
This diagram was determined using a potentiostatic technique in which
initiation was forced to occur at positive potentials. Subsequently, the
potential was stepped in small decrements to more negative values until the
current for propagation could no longer be sustained. On the basis of
these results we would claim that crevice corrosion of Ti-2 should never
propagate under Canadian waste vault conditions.

A similar conclusion could be drawn if the susceptibility results of Schutz
and Thomas (1987) are used to determine the possibility that the initiation
of crevice corrosion would occur under vault conditions. More
conservatively, Schutz and Thomas claimed that crevice corrosion will not
occur below a. temperature of 70°C, regardless of chloride concentration.
Unfortunately, the temperature of the great majority of containers in the
vault would exceed this value, at least for some fraction of the early warm
oxidizing period (Figure 3, main text), making it difficult to claim
immunity to initiation.

Early fluctuations in groundwater composition due to contact with buffer
material offer no grounds for relaxing this assumption. According to
Lemire and Garisto (1989), contact of groundwater with clay would lead to
early enhancement of the concentrations of dissolved sulphate and fluoride
to -0.1 mol-kg"1 and -10~3 mol-kg"1 respectively. While sulphate is
unlikely to be an influence, enhanced fluoride concentrations would
increase the probability of initiation. The disadvantages of an enhanced
fluoride concentration should be offset by enhanced carbonate
concentrations, which would buffer the pH and hinder the development of the
local acidity essential for crevice corrosion to propagate.

This table and its assumptions can be found on Page 9 of the main text.



- 53 -

If it is assumed that saturation of the environment around the container is
required for crevice corrosion to initiate and propagate, then its onset
could be delayed by the slow resaturation of the vault. It has been
estimated that such a process could take from <100 a. to >1000 a (Andrews et
al. 1986, Pusch et al. 1985). A reasonable assumption would be that
initiation events would be distributed over the period required for
saturation to occur. If >1000 a were required for this process, then such
an assumption would exert a significant effect on predicted container
lifetimes. However, if saturation required -100 a, then distributing
initiation times over this period would exert little influence on predicted
container lifetimes if propagation is subsequently assumed to continue
indefinitely without repassivation. Unfortunately, the saturation process
is not sufficiently well understood to allow this saturation period to be
defined with certainty. Consequently, we have retained the assumption that
the initiation of crevice corrosion would occur rapidly on all containers.

A.1.2 DEPENDENCE OF CREVICE PROPAGATION RATE ON TEMPERATURE AND OXYGEN
CONCENTRATION

The effect of temperature on the rate of crevice propagation is included in
our published model (Johnson et al. 1994) and has been discussed in detail
elsewhere (Ikeda et al. 1990b, 1994b). Here we address only the dependence
of propagation rate on oxygen concentration (assumption (iii), Table 1).

The assumption that the supply of oxygen will be sufficient tb maintain
crevice propagation, without repassivation, for the lifetime of the
container is clearly incompatible with the evolution, of the vault
environment depicted in Figure 3 of the main text. The propagation rate
will decrease as the oxygen concentration decreases and, for a sufficiently
low value, repassivation is expected.

In our published model the propagation rate (10 /ym-a at 100°C) was
obtained from weight change measurements on creviced specimens exposed to
5.9 wt.% NaCl at 100°C for 3 months in the presence of a gamma radiation
field of 4.2 ± 0.2 Gyh"1 (Johnson et al. 1994). From the results of
electrochemical experiments relating weight changes to the total amount of
oxygen consumed (Ikeda et al. 1991), it is possible to estimate the amount
of oxygen consumed to produce the weight changes observed in these tests,
and, hence, to calculate that a rate of 10 //m-a is the propagation rate
expected in the presence of a constant oxygen concentration of -30 ng-g .
By assuming this rate remained constant over the lifetime of the container,
the model underestimates the depth of wall penetration at short times when
aerated conditions exist ([02] -6-8 /Jg-g ), but overestimates the rate at
longer times when O2 concentrations will have been reduced to <10 ng-g"

1,
the detection limit for dissolved oxygen concentration in deep groundwaters
in the Canadian Shield.

Using our galvanic-coupling technique we have demonstrated that the rate of
propagation is approximately proportional to the square root of oxygen
concentration, and that crevices repassivate at sufficiently low oxygen
concentrations (-380 ng-g"1) (Ikeda et al. 1994b). Also, once
repassivation has occurr*;:!. reinitiation is not observed when the
experimental environment is reaerated (Shoesmith et al. 1992a). Using
these results we can relax assumption (iii), i.e., that there will always
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be sufficient oxygen available for crevice propagation to continue
indefinitely, and develop an expression for the crevice propagation rate
that includes a dependence on oxygen concentration and its decrease with
time in the vault. The rate of crevice propagation (Rĉ ) will be
determined by the temperature and the concentration of oxygon at the
container wall surface. In Figure A-l, RCC is shown to be a function of
material microstructure as well, in anticipation of our results on
different titanium alloys (Section A.1.4, below). The total amount of
crevice corrosion damage (W) can be calculated by the integration of this
rate up to the time when repassivation occurs. Beyond the time of
repassivation (tp), no further wall penetration by crevice corrosion will
occur at this site. The problem of converting corrosion damage to a
maximum depth of wall penetration is dealt with below (Section A.1.3).

The concentration of oxygen available at the container wall surface to
support crevice propagation will decrease with time due to two effects:

(i) the general decrease in oxygen concentration in the vault due to
its consumption by reaction with oxidizable minerals. This
concentration is expressed by the curve in Figure 3 of the main
text;

(ii) local exhaustion of oxygen at the crevice site due to its
consumption by corrosion and slow replenishment by transport in
the compacted, low-permeability buffer surrounding the container.

All our experiments to determine the rates of crevice propagation have been
conducted in aqueous solutions in which the diffusional flux of oxygen to
the supporting cathodic surface was *10 times faster than in compacted
buffer. In fact, the differences in the fluxes is likely to be even
greater since the flux in our experiments was aided by convection in hot
solutions (*100°C). Hence, crevice propagation rates, which could be high
immediately after initiation, will decrease rapidly as rate control by
oxygen transport is established. This would shorten substantially the
period for which crevice corrosion can propagate, since repassivation could
be quickly induced. It remains to be demonstrated either experimentally,
or by the construction of a model for (̂  transport, that this will occur.

A.1.3 A DAMAGE FUNCTION FOR CREVICE CORROSION

Previously, when we assumed that oxidizing conditions endured indefinitely,
we used an average penetration front based on weight change measurements to
calculate container lifetimes (Johnson et al. 1994). Failure by crevice
corrosion was then deemed to have occurred when this average front exceeded
the corrosion allowance (assumption (v)). This definition of failure was
discussed in more detail in Section 6.1 of the main text (see Figure 8 in
the main body of the text). This procedure averages the penetration rate
over the lifetime of the container and is acceptable in a model that
underestimates the penetration rate at short times but overestimates the
depth of penetration at longer times by ignoring repassivation. However,
this procedure could seriously underestimate the depth of wall penetration
if propagation was occurring only over a limited early period.
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Within a crevice-corroded area there is a distribution of penetration depths
(Ikeda et al. 1994b, Quinn et al. 1993). If we are to conservatively assess
the extent of damage caused during this period of crevice propagation, then
the maximum depth of wall penetration must be determined. From this maximum
depth we can then determine the residual wall thickness available to
maintain container integrity after crevice repassivation has occurred.

The distribution of penetration depths on the crevice-corroded surface is an
indication that the rate of propagation varies from site to site within the
creviced area. The extent of corrosion as a function of its depth of
penetration into the surface is a measure of the total amount of corrosion
damage caused by the consumption of a specific amount of oxygen (Q), leading
to a. specific amount of metal loss (W). Consequently, it is easier to
correlate the maximum penetration depth to the total extent of propagation
(Q or W) than to the actual propagation rate since a site-specific
propagation rate would be very difficult to measure. Figure A-2 shows
maximum penetration depths due to crevice propagation, plotted as a function
of Q, the total amount of oxygen consumed (expressed as a charge in
coulombs). This charge was obtained by integration of the current measured
as a function of time in galvanic-coupling experiments (Ikeda et al. 1994b).
The advantage of using Q as a measure of corrosion damage is that this
parameter can be obtained by integration of the propagation rate as a
function of time and related to the flux of oxygen to the container from a
model for oxygen transport in the vault (Section A.1.2, above).

A.1.4 CHOICE OF MATERIAL (Assumption (iii))

It is not a general practice in corrosion science to rely on the notoriously
unpredictable initiation event as an indication of a material's
susceptibility to localized corrosion. More commonly, initiation is induced
(often electrochemically) and the susceptibility is subsequently determined
from parameters that indicate the conditions for which the propagation
reaction can, or cannot, occur. Our choice of a coarse-grained Ti-2 with a
low iron content as a reference material (assumption (iv), Table 1)
guaranteed that, in our experiments, initiation occurred and that crevice
propagation was extensive (Ikeda et al. 1990a). We have now studied a
wider range of Ti-2 materials as well as the alloys Ti-12 and Ti-16. The
ASTM standard compositions for these materials are given in Table A-l.

Figure A-3 shows crevice currents (Ic) and crevice potentials (Ec) measured,
using our galvanic coupling experiment (Ikeda et al. 1989), on two specimens
of Ti-2, Ti-12 and Ti-16. It is clear that the rate (proportional to Ic)
and the extent (given by the area under the Ic-time curve) of crevice
propagation decrease by many orders of magnitude from Ti-2 to Ti-12 and
Ti-16. The distinctly different behaviours observed for the two Ti-2
materials reflect the diverse properties of materials that differ in the
amount and distribution of impurities (Ikeda et al. 1994a). Very large
currents are accompanied by more negative potentials and are indicative of
fully activated, rapidly propagating crevices. Small currents accompanied
by more positive potentials are observed when propagation is limited, and
are indicative of partially activated crevices capable of repassivation even
in the presence of substantial concentrations of oxygen.
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TABLE A-l

NOMINAL COMPOSITIONS FOR TITANIUM ALLOYS*

CONSIDERED AS CANDIDATE CONTAINER MATERIALS

Alloy Type

ASTM
ASTM
ASTM
ASTM

Gr-2
Gr-12
Gr-7
GR-16

Fe
wt.%

0.3
0.3
0.3
0.3

C
wt.%

0.1
0.1
0.1
0.1

O
wt.%

0.25
0.25
0.25
0.25

N
wt

0.
0.
0.
0.

.%

03
03
03
03

H
wt.%

0.01
0.01
0.01
0.01

Ni
wt.%

0.6-0.9

Mo
wt.%

0.2-0.4

Pd
wt.%

0.12-0
0.04-0

.25

.08

ASTM B265 "Standard Specification for Titanium and Titanium Alloy Strip,
Sheet and Plate", Vol.02.04, ASTM, Philadelphia, 1992.

Our previously published results have demonstrated that, on the Ti-2
material originally chosen as our reference material, crevice currents are
large and crevice potentials negative, indicating that crevice corrosion is
fully activated. On this material crevice corrosion can propagate
indefinitely provided the temperature is high enough and the environment
contains sufficient oxygen (Ikeda et al. 1994b). The dependence of the
propagation rate on these two parameters was dealt with in Section A. 1.2,
above. By contrast, while crevice corrosion can initiate on less
susceptible Ti-2 materials, Ti-12, and Ti-16, propagation is limited by
repassivation even when substantial amounts of oxygen are still present
(Ikeda et al. 1994b). This ability to resist propagation by repassivation
leads to lower crevice currents and more positive crevice potentials.

The weight change data plotted as a function of chloride concentration in
Figure A-4 are a measure of the total extent of crevice propagation (for an
identical temperature and availability of oxygen) for our reference Ti-2
material and for Ti-12. These results are in broad agreement with those of
Kido and Tsujikawa (1989) which show that Ti-2 should be susceptible to
crevice corrosion under Canadian waste vault conditions, whereas Ti-12
should not. While these results show that crevices can propagate on Ti-12,
the results in Figure A-4 clearly illustrate the ability of repassivation to
limit the extent of propagation. More extensive comparisons of the crevice
corrosion behaviour of Ti-2 and Ti-12 have been published elsewhere (Ikeda
et al. 1990b, 1994b). Similar experiments with less susceptible Ti-2
materials yield results intermediate between the two sets of values in
Figure A-4. Data for Ti-16 are not included, since repassivation is too
rapid for significant propagation to occur and the total weight changes are
too small to measure accurately.

The repassivation of Ti-12 appears to be driven by the catalysis of the
proton reduction reaction on intermetallic Ti£Ni particles within the
creviced area of the surface (Glass 1983). For the less susceptible Ti-2
materials (Figure A-3(B)), traces of nickel present with iron in
intermetallic particles appear to catalyze repassivation in a similar manner
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(Ikeda et al. 1994a). The repassivation process for Ti-16 has not been well
studied, but palladium enrichment at the surface of the alloy appears to
rapidly enforce repassivation (Armstrong et al. 1973, Kitayama et al. 1990).

This ability of Ti-12 and Ti-16 to repassivate renders these two materials
much less dependent than Ti-2 on the evolution of the vault environment
(Figure 3 in the main text). In the case of Ti-16, the vault conditions are
effectively irrelevant since neither increases in oxygen concentration nor
increases in temperature lead to measurable crevice propagation. While the
dependence on these vault parameters is more marked for Ti-12, repassivation
occurs at quite high oxygen concentrations and crevice propagation has not
been observed at temperatures fvO°C (Ikeda et al. 1994b). Clearly, for
these materials, assumptions (iii) and (iv) (Table 1) are no longer
necessary.

A.1.5 CONTAINER FAILURE BY HYDROGEN-INDUCED CRACKING (HIC)

Our previous model assumed that the only criterion dictating when failure by
HIC occurred was the temperature (Johnson et al. 1994, Shoesmith et al.
1994b). Failure was assumed to occur when the temperature fell to J30°C
(assumption (vi), Table 1). This criterion assumes that the cracking
behaviour of Ti-2 will parallel the slow crack growth behaviour of the more
susceptible a/fi alloys, in particular, the Ti6Al4V alloy. For this alloy
the extent of slow crack growth increases with increasing temperature to a
maximum (between -10°C and -50°C depending on hydrogen content), and then
decreases at higher temperatures (Boyer and Spurr 1978). Some crack growth
was observed at room temperatures (~20°C) in almost every specimen tested
with hydrogen levels up to 255 /Jg-g , but the extent was minor and crack
stabilization occurred within 10 days. For temperatures above 20°C no crack
growth was observed. Our choice of 30°C as a threshold for cracking was a
conservative selection based on these results (Johnson et al. 1994,
Shoesmith et al. 1994b).

Using the slow strain rate technique on precracked compact tension specimens
préchargea with known amounts of hydrogen, it has been shown that the
toughness of Ti-2 and Ti-12 are not significantly affected until the
hydrogen content exceeds a critical value (Hc) (Clarke et al. 1994). The
as-received materials, containing 20 to 50 JL/g-g of hydrogen, are very
tough and fail by a ductile overload process once a high stress intensity
factor is achieved. This ductile tearing is also observed during slow crack
growth for both materials. The HC is the hydrogen concentration above which
slow crack growth is no longer observed and only fast crack growth occurs.
Figure A-5 represents, schematically, the combinations of stress intensity
factor (K-j.) and hydrogen concentration (H) leading either to fast crack
growth (brittle failure), slow crack growth due to either sustained load
cracking or ductile rupture, or to no failure. This figure can be used to
identify the hydrogen range where overload fracture occurs, the limiting
hydrogen content above which brittle failure is likely, and the K applicable
to this type of failure. A more extensive discussion of the HIC behaviour
of these materials has been published elsewhere (Clarke et al. 1992, 1994).

The factors determining when HIC becomes possible are the critical hydrogen
content (Hc) and the rate of hydrogen absorption (Rĵ )•

 A criterion for
cracking based solely on the temperature (assumption (vi), Table 1) is no
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longer appropriate. The early failures (<500 a) predicted by our present
model for rapidly cooling containers on the periphery of the vault
(Section 6.3.1) are an artefact of the assumption {(vi), Table 1) that
cracking is inevitable for T < 30°C. Since the absorption of hydrogen
produced by the radiolysis of water will be negligible (Johnson et al.
1994), the major source of absorbed hydrogen will be from the reduction of
protons within propagating crevices (Section 5 in main text. Figure 6A).
The rate and extent of crevice propagation will be lower for these rapidly
cooling containers than for hotter ones in thr. centre of the vault.
Consequently, the rate at which they absorb hydrogen will also be low and
early failure by HIC extremely unlikely.

The hydrogen concentration above which fast crack growth leading to brittle
failure (Hc) dominates the HIC behaviour is sensitive to the microstructure
and texture of the material with respect to the orientation of the crack and
the applied stress (Clarke et al. 1994). Hydride precipitation is
associated with the interface between a- and /3-phase grains, and when
/3-phase laminations are introduced into the material through the
manufacturing process (as in the rolling of Ti-12 plate), a preferential
pathway for cracking is formed along the resultant stringers. A value for
Hc of -500 /Jg-g"

1 is observed in Ti-12 containing cracks propagating in the
directions defined by these stringers. Crack propagation across these
features is not observed up to Hç - 2000 /Jg-g . Heat treatment to remove
this laminar structure by randomly reorienting the residual /3-phase can lead
to a decrease in HC to -400 /ig-g"

1. This type of structural change could be
associated with the heat-affected zone of a weld, making such sites in the
container potentially more susceptible to HIC.

Even for manufactured plate materials that do not have high /3-phase content,
e.g., Ti-2, the laminar structure introduced by rolling appears to dominate
the cracking behaviour. As a consequence, depending on crack orientation,
HC varies between -400 and 1000 /lg-g . Since Ti-2 does not contain as much
/3-phase as Ti-12, its heat treatment is not expected to exert such a
significant influence on EC. Exploratory experiments conducted on Ti-2
specimens from a welded plate support this claim.

While our knowledge of HC and the factors that affect it is good,
determination of the rate of hydrogen absorption, which will determine when
HC is achieved, has proved difficult. Since the exact conditions within
active crevice sites are not well known, their simulation on non-creviced
surfaces at which hydrogen absorption rates can be conveniently measured has
been difficult to achieve. We have estimated the total amount of hydrogen
absorbed by sectioning a creviced specimen and measuring the hydrogen in
each section by a vacuum outgassing technique. Using the amount of hydrogen
absorbed, the total weight change (W) and the integrated crevice current
(QQ)» we have calculated a value for the fraction of hydrogen produced
during crevice propagation that is absorbed by the metal. Values of 11% and
8% were obtained for the efficiencies at 100°C and 150°C respectively
(Shoesmith et al. 1994e).

Using these efficiencies we can estimate from the crevice propagation rates
(RC(,) the amount of hydrogen absorbed for a specific amount of crevice
corrosion damage. Provided the fraction of hydrogen absorbed (f) does not
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change over the duration of the crevice corrosion process, then the rate of
absorption, Rĵ  (in units of current), is given by

HA fI (w ~

A. 2 BEHAVIOOR UNDER UNIFORM CORROSION CONDITIONS

If failure by crevice corrosion, or HIC as a consequence of hydrogen
absorbed during crevice corrosion, can be avoided, then uniform corrosion,
or HIC as a consequence of uniform corrosion, will be the only mechanisms
available to cause container failure. Here, we review the information
already published, discuss the mechanism of uniform corrosion expected under
Canadian waste vault conditions, and outline the basis for a failure model
based on uniform corrosion under passive conditions.

A.2.1 GENERAL REVIEW

While titanium, or titanium alloys, have been included in many waste
management programs (Haijtink 1985, 1986; Westerman 1990; Sorensen 1990),
efforts have been concentrated on determining corrosion rates based on
weight change measurements, microscopic observations in search of localized
corrosion, and surface analytical measurements to determine the nature and
thickness of passive oxide films present on the metal or alloy surface.
While these investigations have established many important features of the
uniform corrosion process, with the exception of the experiments of Mattsson
and Olefjord (1990) and Mattsson et al. (1990) (to be discussed in more
detail below), they have not provided results that can be used directly to
predict container behaviour under Canadian waste vault conditions.

Smailos and Koster (1987) and Smailos et al. (1985, 1986a,b) measured the
corrosion rate of Ti-7 (Ti 0.2% Pd) in Q-brines1 at temperatures from 90°C
to 200°C and observed a uniform corrosion rate that fell from a value of
0.2 f/m-a"1 after 1 a to < 0.1 //m-a"1 after 4 a. The rate appeared to be
still decreasing after 5 a of exposure. The accuracy of the weight-change
measurements from which these rates were calculated is limited, and
complicated by the growth of overlayers that incorporate constituents of the
brine, such as Mg . X-ray photoelectron spectroscopic (XPS) measurements
of film thickness suggest much lower corrosion rates, a film only -60 nm
thick being obtained after 2 a (equivalent to -0.03 //m-a"1). Similarly, low
corrosion ratas and thin passive films were observed after exposure to
interstitial clay waters and granitic groundwaters.

Assuming the groundwater composition does not change with time, two
parameters appear capable of increasing the corrosion rate: temperature, and
the presence of a gamma radiation field. Electrochemical measurements
(passive current densities and apparent breakdown potentials) in salt
brines, clay waters and granitic waters (Vu Quang et al. 1986) indicate a
decrease in the ability of the passive film to maintain passivity once the

126.8 wt.% MgCl2/ 4.8 wt.% KCl, 1.4 wt.% MgSO4, 1.4 wt.% NaCl, 65.7 wt.% H2O
(pH = 6.5 at room temperature).
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temperature exceeds 100°C. This temperature dependence of electrochemical
parameters was attributed to a structural change in the passive film, which
remained amorphous at 20°C and 90°C but became crystalline above 100°C.
Unfortunately, the short-term nature of these experiments precludes any
meaningful calculation of corrosion rates. However, this apparent effect of
temperature was not obvious in the longer-term exposure tests (up to 4 a in
Q-brines) of Smailos and Roster (1987), which yielded a corrosion rate
independent of temperature over the range from 90°C to 200°C.

Strong gamma radiation fields were shown to have a significant effect on the
corrosion rate of Ti-7 (expressed as a film growth rate). In Q-brine at
90°C the rate increased from <0.1 /rtn-a"1 to approximately 0.7 /m-a in the
presence of a gamma field of 103 Gyh"1. This increase was borne out by
measurements of oxide film thickness that showed the film to be -600 nm
thick after 600 days exposure (cf. 6 nm in the absence of radiation).
Subsequent measurements at a lower dose rate of 3 x 102 Gyh"1 (Smailos et
al. 1988) gave a rate indistinguishable from that measured in the absence of
radiation. A more extensive discussion of the effects of gamma radiation on
the corrosion of titanium alloys has been published elsewhere (Shoesmith et
al. 1992b). Since the maximum gamma field expected at the surface of a
container in a Canadian waste vault is only 50 Gy-h , no significant effect
of gamma radiation on uniform corrosion is expected.

A.2.2 MECHANISM OF UNIFORM CORROSION UNDER CANADIAN WASTE VAULT
CONDITIONS

Once repassivation of crevices has occurred, corrosion will continue by the
reaction of titanium with water under anoxic conditions. A number of
reaction scenarios appear possible. The passive oxide on the titanium
surface grows via a direct logarithmic or an inverse logarithmic growth law
(Figure A-6(A)). It is difficult to distinguish between these laws and both
have been claimed for titanium in aqueous solutions (Mattsson and Olefjord
1990). Under these conditions, the rapid development of an electric field
in the oxide'would prevent the ionic conduction necessary to sustain film
growth, and the film growth rate (= to corrosion rate) would decrease to an
extremely low value. For all intents and purposes film growth would stop
and failure by corrosion would never occur. Unfortunately, with the
exception of the studies of Mattsson and Olefjord (1990) and Mattsson et al.
(1990) (to be described below), film growth studies have been confined to
relatively short periods (hours to a few days). As a consequence, the
ability of the films to maintain total passivity indefinitely remains
untested.

Two possible processes appear capable of sustaining corrosion rates at
values higher than predicted by the logarithmic or inverse logarithmic
growth process:

(a) Crystallization from an amorphous state and/or recrystallization
to another oxide form could lead to the introduction of a high
density of grain boundaries along which ionic conduction to
sustain film growth would be facilitated (Figure A-6(B)). Such a
crystallization/rccrystallization could be induced by the buildup
of stress in the initial passive film due to the difference in
molar volumes between the metal and the passivating oxide. The
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original passive film, often termed a "barrier" layer, would be
maintained at a constant thickness and continued film growth would
lead to a thickening of the outer recrystallized layer. If these
conditions prevail, the electric field in the barrier layer would
remain constant and, assuming the recrystallized layer exerts no
retarding influence on continued growth, a linear grovth process
proceeding at a constant rate would be obtained (Figure A-6(B)).

(b) The film growth process could proceed via high-field ion
conduction involving logarithmic or inverse logarithmic kinetics
until the rate of the film growth was balanced by the rate of
chemical dissolution into the surrounding environment. In this
case, the barrier layer would also achieve a constant thickness
and corrosion would continue at a constant rate equal to the
chemical dissolution rate of this layer (Figure A-6(C)).

The scenarios outlined in Figures A-6(B) and (C) are not necessarily
independent, since the recrystallized layer could be formed by dissolution
and -reprecipitation. Indeed, a barrier layer adjacent to the metal covered
by an outer film comprising a recrystallized or reprecipitated layer is a
ubiquitous occurrence for corrosion under passive conditions (Macdonald
1992) .

A.2.3 OXIDE FILM GROWTH

Very few pertinent studies have been performed on the passive corrosion of
titanium under conditions relevant to waste disposal. The most detailed
are the investigations by Mattsson and Olefjord (1990) and Mattsson et al.
(1990), who studied the rate of corrosion on Ti-2 and Ti-7 (Ti O.18 Pd) in
aqueous solutions and in groundwater-saturated bentonite for exposure
periods up to 6 a. Their results obtained by XPS measurements of film
thickness showed that the oxide consisted predominantly of TiO2 and was
-90 nm thick after 6 a of exposure. A few monolayers of TiO and Ti2O3
existed close to the metal interface.

Oxide growth appeared to follow a logarithmic growth law

y = 71,7 + 3.65 Int (A2)

(y is the thickness in A, and t the time in years) irrespective of the
presence of chloride or of the oxygen content, or whether bentonite clay
was present or not. However, the fit to this growth law was not good and
the possibility of a constant growth rate over the same period cannot be
discounted. An anomalously thick oxide was obtained after 5 a (23.3 nm for
Ti-2, 12.7 nm for Ti-7). Examination of the structure of these films by
transmission electron microscopy showed that, while the initially formed
oxide was amorphous, 3 to 6 a of exposure appeared to be sufficient for
recrystallization of the oxide to the thermodynamically stable rutile form
to occur. The microcrystals of rutile (5 to 10 nm) coexisted with the
amorphous form and the crystallinity increased with exposure time. No
dissolved titanium ions were observed in solution (an analytical detection
limit equivalent to the dissolution of one atomic layer was claimed).
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This evidence supports a film growth process according to the scenario
shown schematically in Figure A-6(B). Depending on whether we accept
Mattsson and Olejford's data at 5 a as accurate or not, two film growth
rates are possible (Figure A-7).

(a) A line drawn through the data points, ignoring the points at 5 a
(line 1), yields the most probable constant film growth rate of
0.44 nm-a"1.

(b) A line drawn through the initial film thickness and the thickness
of 23.3 nm measured after 5 a. yields a maximum rate which assumes
that film growth will proceed at the rate that must have
prevailed to produce a film thickness of 23.3 nm after this
period of time. Such a calculation yields a constant growth rate
of 3.3 nm-a"1 (line 2). Line 3 is drawn through the initial film
thickness and the thickness of 12.7 nm measured after 5 a for
Ti-7, and yields a constant growth rate of 1.1 nm»a . Since
Ti-7 and Ti-16 are both Pd-containing alloys, this last rate is
taken as the most appropriate value to use when attempting to
predict the long-term corrosion behaviour of Ti-16. On the
assumption that it is more appropriate to use the data obtained
for Ti-7 to predict the behaviour of Ti-16, line 3 yields a
constant growth rate of 1.1 nm-a .

A.2.4 OXIDE FILM DISSOLUTION

The results of Mattsson and Olefjord (1990) and Mattsson et al. (1990)
appear to demonstrate that chemical dissolution of the passive oxide does
not occur. If we accept their analytical detection limit of one atomic
layer as the maximum amount of titanium that could dissolve over the 6-a
exposure period, then the maximum dissolution rate would be <0.4 nm-a .
However, considering the difficulties involved in making meaningful
analytical measurements under these conditions, the absence of slow
dissolution cannot be considered proven.

Blackwood et al. (1988) have measured dissolution rates of passive oxides
on titanium using electrochemical methods that determine the amount of
oxide removed from the electrode surface rather than analyze the amount
dissolved into solution. These rates were measured in acidic sulphate,
perchlorate, phosphate and chloride solutions, generally at pH < 2.
Dissolution was chemical (i.e., did not involve electrochemical interaction
between the oxide and the substrate metal) and led to the uniform thinning
(as opposed to pitting) of the oxide film; the rate appeared to be first
order with respect to proton concentration. The nature of the anion did
not appear to be significant.

If we assume that a first-order proton dependence holds up to pH 5 then
extrapolation of the dissolution rates measured by Blackwood et al. (1988)
yields a chemical dissolution rate (at pH - 5) equal to 3.6 x 10~3 nm-h"1

(-31.5 nm-a"1). A pH of 5 was chosen since, for higher pH values,
dissolved titanium in solution is likely to be in the form of the neutral
species, Ti(OH)4, and dissolution should be independent of the acidity
(Baes and Mesmer 1976). That this pH could represent an upper limit for a
proton dependence of the dissolution rate is supported by measurements of
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the pH of zero charge for TiO2, which falls in the range 4.7 < pHzc < 6.2
(Craig 1991).

A.2.5 HYDROGEN ABSORPTION LEADING TO HIC UNDER PASSIVE CONDITIONS

The second possible failure route involves the absorption of sufficient
hydrogen to exceed the critical value, HC, thereby leading to failure by
HIC (Figure 11 in the main text). Hydrogen absorption under passive
conditions would recpiire the transport of hydrogen through the passive
film, a process which has been shown to be extremely slow. To date, all
our experiments involving the exposure of Ti-2 to simulated waste vault
environments (up to 5 a) have shown no evidence for the absorption of
hydrogen (Johnson et al. 1994).

There are two processes by which hydrogen could be produced and absorbed
under passive conditions:

(i) direct absorption of hydrogen produced by water radiolysis; and

(ii) absorption of hydrogen produced in atomic form by the corrosion
process to produce oxide (reaction (1) in the main text).

The direct absorption of radiolytically produced hydrogen does not appear
to be significant except at dose rates (*102 Gyh"1) and temperatures
(>150°C) unattainable under Canadian waste vault conditions (Shoesmith et
al. 1992b). Radiation fields would decay rapidly (from a maximum of
-50 Gyh ) at the surface of containers in a Canadian vault, and
temperatures would not exceed 100°C. The importance of temperature in the
direct absorption of hydrogen by titanium has been demonstrated by
Shimogori (1981) who showed that direct absorption from the gas phase was
negligible below 180°C. When water vapour was also present even higher
temperatures were required for direct absorption to be measurable.

This leaves the corrosion process as the only feasible source of hydrogen
for absorption. Under anoxic conditions, the corrosion potential for
passive titanium must reside at a value at which water reduction is
possible via reaction (1) (main text) , and hence must be at or more
negative than, the thermodynamic stability line for water. At such
potentials, titanium hydrides are thermodynamically stable with respect to
the metal (Beck 1973, Schutz and Thomas 1987). Consequently, the passive
film can be considered only as a transport barrier and not as an absolute
barrier.

Significant hydrogen absorption by passive Ti-2 has been observed only when
the metal was galvanically coupled to less noble metals or alloys (e.g.,
carbon steel), or when either a cathodic current or negative potential was
impressed on the metal (Shoesmith et al. 1994b and references therein). In
long experiments in artificial seawater (up to 180 d), Murai et al. (1977)
established that a potential of -0.6 to -0.7 v (vs. SCE) represented a
threshold value above which measurable hydrogen absorption did not occur.
A similar threshold was obtained by Shimogori (1981) in deaerated 6% salt
water at 100°C (60 d).
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At potentials around this threshold value, cathodic current densities of
only a few hundred (100 to -500) nA-cm were measured (Murai et al. 1977).
The film growth rates observed by Mattsson and Olefjord (1990) are
equivalent to corrosion currents much lower than this (-2 nA-cm to
2 pA-cm"2, Section A.2.7, below) and the rate of hydrogen absorption should
be extremely low. However, hydrogen absorption into the oxide film appears
possible at potentials lower than this threshold. The ellipsometric
results of Ohtsuka et al. (1987) and Dyer and Leach (1978) in neutral
solutions at room temperature show that changes in film composition and the
optical properties of the passive oxide films (refractive index and
extinction coefficient) occur for E f-0.5 V (vs. SCE). These changes were
attributed to changes in film composition due to hydrogen absorption
according to the reaction

Ti02 + XH
+ + xe -» Ti02_x (OH)X . (A3)

The introduction of hydrogen into the film increases the degree of OH
o

bonding, resulting in a decrease in polarizability of O ions and thus a
decrease in the refractive index. The hydrogen in the film acts as an
electron donor

Habs -» H+ + e (A4)

thereby producing a new absorption band in the band gap region. This leads
to an increase in the light absorption, which is observed as an increase in
extinction coefficient. In reality the situation may be more complex and
other states of hydrogen appear to exist in titanium oxides (Weber et al.
1982). These results are consistent with the film capacitance measurements
published earlier by Dyer and Leach (1978). Significant increases in
capacitance attributable to reaction (A3) were seen for E ^-0.5 V. The
process of hydrogen absorption by the oxide is illustrated schematically in
Figure A-8.

It would appear that hydrogen absorption into TiO2 films occurs in parallel
with the redox transformation (Ti -» Ti* *) within the film. This is
consistent with the present understanding of proton reduction reactions
occurring on oxide surfaces (O'Sullivan and Calvo 1987). It is difficult
to imagine that significant electron transfer could occur on highly
resistive TiO2 layers without the increase in conductivity that would occur
on the introduction of defect states in the form of reduced cation centres
(Ti111) in the oxide.

While there may be residual uncertainty as to the state of all the absorbed
hydrogen in the passive film, it is clear that absorption into passive TiO^
films is feasible as soon as proton reduction becomes possible. The rate
of absorption at the corrosion potential will be controlled by the rate of
the corrosion reaction (reaction (1), main text) which dictates the rate of
production of absorbable hydrogen. As with crevice corrosion we can assume
that a constant fraction of the hydrogen produced by general corrosion will
be absorbed by the metal. Under crevice corrosion conditions this fraction
is -0.1. For passive conditions we would expect the value to be lower due
to the presence of the oxide transport barrier. On the basis of
experiments involving cathodic polarization (50 /jA-cm ) in sulphate
solutions, Okada (1983) determined a fraction of 0.02 for hydrogen
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absorption at pH s 4. This fraction was still determined for much more
severe conditions of cathodic polarization than could be achieved under
natural corrosion conditions.

Whether or not we use a fraction of 0.1 or 0.02, the rate of hydrogen
absorption can be calculated directly by multiplying the rate of hydrogen
production (equal to four times the oxide film growth rate) by this
fraction. Using this rate of hydrogen absorption we can then predict the
time required for the hydrogen content of the material to exceed the
critical value (Hc) required for HIC.

A.2.6 RATK OF HYDROGEN ABSORPTION FOR ALTERNATIVE ALLOYS

The ability of Ti-12 to resist hydrogen absorption is not as well
established as for Ti-2. Small, but measurable, amounts of hydrogen were
absorbed by Ti-12 under general corrosion conditions in very saline
Na/Ca/Mg brines characteristic of those anticipated in a salt repository
(Westerman 1990, Kim and Oriani 1987a,b). Exposure tests by Shoesmith et
al. '(1994e), however, under conditions more closely approximating Canadian
waste vault conditions, showed no measurable absorption.

It is possible that the oxide film is incomplete over the Ti2Ni particles
known to exist locally in Ti-12. Since these particles are likely cathodic
sites at which the reduction of water occurs, they could act as sites for
hydrogen entry into the metal. In effect they could act as leakage
pathways through the transport barrier of the passive film. Since we do
not anticipate that the rate of oxidation (uniform corrosion) would be
different for Ti-12 and Ti-2 under Canadian waste vault conditions, the
rate of hydrogen production should be the same for both materials.
However, the efficiency of hydrogen absorption could be higher for Ti-12
than for Ti-2. It would be conservative to assume that the oxide offered
no barrier to hydrogen absorption and to use the value of 0.1, determined
for film-free crevice corrosion conditions, for the fractional efficiency
for hydrogen absorption.

It has been claimed that alloying with a noble metal such as Pd can
increase the efficiency of hydrogen absorption (Fukuzuka et al. 1980), but
the results of Shimogori (1982) do not support this. Mattsson and Olefjord
(1990) and Mattsson et al. (1990) included the Pd-containing alloy Ti-7
(0.2% Pd) in their corrosion tests, and observed little difference in film
growth behaviour on this alloy compared to Ti-2. There was evidence that
Pd was depleted in the Ti-7 oxide but enriched in the metal at the
metal/oxide interface. Although this enrichment appeared to make little
difference over the 6-a exposure period, it should eventually lead to a
decrease in corrosion rate. A similar, but slower, process would be
expected on Ti-16. Consequently, the ability of Pd to increase the
efficiency of hydrogen absorption should be offset by a. decrease in film
growth rate, and hence hydrogen production rate.
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A.2.7 DETERMINATION OF THE UNIFORM CORROSION RATE AND
THE AMOUNT OF HYDROGEN ABSORBED

The measurements of film growth rates can be used to calculate general
corrosion rates. For a unit area of oxide we can write, for the thickness
of the oxide film,

y = ™0yMox/Pox <A5>

where mox, MQX and pox are the number of moles, the atomic mass and the
density of the oxide respectively. Depending on the relative densities of
the oxide and the metal (pT̂ ), and assuming that the volume expansion
associated with the conversion of metal to oxide occurs only vertically to
the surface, we can modify Equation (A5) for the film growth rate
(expressed in nm-a"1) to read

Pw = [7.17 + 0.365 loge(t)]poxMTi(MoxpTi)-
1 <A6)

where MT^ is the atomic mass of titanium, and PW is the depth of
penetration of Ti due to corrosion, and is given by

Pw = Ruct (A7)

where RUC is the uniform corrosion rate of the container. The term in
square brackets is the film growth rate equation, Equation (A2), developed
to fit the data of Mattsson and Olefjord (1990). If film growth proceeds
linearly, then Equation (A6) becomes

Pw = [7.17 + Rox^Pox^i^oxPTi)"
1 *A8)

where RQX is the linear film growth rate in nm-a"
1. Container failure will

occur when the maximum depth of penetration, PW, exceeds tho corrosion
allowance.

According to reaction (1) (main text), four atoms of hydrogen are produced
for each atom of titanium consumed by corrosion. Thus, the total amount of
hydrogen produced per unit area of surface after a time t is given by

(pTi x 10~
3)(MTi)"

1
t

0
4Ruc(t)-dt (A9)

where mH is the number of moles of hydrogen produced, and Ruc(t) is the
corrosion rate as a function of time (in mm Ti-a"1). If the corrosion rate
is constant, thsn

t
Ruc(t)-dt = Ruct (AID)
0

and the remaining corrosion allowance at time t is given by

d = d0 - Ruct (All)
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where dQ is either the original corrosion allowance, if no crevice
corrosion has occurred, or the original corrosion allowance minus the
maximum depth of penetration by crevice corrosion.

From these expressions we can calculate the concentration of hydrogen in
the metal as a conséquence of absorption of irtjj moles per unit area of
surface to be

HA = 4 X 10-
3pTi/Ruct[MTi(d0-Ract)]-

1 (A12)

where / is the fractional efficiency for hydrogen abso^-ption by the oxide.
Converting from the mass of titanium reacted to the volume reacted,
expressing HA in units of fig-g~ , and rearranging yields

t = HAMTidQ x 10~
6[RUC(4/ + MTi HA x 1CT

6)]"1 . (A13)

If container failure is assumed to occur when HA > HC then the solution of
Equation (A13) for this condition yields the lifetime of the container.
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B.I DISCUSSION OF THE ASSUMPTIONS FOR BOTH COPPER CONTAINER
FAILURE MODELS

B.I.I INITIALLY DEFECTED CONTAINERS

The range of 1 in 10 to 1 in 10 for the number of containers assumed to
fail early because of undetected manufacturing defects is based on a survey
of the frequency of defects in similarly mass-produced components for the
nuclear industry (Doubt 1984, 1985).

B.I.2 FORMS OF CORROSION

It is assumed that the containers are susceptible only to uniform corrosion
and pitting, and not to crevice corrosion (CC), stress corrosion cracking
(SCC) or microbially influenced corrosion (MIC). Crevice corrosion of
copper alloys generally occurs because of a differential copper ion
concentration cell, rather than the more commonly encountered differential
aeration mechanism considered for stainless steels, nickel-based alloys and
titanium alloys (ASM 1987). As such, when CC initiates, the depth of
propagation is usually limited because the dissolution of copper within the
crevice negates the differential [Cu+/Cu ] cell. For this reason, and
because a conservative allowance is already made for localized pit
penetration, no additional allowance is believed necessary for crevice
corrosion.

Stress corrosion cracking of copper containers would require the
coexistence of an aggressive SCC-inducing agent (such as NO^ (Benjamin et
al. 1988), NHg (Thompson and Tracy 1949) or cupric acetate (Escalante and
Kruger 1971)) and sufficient oxygen to sustain the cracking. Benjamin et
al. (1988) showed that very high NO^J concentrations (>0.1 mol«dm ) are
required for SCC of copper under corroding conditions. They concluded that
copper containers exposed to the conditions expected in a Swedish disposal
vault would not be susceptible to NO^-induced SCC. Ammonia and acetic acid
could be formed and concentrated under biofilms on container surfaces. It
is believed, however, that biofilm formation would not occur during the
early, warm, oxidizing period (Stroes-Gascoyne and West 1994, Stroes-
Gascoyne et al. 1995) and microbially induced SCC can be discounted during
this period. At longer times, when conditions are cooler and less
oxidizing, insufficient O0 would be present to cause SCC, even if NH, or

<b J

acetate were able to concentrate on the container surface. Stress
corrosion cracking by any of the SCC-inducing reagents identified in the
literature is therefore considered unlikely.

Microbial activity within the vault could occur at all times. Microbially
influenced corrosion is most severe under biofilms (B.J. Little, private
communication). The formation of biofilms on the container surface during
the warm, oxidizing period is considered unlikely (Stroes-Gascoyne and West
1994, Stroes-Gascoyne et al. 1995) because of the adverse environmental
conditions established by the elevated temperature, y-radiation field,
saline groundwater, compacted buffer material and desiccation of the
buffer. Consequently, the most aggressive forms of MIC of copper alloys
reported in the literature, as well as the possibility of microbially
induced SCC discussed above, are incompatible with these conditions and
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need not be considered. Once cooler, anoxic conditions are established,
however, microbial activity within the vault could reoccur. Preliminary
evidence suggests that the microbial population close to the container
would be severely depleted by the action of y-radiation (Stroes-Gascoyne et
al. 1995), and repopulation of the buffer material by microbes from the
surrounding rock and in-flowing groundwater is considered unlikely because
of the restricted mobility of the microbes in the compacted buffer (Stroes-
Gascoyne and West 1994). Therefore, the only effect of microbial activity
that need be considered is the diffusion of aggressive metabolic by-
products from a location where microbial activity is possible (e.g., in the
rock) to the container. The by-product of most importance is sulphide,
produced by the action of sulphate-reducing bacteria (SRB), since, in the
presence of sulphide, copper becomes thermodynamically unstable in water.

If sulphide is produced by SRB at the buffer material/rock interface, its
effect on the rate of corrosion could be modeled by calculating the flux of
S2~ to the container surface. The flux of S2~ is unlikely to be
sufficiently large to cause passivation of the container surface; hence,
the mode of corrosion would be uniform rather than localized. Since oxygen
would oxidize S to S0̂ ~, this form of MIC need be considered only for the
improved copper failure model that incorporates the effects of an evolution
of the vault environment to more anoxic conditions. For the original
conservative failure model, the adverse consequences on the corrosion rate
of assuming indefinite aeration are likely to be far greater than any
effect due to the diffusion of small amounts of S to the container
surface.

The reaction scheme for the improved failure model illustrated in Figure 18
of the main text could be modified if sulphide-induced MIC is shown to be
likely during the cool, anoxic phase. Calculations based on conservative
assumptions regarding the activity of SRB in a Swedish disposal vault,
however, suggest that MIC would result in <0.1 mm of additional corrosion
of copper containers (Werme et al. 1992).

B.I.3 REDOX CONDITIONS WITHIN THE VAULT

The most conservative assumption in the original failure model is that the
vault would remain aerated indefinitely. In fact, because copper is
thermodynamically stable in water (Figure 5A of the main text), the amount
of ojtidant within a sealed disposal vault is limited. For the borehole-
emplacement geometry described in the reference case used in the
postclosure assessment (Johnson et al. 1994), the quantity of oxygen
trapped in the pore fluids and airspace of the buffer and backfill
materials amounts to -43 mol C>2 ?.er container. If all of this O^ causes
corrosion of the container, the maximum depth of attack is 0.23 mm,
assuming that Cu corrodes to give Cu(I) and assuming the penetration is
uniformly distributed over the container surface. In this calculation, it
is conservatively assumed that none of this available oxygen is consumed by
reaction with either ferrous minerals or organic material, or is lost by
diffusion out of the vault.

Hereafter, whenever Figure 18 is referred to in this Appendix, the reader
should refer to Figure 18 of the main text.
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Radiolysis of the groundwater would produce equal amounts of oxidizing and
reducing radiolysis products. The yield of these species, however, would
be of the order of 10~7 to 10~8 mol-dm"3 for the maximum absorbed dose rate
of -11 Gy-h expected at the surface of a 2.5-cm-thick copper container.
From measurements of ECORR in the presence and absence of y-radiation, no
evidence has been found to indicate that irradiation at dose rates
*27 Gy-h increases the oxidizing power of the environment sufficiently to
have an adverse effect on the corrosion process (King and Litke 1987, King
et al. 1994a).

The only other source of oxidants for copper containers is the low
background level of dissolved oxygen in deep groundwaters. Even though
uncontaminated groundwaters sampled at depth in the Whiteshell Research
Area contain no detectable dissolved oxygen, in the improved failure model
it is assumed that these waters contain 10 ng-g C>2 (the analytical
detection limit).

The degree of conservatism associated with assuming indefinite aeration
within the vault can be seen by comparing the amount of O^ required to
penetrate the 16-mm corrosion allowance with the amount that could reach
the container in 106 a. The maximum wall penetration due to all of the
oxygen trapped in the vault upon closure plus that supplied from the
groundwater is <1 mm in 10 a (King et al. 1994b). In contrast, the
assumption of indefinite aeration leads to penetration of the 16-mm
corrosion allowance in as little as 31 000 a (King and LeNeveu 1992, King
et al. 1994e).

B.I.4 THE MECHANISM OF UNIFORM CORROSION OF COPPER

Under oxidizing conditions the rate of uniform corrosion of copper in
compacted buffer is limited by the diffusion of Cu(II) away from the
corroding interface (King et al. 1992a,b; Litke et al. 1992). Figure B-l
shows a comparison between the corrosion rate measured in corrosion
experiments in compacted buffer for various exposure periods and the rate
predicted theoretically on the basis of slow Cu(II) transport. Reasonable
agreement is observed between experiment and theory for periods up to 2 a,
with the theoretical rates being slightly greater than the experimental
values. Additional validation of this model was obtained by comparing
observed and predicted corrosion rates of a bronze cannon that had been
submerged in clay-based sediments saturated with seawater for 310 a
(Hallberg et al. 1988). The observed and predicted corrosion rates agreed
within a factor of five, with the theoretical rate again higher than the
observed rate (King et al. 1994e, King 1994).

Based on a wide range of studies, we have developed a better understanding
of the individual processes involved in the corrosion of copper in
compacted buffer material (Figure 18). These studies are summarized below.

B.I.5 THE ANODIC DISSOLUTION OF COPPER

In chloride solutions, Cu(I) is stabilized by the formation of copper-
O •_ M

chloro complex ions such as CuCl^ and CuCl|~ (CuCl̂  is predominant for
[Cl~] f 1 mol'dm"3). The concentration of free or aquated Cu+ is
approximately 10 times that of CuCl^/ and so Cu* is not shown as a
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distinct species in Figure 18. The rate of dissolution of a copper
rotating-disc electrode (RDE) in Cl~ solution is largely mass-transport
controlled by the diffusion of CuCl^ away from the electrode surface (King
and Litke 1989, King et al. 1992b, in preparation (a)). Information about
the fast interfacial reactions can be derived from studies at high rates of
mass transport, from which the interfacial mechanism is found to be

Cu + Cl ̂  CuClads + e (Bl)

CuClads + Cl~ ^ CuCl2 (B2)

where the rate constants (k) are those referred to in Figure 18.

The adsorbed Cl" can exchange with OH~ to form surface Cu(OH)ads states,
especially at pH > 7:

k3
CuClads + OH- ̂  Cu(OH)ads . (B3)

k_3

Further reaction of Cu(OH)adg may lead to the formation of Cu2O according
to

2Cu(OH)ads ̂  Cu20 + H20 . (B4)
k_4

Although reaction (B4) has been written as a reversible process, the extent
of the reversibility of this reaction is currently uncertain. The Cu2O
layer formed from Cu(OH)ads appears to grow to a limiting thickness of one
or two monolayers under controlled potential conditions (King and Litke
1994, King et al. 1994d,e). The mechanism for the growth of the thicker
Cu2o layers observed in corrosion experiments (King et al. 1992a,b) is
unknown, but bulk Cu2O could be formed from the hydrolysis of CuCl2 (kg) or
of a bulk (as opposed to a submonolayer CuClads) CuCl phase (kg) .

Direct copper dissolution as Cu(II) in chloride solutions is observed only
at potentials several hundred millivolts more positive than the corrosion
potential (ECOR£) i

n O2-containing chloride solutions. Figure B-2 shows
the potential regions for the formation of Cu(I) and Cu(II) in 0.1 mol -dm
NaCl, as determined using a rotating split-ring disc electrode (King et al.
1995). The approximate ranges of measured ECQRR values are also
illustrated (King et al. 1994f ) . Addition of 0.1 mol-dm"3 sulphate to this
solution shifts the potential at which Cu(II) is formed by -0.10 V in the
negative direction, but insufficiently for Cu(II) to be produced at EcO:RR
in an O2- containing 0.1 mol -dm-

3 NaCl /O.I mol -dm Na2SO4 mixture (King
et al. 1995) .
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B.I.6 REDUCTION OF OXYGEN ON COPPER

The reduction of 02 on copper in neutral NaCl and NaClO^ solutions has been
studied in detail (King and Litke 1994, King et al. 1994d,e,g). The
reaction is first order with respect to [02]/ and the first electron
transfer step is the rate-controlling interfacial reaction. In bulk
solution, mass-transport control is established at potentials -̂0.70
Oxygen reduction proceeds via an overall 4-electron reaction on Cu(0)
surface sites:

kc
O2 + 2H2O + 4e —• 40H~ (B5)

but some peroxide can be detected under circumstances where catalytic
Cu(0)/Cu(I) sites form on the electrode,

kb
02 + H2O + 2e —* HO-jj + OH" . (B6)

Both reactions are irreversible on copper. The Cu(I) sites are thought to
be stabilized as Cu(OH)a<js, CuCla(js or submonolayer Cu2O species. Oxygen
reduction on a monolayer (or more) of Cu2O, as may occur on the surface of
a container, is inhibited compared with the rate on Cu(0) or Cu(0)/Cu(I)
surfaces (King and Litke 1994, King et al. 1994d,e,g).

In compacted buffer material, the rate of O2 supply to the container (Jo )
would be affected by the rate of oxidation of Fe(II) to Fe(III) by O- (kf ) .

A Cl

This reaction may be the major process consuming 02 trapped in the pores of
backfill material containing crushed rock, because of the high Fe(II)
concentration in this material.

B.1.7 BEHAVIOUR AT ECORR

Measurements of ECQRR as a function of [O2] and the rate of mass transport
have provided evidence for the nature of the rate-controlling steps under
freely corroding conditions (King et al. 1994f). In bulk, aerated chloride
solutions, the anodic dissolution of copper is mass-transport controlled
(JcuClp) ana the reduction of oxygen is kinetically controlled at ECORR.
With decreasing [02], the cathodic reaction becomes partly transport
limited as the rate of supply of O2 decreases. Complete transport control
of the cathodic reaction (Jo ) can be established by placing a layer of
compacted Na-bentonite against the electrode surface. Figure B-3 shows the
variation of ECORR with time for a clay-covered electrode for various [O2]
in 1 mol'dm NaCl. The steady-state ECORR values for the clay-covered
electrode are approximately 0.1 V more positive than those for the
equivalent [O21 in bulk solution. This positive shift in ECQRR is a result
of the more restrictive mass-transport conditions in the compacted clay
(steady-state mass-transfer coefficients are -10 times lower in clay than
in solution), which results in transport control of both anodic and
cathodic reactions (Figure B-4). Even for the clay-covered electrode,
however, EÇQ-RR is within the stability field of CuCl2, demonstrating that
copper dissolves as Cu(I) (Figure B-5).
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A mixed-potential model has been developed to predict steady-state Er.ORR as
a function of [02] and the rate of mass transport for Cu in (̂ -containing
chloride solutions (King et al. 1994f). The model is based on the
mechanisms of the copper dissolution and oxygen reduction reactions
described above. Predictions from the model are consistent with
experimental observations and demonstrate that the cathodic reaction
becomes increasingly mass-transport limited as the [02! and/or the rate of
mass transport decrease. The model can also be used to predict the
corrosion current density (ÏCORR)' which is a direct measure of the
corrosion rate.

The interfacial and mass-transport processes included in the model are
illustrated in Figure B-6. These processes represent a simplified version
of the detailed mechanism (Figure 18), and the mixed-potential model is
currently only applicable to the long-term, anoxic conditions when the
reactions illustrated in Figure B-6 are expected to dominate. In future,
we plan to extend the model to include the effects of redox reactions
between Cu(I) and (̂  and Fe(II) species.

B. 1.8 OXIDATION OF CutII TO CutII) AND THE EFFECTS ON COPPER CORROSION

Although copper dissolves as Cu(I), subsequent redox reactions will have a
significant impact on both the uniform and localized corrosion behaviour of
the container. Oxidation of Cu(I), or more exactly of dissolved Cu+ and
Cud, by O2 (k7 in Figure 18) is widely reported in the literature (e.g.,
Sharma and Millero 1988a,b,c; Nicol 1984). The extent of the reverse
reaction (k_7) is determined by the stability of Cu(II), which in turn is
affected by the presence of complexing ligands (e.g., EDTA in the case of
the experimental studies of Sharma and Millero (1988a,b,c) or Na-bentonite
in the case of the container). Cupric species may also be reduced by
reaction with ferrous ions (kg) or, in the presence of copper metal, by
disproportionation with Cu(0) (k10). Redox reactions between Cu(I)/Cu(II)
and O2 or Fe(II) can occur throughout the buffer material, as illustrated
in Figure 18, whereas the disproportionation reaction can obviously only
occur at the container surface.

Although the amounts of Cu(I) and Cu(II) species will depend on the
relative rates of all of the reactions in Figure 18, one of the most
significant reactions will be that between Cu(I) and O2 (k7), for which the
rate expression is (Sharma and Millero 1988a,b,c)

-d[Cu(I)]/dt = k7[Cu(I)][02] . (B7)

Extensive oxidation of Cu(I) to Cu(II) is expected during the early,
oxidizing period when both the [O2] and temperature are high (k7 increases
with temperature). The speciation of Cu(II) in the pore solutions of
compacted buffer material has not been studied, but would likely include
Cu2+, CuCl+, Cu(OH)+, Cu(OH)2, Cu(HCO3)

+ and CuCO3 (Long and Angino 1977).
When the initially trapped O2 has been consumed (Figure 3 in main text),
however, the rate of oxidation would be greatly reduced, and Cu(I) species
are expected to predominate during the long-term cool, anoxic period.
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The distribution of Cu(I) and Cu(II) species may affect the uniform
corrosion of copper in several ways. On a simple electron-balance
argument, half as much corrosion will occur for a given quantity of O2 if
Cu(II) rather than Cu(I) is the stable form. This beneficial effect on the
extent of corrosion would be negated, however, if the Cu(II) species
undergo eventual disproportionation with Cu(0) (k̂ g) . If/ on the other
hand, the Cu(II) species are reduced by reaction with Fe(II) (kg), the net
effect would be the production of two Cu(I) species (from the reduction of
two Cu(II)) and two Fe(III) for each O^ molecule reduced, as compared with
the production of four Cu(I) if oxidation to Cu(II) never occurred. In
this latter case, the overall effect of the Cu(I)/Cu(II) redox reactions is
to mediate the reaction between Fe(II) and O2 via electron relay between
Cu(I) and Cu(II) and Cu(II) and Fe(II).

Copper speciation may also affect the rate of uniform corrosion by altering
the rate of diffusion of dissolved copper through the buffer material. The
ECORR measurements with the clay-covered electrode show that the
dissolution reaction is mass-transport controlled (Figures B-3 and B-4).
As described below, the rates of diffusion of Cu(I) and Cu(II) in compacted
buffer material (or clay) are quite different. Anionic CuCl^ species are
not significantly retarded by cation-exchange and adsorption processes on
the clay and diffuse freely. Cupric species are strongly adsorbed,
however, and diffuse slowly. Figure B-7 shows two copper concentration
profiles in compacted buffer material from experiments in which Cu(I) or
Cu(II) was the dominant oxidation state and illustrates the effect of
oxidation state on the diffusion of copper away from the corroding surface.
Paradoxically, although CuClj diffuses faster than Cu(ll), the corrosion
rate is higher if Cu(II) is formed because the adsorption of Cu(II) by the
clay acts as a sink for dissolved copper, driving further dissolution (King
et al. 1992a,b). Precipitation of sparingly soluble Cu(II) solids, such as
CuCl2-3Cu(OH)2 and CuO (King et al. 1992a; King and Ryan, in preparation
(a); Litke et al. 1992), also drives the dissolution reaction and will lead
to an increase in corrosion rate if the overall rate is limited by the
anodic mass-transport step.

Localized corrosion processes on copper also involve redox reactions
between Cu(I) and Cu(II). For instance, the pitting mechanism for copper
described by Lucey (1967) involves the oxidation of Cu(I) to Cu(II) by O2
and the formation of an occluded region by the precipitation of basic
cupric salts and CaCOj. Many of these processes are included in the
reaction scheme in Figure 18. An essential feature of Lucey's mechanism,
however, is the existence cf both Cu(I) and Cu(II) and the redox reactions
between them. For this reason, we are equating the time period over which
pitting may occur to the period for which both Cu(I) and Cu(II) species
exist. Therefore, it is necessary to define the rates of the various redox
reactions involving Cu(I) and Cu(II) so that the pitting period can be
estimated.

The effects of Cu(I) oxidation to Cu(II) are being studied in a series of
corrosior experiments in compacted clay in two different groundwaters
(WN1-M, -0.18 mol-dm"3 Cl~ and SCSSS (standard Canadian Shield saline
solution), -0.97 mol-dm"3 Cl~) at two oxygen concentrations (PQ,/ 0.21 atm
and -0.005 atm) (1 atm = 101.325 kPa) at 95°C. Preliminary results (King

J2'
ml

and Ryan, in preparation (a)) suggest that Cu(II) predominates in both
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groundwaters in aerated conditions (PQ_ = 0.21 atm) because copper
concentration profiles indicative of Cu(II) (Figure B-7) are observed and
CuO is found on the copper surface. At lower [O21 (PO-

 = 0.005 atm),
however, there is evidence for the existence of Cu(II) only in the more
dilute groundwater, with Cu(I) apparently predominating in SCSSS. The
presence of Cu(I) is suggested by extended and shallow copper concentration
profiles (Figure B-7) and the presence of only Cu2O on the coupon surface.
On thermodynamic grounds, the redox potential, as determined by the [O2],
is sufficiently positive that Cu(II) should have been formed in all
experiments (cf. Figure B-5). The absence of Cu(II) in the SCSSS solution
at PO = 0.005 atm is presumably, therefore, a consequence of slower
oxidation kinetics due to the higher [Cl~] and lower [Ĉ ] (King and Ryan,
in preparation (a)).

B.I.9 ADSORPTION AMD DIFFUSION OF COPPER IN COMPACTED CLAY

As shown in Figure B-7, the diffusive properties of Cu(I) (as CuCl^) and of
Cu(II) in compacted clay (or buffer material) are quite different.
Apparent diffusion coefficients (Da) of Cu(II) and CuCl^ have been
determined over a range of temperatures (King and Ryan, in preparation
(b)). The apparent diffusion coefficient is given by

Da = De/r (B8)

where DQ is the effective (Cho et al. 7,993a) or total intrinsic (Cook 1988)
diffusion coefficient and r is the capacity factor, given by

r = ne . pdds/dc (B9)

where nQ is the effective porosity for mass transport, p^ is the clay or
buffer dry density and ds/dc is the slope of the adsorption isotherm
obtained by plotting the adsorbed concentration of solute (s) against its
pore-water concentration (c).

Figure B-8 shows the temperature dependence of D_ for Cu(ll) (added as-a
CuCl2 • 2̂ 0 in SCSSS) and of CuC^ in compacted clay (p^ = 1.2 g-cm )
determined by the "in-diffusion" technique (Cho et al. 1993b; King and
Ryan, in preparation (b)).

Below a temperature of -50°C, the apparent diffusion coefficient of CuCl^
is several orders of magnitude greater than that of Cu(II), as a result of
the weaker adsorption by the clay (smaller capacity factor in
Equation (B8)). The temperature dependence of Da for Cu(II) is large, with
Da increasing from -10~

10 crn^s"1 at 25°C to -10~7 cn^-s"1 at 95°C. This
magnitude of variation cannot be explained by the temperature dependence of
DQ, which changes in approximate proportion to the change in solution
viscosity with temperature (a factor of 3 between 25°C and 95°C).
Therefore, it is believed that the variation of D& with temperature results
from the temperature dependence of r.

Adsorption isotherms for Cu(II) on loose and compacted clay have been
determined over a wide range of Cu(II) concentration and at temperatures of
25, 50 and 95°C (Ryan and King 1994; King and Ryan, in preparation (c)).
On both loose and compacted clay, adsorption under equilibrium conditions
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follows a Langmuir isotherm at all temperatures. The extent of adsorption
is lower on compacted clay, a phenomenon that has been explained by
Oscarson et al. (1994) in terms of restricted access to some of the
adsorption sites in the compactad clay.

Alternatively, adsorption and desorption of Cu(II) can be described by
kinetic expressions. For sorption under Langmuir conditions, the rate of
Cu(II) adsorption is given by

rate of adsorption = k1;Lc2 (s™
51* - s2) (BIO)

and the rate of desorption is given by

rate of desorption = fc_nS2 (Bll)

where k1:L and k̂ i are the adsorption and desorption rate constants
respectively (Figure 18), c2 is the pore-water Cu(II) concentration, s2 is
the adsorbed Cu(II) concentration and smax is the maximum surface coverage
by adsorbed Cu(II). In the numerical model described in Section B.2,
sorption is treated kinetically rather than by an equilibrium isotherm.

The Cu(II) adsorption studies, however, do not show a sufficient
temperature dependence to explain the observed variation of Da with
temperature discussed above. Therefore, we believe that temperature-
dependent redox reactions between Cu(II) and Fe (II) (kg in Figure 18) may
have led to the formation of CuCl2 in the Cu(II) diffusion experiments
(Ryan and King 1994). Consequently, the apparent value of the capacity
factor would be strongly temperature dependent.

If the evolution of redox conditions in the vault from oxidizing to anoxic
is accompanied by the expected change in copper speciation from Cu(II) to
Cu(I), the copper concentration profile in the clay should also change. At
early times, short, steep profiles indicative of Cu(II) should be formed,
changing to shallow, extended profiles as CuCl2 becomes the predominant
mobile species.

B.I.10 PITTING OF COPPER CONTAINERS

It is by no means certain that pitting of copper containers would occur in
the chloride-dominated groundwaters of the Canadian Shield. Chloride ty
causes copper to dissolve actively in neutral solution as CuCl2 or CuCl|~
species (King and Litke 1989; King et al. in preparation (a); Figure B-5).
Most of the pitting of copper reported in the literature occurs in dilute
fresh waters, the pitting of copper pipes in potable water being the best-
known example (Lucey 1967, Campbell 1974).

Although Canadian Shield groundwaters contain much higher [Cl~] than fresh
waters, groundwaters do contain species such as HCOg, which have been shown
to induce pitting of copper in Cl~/HCOj mixtures (Sridhar and Cragnolino
1993, Drogowska et al. 1992). Breakdown (Efa) and repassivation (E )
potentials recorded by Sridhar and Cragnolino (1993), however, were -200 to
300 mV more positive than ECQJ^ in Cl~-dominated Cl~/HCC>3 mixtures and
pitting was observed only if [HCOj] > [Cl~]. The corrosion potentials
measured with Cu/compacted clay electrodes (Figure B-3; King et al. 1994f,
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1995) and those predicted under anoxic conditions using the M-P model (King
et al. 1994b,f), are also several hundred millivolts more negative than the
reported Eb and E values. Drogowska et al. (1992) reported Eb as a
function of anion concentration in NaHCO3/ 1:1 NaHCO3:NaCl, and NaCl
solutions. Their data for NaHCOg-containing solutions suggested breakdown
potentials greater than -0 VSCE. They also reported "breakdown" potentials
in pure NaCl solutions, but the [Cl~]-dependence of "Ejj" and the absence of
visual evidence of pitting suggest that they in fact observed the potential
at which the rate of active dissolution of copper increases sharply in Cl~
solutions.

Counterbalancing this electrochemical evidence against pitting are the
observation of pits on buried copper objects and archaeological artefacts
(Romanoff 1957, Bresle et al. 1983) and the similarity between the
mechanism of copper corrosion illustrated in Figure 18 and that proposed
for the Type 1 pitting of copper water pipes (Lucey 1967). In addition,
the uneven surfaces of corrosion coupons exposed to simulated disposal
conditions (Litke et al. 1992) may indicate some localization of attack
under deposits or precipitated Cu species. Consequently, it is impossible
to entirely exclude the possibility of pitting.

The database of pit depths used for the extreme-value statistical analysis
included in the failure models comes from the long-term burial studies
performed by the U.S. National Bureau of Standards (Romanoff 1957) and from
a Swedish study of Bronze-Age archaeological artefacts (Bresle et al.
1983). These copper objects and artefacts were buried for periods of up to
3000 a in various near-surface environments. Pitting is more likely under
these conditions than in a disposal vault because of the lower [Cl~] and
higher [02] of surface waters.

In the copper container failure model for oxidizing conditions, pitting is
assumed to be possible at all times (King and LeNeveu 1992). This is a
consequence of assuming indefinitely aerated conditions. Consequently, the
values of the fitting parameters for the statistical analysis derived from
the empirical database, "recorded" over a time period of 3000 a, must be
extrapolated to a period of 106 a. Under evolving redox conditions,
pitting is assumed to occur for a limited period of time only. The
rationale for this assumption is that ECQRR will become more negative as
the [02] decreases, and the increasing difference between ECQRR and Ê  or
E will make pitting less likely. The time period over which pitting is
possible can be equated to the period over which both Cu(I) and Cu(Il)
species are present on the container surface, since the coexistence of
Cu(I) and Cu(II) is a requirement of Lucey's (1967) pitting mechanism.
This period was taken as 1000 a in a recent assessment using the improved
copper failure model (King et al. 1994b). Consequently, the pit-depth
database could be interpolated, since the assessment period of 1000 a is
less than the exposure period of 3000 a for the Bronze-Age artefacts.
Prediction of corrosion damage using measured rates is much more reliable
if the period over which predictions are made is less than the measurement
period.
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B.I.11 SATURATION OF THE VAULT

Heat production by the used fuel might result in desiccation of the buffer
material surrounding the container. The resaturation period would depend
on a number of factors, including the rate of groundwater influx.
Consequently/ the time required to saturate the buffer material is
uncertain. This unsaturated period would coincide with the period of
highest container temperature and y-radiation dose rate.

Irradiation of a thin moisture film in a warm oxidizing atmosphere could
lead to a greater risk of pitting and stress corrosion cracking during the
resaturation period. Irradiation of copper coupons at 150°C in a humid
atmosphere above an SCSSS solution (absorbed dose rate -5 Gyh ), however,
resulted in uniform corrosion at a rate of only 1 to 10 /ym-a (King et
al., in preparation (b)). No stress corrosion cracking of creviced U-bend
samples or pitting of U-bend, welded or planar copper coupons was observed
for exposure periods up to 327 d. Reed (1992) and Reed and Van Konynenburg
(1991) reported the formation of steady-state NH3 concentrations of between
1 and 25 vppm and NO, (the precursor of HNOo) production rates of

1 n 1-10 mol-Gy during the irradiation of humid air at temperatures between
30 and 210°C at absorbed dose rates of 100 to 4000 Gyh'1 (total absorbed
dose -3 x 106 Gy). According to the data of Thompson and Tracy (1949), NH3
concentrations >160 000 vppm are required to cause the SCO of oxygen-free
electronic copper in moist atmospheres. In addition, the NOX production
rate reported by Reed et al, (1992) and Reed and Von Konynenburg (1991)
would result in a maximum uniform corrosion rate of -0.03 //m-a"1 in the
experiments performed by King et al. (in preparation (b)) under simulated
Canadian disposal conditions. Therefore, it seems unlikely that localized
corrosion or SCC would take place during the resaturation period.

The uniform corrosion rates measured in humid atmospheres (King et al. in
preparation (b)) are less than those measured in saturated aerated buffer
material over comparable time periods (King et al. 1992a, Litke et al.
1992); thus, the assumption of immediate saturation for the oxidizing
failure model is conservative. For the more realistic failure model that
includes the evolution of redox conditions, the total amount of corrosion
possible is determined by the quantity of oxidants available. Therefore,
provided the vault is sealed against O^ ingress, unsaturated conditions
will not lead to more extensive corrosion. A possible consequence of
unsaturated conditions is that Cu(I) will be oxidized to Cu(II) to a
greater extent than under equivalent saturated conditions. Higher
oxidation rates might result from the faster supply of C>2 to the container
and the slower rate of removal of CuCl^ under unsaturated conditions.
Consequently, the time over which pitting is possible would be extended,
although no pitting was observed in the irradiated experiments described
above. This possibility can be accounted for by using a conservative
estimate of the pitting period.

B.I.12 TEMPORAL AND SPATIAL VARIATIONS IN VAULT TEMPERATURE

The assumption that there will be no spatial temperature gradients in the
vault and no variation of the container skin temperature with time are made
to simplify the calculation of container lifetimes. Conservatism is
maintained by assuming a container temperature that results in the highest
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corrosion rate. In the oxidizing failure model a constant temperature of
100°C was assumed (King and LeNeveu 1992, King et al. 1994e). Spatial
temperature gradients might cause the precipitation of copper corrosion
products at lower temperatures away from the container surface.
Precipitation could increase the rate of corrosion by maintaining a steep
dissolved-copper concentration gradient near the container surface (Garisto
and Garisto 1986). This effect is unlikely to be significant, however,
because precipitation has to occur close to the container surface (*10 cm)
for this mechanism to be important (Garisto and Garisto 1986) and the
relatively high thermal conductivity of the buffer should minimize
temperature gradients immediately surrounding the container.

To date, the effect of temperature on the corrosion rate of copper under
evolving redox conditions has not been assessed. The temperature
dependence of most of the processes illustrated in Figure 18 is known:
increasing temperature increases the rates of Cu(I) oxidation (Sharma and
Millero 1988a,b,c); of oxygen reduction; of copper dissolution; and of the
diffusion of O2, CuCl2 and Cu(II) in compacted buffer. Temperature will
also affect the solubility of dissolved copper in the presence of Cu2O, CuO
and CuCl2•3Cu(OH)2, and the rates of dissolution of these solids. The
adsorption of Cu(II) on compacted clay is relatively insensitive to
temperature (Ryan and King 1994). The net effect of these individual
temperature dependences is being investigated during the development of the
improved copper container failure model.

B.I.13 SOURCES OF OXIDANT

The various sources of oxidant in the vault were discussed in Section 3 of
this report and Section B.I.3. The yield of oxidizing radiolysis products
is likely to be small given the maximum absorbed dose rate of 11 Gy-h for
a copper container. Because of the assumption of indefinitely aerated
conditions in the conservative failure model, the additional effect of
oxidizing radiolysis products will be insignificant. Even if the
consumption of the entrapped oxygen is accounted for, as in the improved
failure model, any effect of y-radiolysis will be insignificant after
300 a.

There is no geological evidence for reduced sulphur species (in the
presence of which H2O is an oxidant for copper) in the groundwaters at the
Whiteshell Research Area or at the Underground Research Laboratory
(Gascoyne 1989, Gascoyne and Kamineni 1992). Neither is there any sulphide
in the Avonlea bentonite that would be used in the buffer material
(Oscarson and Dixon 1989). Consequently, it is reasonable to assume oxygen
is the only oxidant for copper under the expected disposal conditions.

A possible source of sulphide in the vault during the long-term anoxic
period that is currently being studied is the action of sulphate-reducing
bacteria. As discussed in Section B.I.2, microbial activity some distance
from the container could result in the diffusion of sulphide to the
container surface. The rate of corrosion as a result of this process would
be small because of the low rate of diffusion of sulphide (which represents
the maximum rate of corrosion) in the compacted buffer material surrounding
the container. Should further research show this to be a possible
mechanism for the introduction of sulphide into the vault, it could be
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accounted for in the model by adding an extra mass-transport process to the
reaction mechanism in Figure 18.

B.I.14 EFFECT OF y-RADIATION

As discussed above, the yield of radiolysis products is expected to be
small because of the small radiation field. In electrochemical and
corrosion experiments, no detrimental effects of y-radiation on the
corrosion behaviour of copper have been observed (King et al. 1994a). At
dose rates up to 27 Gyh , no positive shift in ECQJ^ (indicative of more
oxidizing conditions) was observed in the presence of y-radiation in
simulated disposal conditions (Figure B-9) (King and Litke 1987, King et
al. 1994a). Consequently, y-radiation would not be expected to increase
the probability of localized corrosion (by shifting Ê ĵ  closer to Ejj) or
to increase the rate of uniform corrosion. In fact, irradiated corrosion
rates tend to be somewhat lower than those measured in the absence of
radiation (King et al. 1994a). This latter effect may result from
stabilization of Cu(I) species and the formation of a protective Cu2O film
in the presence of radiation. Radiation effects on the copper dissolution
mechanism have not been studied in detail.

B.I.15 PRECIPITATION OF COPPER CORROSION PRODUCTS

Precipitation was assumed not to occur in the original copper failure
model, but is an integral part of the reactions to be included in the
improved model. Precipitation may have several effects :

(a) precipitated surface phases may be partially protective and
decrease the rate of dissolution;

(b) the rate of oxygen reduction may be lower on a Ĉ O layer, if the
layer exhibits p-type semiconducting properties (King and Litke
1994, King et al. 1994d,e,g);

(c) precipitation may act as a sink for dissolved copper, increasing
the rate of dissolution (Garisto and Garisto 1986); and

(d) surface precipitates may lead to the formation of localized
environments in occluded regions.

The first two effects will lead to lower corrosion rates and can be
conservatively excluded from the failure models.

Since the original failure model was based on the slow diffusion of
dissolved Cu(II) away from the corroding surface, the effect of
precipitation as a sink for dissolved copper should have been included to
maintain conservatism. Because predicted corrosion rates were higher than
measured rates, however, it was concluded that the exclusion of
precipitation effects did not lead to a non-conservative assessment (King
et al. 1992a, 1994c). Localized effects due to under-deposit corrosion
were accounted for by inclusion of an indefinite period of pitting in the

model.
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The effects of precipitation as a sink for dissolved copper and in
establishing the conditions for localized corrosion will be included in the
improved failure model. Precipitation of Cu(II) as CuC^-3Cu{OH)2 will
increase the net rate of Cu(X) oxidation by dissolved oxygen by slowing the
reverse process (K._J iii Figure IS) of Cu(II) reduction by Oj or H2C2
(Sharma and Millero 1988a,b,c). Precipitation effects on localized
corrosion will be accounted for by equating the pitting period to the time
for which Cu(II)-containing solids are present on the surface.

B.I.16 CONTAINER CORROSION ALLOWANCES

A minimum wall thickness of 25 mm has been assumed for both container
failure models. Following the definition of container failure given in
Section 6.1 of the main text, the allowance for uniform corrosion is taken
as 16 mm, with the remaining 9 mm serving as the minimum wall thickness
required for mechanical stability. Since pitting results in localized
penetrations, the full wall thickness is taken as the corrosion allowance
for pitting.

B.2 NUMERICAL MODELING OF THE EFFECTS OF EVOLVING REDOX CONDITIONS

On the assumption that corrosion failures will not occur within the
assessment period of 10 a, we are not constrained to developing a model
for a probabilistic assessment. Therefore, we can develop a numerical
model using finite-difference techniques based on the full reaction
mechanism shown in Figure 18.

The numerical model is based on the solution of a series of mass-balance
equations for dissolved oxygen (concentration ĉ ), dissolved Cu(I)
(concentration ĉ ), precipitated Cu(I) (concentration ĉ ), dissolved Cu(II)
(c|), precipitated Cu(II) (cP,) and sorbed Cu(II) (s2) • The concentrations
of dissolved species (c| and c|) are equivalent to the pore-water
concentrations, whereas those of precipitated phases (cÇ and cP,) are
expressed in terms of the bulk volume. Expressing the amount of
precipitate as a concentration, rather than as an amount per unit surface
area of container, is not only convenient for the solution of the finite-
difference equations, but also allows the calculation of the quantity of
copper that precipitates in the buffer away from the interface.

One-dimensional mass transport (diffusion only) is considered through a
diffusion barrier of length ô. Since the porosity of the layer is taken to
be a function of x (and t) to account for the effects of drying and
resaturation of the buffer, the diffusion layer can represent either a
single material (e.g., a thick layer of buffer to simulate the in-room
disposal concept) or two or more layers (e.g., a layer of buffer and a
layer of backfill to simulate the borehole-emplacement configuration), by
varying the porosity as a function of x.

The mass-balance equations are
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- s2)p - k_1:Ls2p (B17)

where the various rate constants k are defined in Figure 18; rQS and rQV
are the capacity factors for dissolved and vapour-phase O2; 1C is related
to the Henry's law constant and is defined by cv = Keq

cQ' w^ere c() is the
oxygen concentration in the vapour phase; Deff is the effective diffusion
coefficient of O2, which depends on the degree of saturation of the buffer,
D.̂  and D2 are the bulk solution diffusion coefficients of Cu(I) and Cu(II)
respectively; eas and ees are the accessible porosity and effective
porosity for mass transport in the solution phase and are also functions of
the degree of saturation; Tg is the solution-phase tortuosity factor; p the
dry density of the buffer; B^X is the maximum sorbed concentration of
Cu(II); c| is the dissolved Fe(II) concentration in the pore water; and
c!j[at and c|at are the concentrations of dissolved Cu(I) and Cu(II) in
equilibrium with a given Cu(X) and Cu(XX) solid respectively. The terms
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max(0,c^ - c|at) and max(0,c| - c|at) represent the maximum value of O and
either (ĉ  - c^at) or (c| - c| ) respectively, and are included to ensure
that no precipitation occurs if c^ < c®at or cf ,sat

Equations (B12) to (B17) are solved subject to a number of boundary
conditions. The boundary at x = 6 represents the interface between the
buffer or backfill material and the rock. At x = 6, the concentrations of
all copper species (c|, cÇ, c|» c§ and s2) are taken as zero. The
concentration of dissolved oxygen in the rock is taken as 10 ng-g~ , and
the coupling between the vault and rock is accomplished by extending the
finite-difference grid to simulate the 50 m of rock between the rock and
the (assumed) position of the nearest major fracture, i.e., the so-called
50-m exclusion zone. This extension of the grid is necessary because,
otherwise, a swept-away boundary condition for O2 (as is assumed for the
copper species) would result in the rapid diffusion of O2 out of the vault.
The amount of oxygen diffusing out of an actual vault would be small
because of the much lower porosity of the rock compared to that of the
buffer or backfill material.

At x = 0, zero flux boundary conditions are assumed for cÇ, c|, cï> and s2.
The interfacial concentrations CQ and c| are linked by a flux boundary
condition given by

ac§(0,t) ac±(o,t)
ICORR = nOFAcDeff (B18)

at

where IÇQRR
t'ie corrosion current, n and are the number of electrons

transferred in the oxygen reduction and copper dissolution reactions (4 and
1 respectively, for the reaction scheme in Figure 18), Ac and A& are the
surface areas for the cathodic and anodic interfacial reactions (for
uniform corrosion AC = A&) and F is the Faraday constant. Equation (B18)
is the natural interfacial boundary condition for any surface corroding
electrochemically in aqueous solution.

The solution of Equations (B12) to (B17) subject to the boundary conditions
discussed above gives the following information: C0(x,t), c|(x,t), cC(x,t),
c|(x,t), cP,(x,t), s2(x,t) and -^cORR'

 In addition, from these parameters,
it is possible to calculate the corrosion potential from (King et al.
1994f)

-•CORR

RT
= E°, + In

UCORR
n1Fk_2V1cî(0,t) (B19)

where E* is the standard potential for reaction (Bl), R is the gas
cL

constant, T is the absolute temperature, [Cl~] is the chloride ion activity
and VT is the activity coefficient of CuCl2. The total copper
concentration in the buffer m (in mol-kg ) is given by

m(x,t) [eas(c|(x,t) + cf(x,t)) + cC(x,t) + c§(x,t)] + s2(x,t).(B20)
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The effect of evolving redox conditions on the corrosion behaviour of the
container can be judged in several ways. The variation of CQ(x,t) provides
a direct measure of the time dependence of the distribution of O2 within
the vault. The ratio of the concentrations of Cu(I) and Cu(ll) will also
indicate the progression of the vault environment from the initial warm,
oxidizing phase to the long-term cool, anoxic period. Similarly, the value
of ECQRR is expected to decrease as O2 is consumed. The maximum pitting
period can be estimated by determining the time at which the total Cu(II)
concentration drops to zero.

This model is currently under development and detailed discussion and
preliminary results are given elsewhere (King and Kolar 1995). Several
features of the model are worth pointing out here, however. The model is
almost exclusively a kinetic, as opposed to a thermodynamic, model.
Equilibrium conditions are assumed only in the calculation of the
distribution of O2 between solution and vapour phases (Ke_) and the
solubility of Cu(I) and Cu(II) solids (cfat and c|at respectively).
Several aspects of our experimental results, most notably the coexistence
of Cu(I) and Cu(II) dissolved and solid phases over a wide range of
conditions, and the high sorbed copper concentrations in clay in contact
with sparingly soluble CuCl2-3Cu(OH)2, are difficult to explain assuming
equilibrium conditions. It is clear that many of the reactions illustrated
in Figure 18 are kinetically limited, and it is therefore prudent to avoid
the assumption of equilibrium wherever possible.

A second feature of the model is the incorporation of the effects of
unsaturated conditions. The effect of varying moisture content is
accounted for by dividing the total porosity (£fc) into solution-filled
porosity (EfcS) and vapour-filled porosity (£t(l-S)), where S is the degree
of saturation (0<S<1). The solution-filled and vapour-filled porosities
are further divided into effective porosities (£„_ and £_,.) through which

C3O O V

species can diffuse, storage porosities (ess and £sv) representing the
volume of dead-end pores, and a total non-accessible porosity (Gna) which
is generally partly filled with solution and partly with vapour and is the
porosity associated with pores in the compacted buffer that are too small
for the diffusant to enter (Oscarson et al. 1994, Ryan and King 1994). The
assumed relationships between the various porosities and the degree of
saturation are illustrated in Figure B-10. The variation of these various
porosities with S affect the capacity factors of dissolved and vapour-phase
O2, the diffusion of dissolved Cu(I) and Cu(II) through the dependence of
£es on S, the rates of solution reactions through the dependence of £as on
S, and the diffusion of O2 through the dependence of E>eff on S. The
effective diffusion coefficient of O2 is given by Collin and Rasmuson
(1988):

Deff = TseesD0 + Wv(1 - S)3cevD0 <B21>

where TV is the tortuosity factor of the vapour-filled pores and DQ and D
v

are the diffusion coefficients of oxygen in bulk solution and in the vapour
phase respectively.

Further developments of the model are also planned. For instance, the
mass-balance equations may be modified if future experimental studies show
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that other processes need to be considered. For example, if sulphide
produced by SRB some distance from the container is shown to lead to
corrosion, then the diffusion of S to the container can be included in
the model. The production of oxidizing species by the radiolysis of thin
moisture films may similarly need to be considered if the duration of the
unsaturated phase is found to be extensive.

The physical and chemical effects of precipitated phases may also be taken
into account. The major physical effects of the precipitate layer are to
act as another diffusion barrier to the copper dissolution reaction and to
localize the corrosion by physically protecting areas of the corroding
surface. This latter effect causes roughening of the surface because of
under-deposit corrosion, and may represent a better description of the
cause of the roughened corroded surfaces observed in our corrosion
experiments (Litke et al. 1992) than the Lucey-type pitting mechanism
currently included in the model. These effects might be simulated by
varying the AC and A& terms in the interfacial boundary condition (Equation
(B18)) and by including another diffusion layer with a variable porosity
and/or a random distribution of defects or cracks through which copper
dissolves and diffuses. A possible chemical effect of the precipitate
layer is on the value of ECORR* T**e corrosion potential may shift in the
noble direction because of the separation of the anodic and cathodic areas
described above and by the reduction on the copper surface of Cu(ll) from a
dissolving precipitate layer. The effect of Aa on ECQRR is accounted for
directly in Equation (B19). The effect of the electrochemical reduction of
Cu(II) on EcORR can a^-so ke determined, but this would require a
reformulation of Equation (B19) to account for a second cathodic process.
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FIGURE B-l: Comparison of Measured and Predicted Corrosion Rates for Copper in Contact with
Compacted Buffer Material. The solid line is the predicted rate based on rate control
by the diffusion of Cu(II) away from the copper surface and the individual points are
measured rates from the weight loss of coupons at 50°C ( | ) and 100°c ( D ) and a
buffer dry density of 1.65 g-cm .
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FIGURE B-2: Potential-Current Diagram for Copper Dissolution in 0.1 mol-dm" ̂ NaCl Obtained Using a
Rotating Split-Ring Copper-Disc Electrode. The potential raises corresponding to the
dissolution of copper as Cu(I) and Cu(II) are indicated, along with the range of
corrosion potential values in C>2-containing solutions (RDE) and with a 1-mm-thick layer
of compacted clay over the electrode.
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FIGURE B-3: Variation of the Open-Circuit Potential with Oxygen Concentration of a Copper Electrode
in Contact with Compacted Clay in 1 mol-dm NaCl at Room Temperature. Potentials are
measured with respect to a saturated calomel reference electrode situated in the
solution. Compositions of gas mixtures are in vol.% indicated on figure. Clay layer is
1 irau thick. A indicates that aerated solution was mistakenly added to the cell during
the 0.2% O2/N2 period.
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FIGURE B-4: Evans Diagram Illustrating the Effect of Restrictive Mass
Transport on the Corrosion Potential of Copper in
(̂ -Containing Chloride Solutions. In bulk solution (solid
lines) the anodic reaction is transport-limited and the
cathodic reaction kinetically limited at ECORR. For a clay-
covered electrode (broken lines) both anodic and cathodic
reactions are mass-transport controlled.
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.-3FIGURE B-5: Pourbaix Diagram for the System Cu-Cl-H2O in 1 mol-dm"
Chloride Solution at 25°C. Solution species considered:
CuCl2, CuCl

+, HCUÛ2/ Cuo|" and CuÔ . Solid species
considered: CuCI, Cu, Cu2O, CuO, v-CuCl2'Cu(OH)2 and Cu2O3
hydrate. Lines (a) and (b) are the reversible potentials of
the water reduction and oxidation reactions respectively.
The shaded area represents the approximate range of
interfacial corrosion potential and pH for a clay-covered
copper electrode with various dissolved O2 concentrations
(cf. Figure B-3).
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FIGURE B-7: Copper Concentration Profiles in Compacted Buffer Material
Following Corrosion Experiments at 95°C under Various
Conditions for a Period of 6 Months. Oxidizing conditions
( ) resulting in the formation of strongly adsorbed cu(II)
and low [02] conditions ( ) resulting in the formation of
weakly adsorbed Cu(I). The inset shows the low-[O2] profile
on a smaller scale.
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FIGURE B-8: Temperature Dependence of Apparent Diffusion Coefficients of
Copper in Compacted Na-Bentonite. • Cu(II) species added to
clay as CuCl2-2H2O dissolved in standard Canadian Shield
saline solution (SCSSS), A CuCl^ species added to clay as
CuCl dissolved in deaerated SCSSS. Clay dry density
1.2 g-cm"3.
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FIGURE B-9: Effect of Gamma Radiation on the Corrosion Potential of Copper in Deaerated Saline
Solution at 150°C. The initial decrease in potential is typical of the behaviour in the
presence or absence of radiation and is not itself an effect of radiation. Absorbed
dose rate 27 Gy-h"1, [Cl~] = 0.97 mol-dm"3 (King and Litke 1987).
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FIGURE B-10: Assumed Variation of Various Solution-Filled and Vapour-
Filled Porosities as a Function of the Degree of Saturation
for Porous Compacted Materials. See text on the numerical
copper corrosion model for definition of the various types of
porosity.
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