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PREDICTION OF LONG-TERM BEHAVIOUR

FOR NUCLEAR WASTE DISPOSAL

by

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

ABSTRACT

The modelling procedures developed for the long-term prediction of the corrosion of used
fuel and of titanium and copper nuclear waste containers are described. The corrosion
behaviour of these materials changes with time as the conditions within the conceptual
disposal vault evolve from an early warm, oxidizing phase to an indefinite period of cool,
anoxic conditions. For the two candidate container materials, this evolution of conditions
means that the containers will be initially susceptible to localized corrosion but that in the
long-term, corrosion should be more general in nature. The propagation of the pitting of Cu
and of the crevice corrosion of Ti alloys is modelled using statistical models. General
corrosion processes are modelled deterministically. For the fuel, deterministic
electrochemical models have been developed to predict the long-term dissolution rate of
UO2.

The corrosion behaviour of materials in the disposal vault can be influenced by reengineering
the vault environment. For instance, increasing the areal loading of containers will produce
higher vault temperatures resulting in more extensive drying of the porous backfill materials.
The initiation of crevice corrosion on Ti may then be delayed, leading to longer container
lifetimes. For copper containers, minimizing the amount of O2 initially trapped in the pores
of the backfill, or adding reducing agents to consume this O2 faster, will limit the extent of
corrosion, permitting a reduction of the container wall thickness necessary for containment.
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PREVISIONS DU COMPORTEMENT A LONG TERME EN VUE DU STOCKAGE

PERMANENT DES DECHETS DE COMBUSTIBLE NUCLEAIRE

par

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

RESUME

Les methodes de modelisation mises au point pour les previsions a long terme de la corrosion des
conteneurs en titane et en cuivre de combustible irradie et de dechets de combustible nucleaire
sont decrites dans cette etude. Le comportement sous corrosion de ces materiaux change avec le
temps; en effet, les conditions dans 1 'installation conceptuelle de stockage permanent passent
d'une phase oxydante tiede au debut a des conditions anoxiques froides d'une duree indeterminee.
Pour les deux materiaux envisages pour la fabrication des conteneurs, le changement de ces

conditions signifie que les conteneurs seraient susceptibles de presenter une corrosion localisee
au debut mais de nature plus generate a long terme. La propagation de piqures des conteneurs en
cuivre et de la corrosion par fissuration des alliages de titane est modelisee a l'aide de modeles
statistiques. Les processus de corrosion generaux sont modelises de facon deterministe. Pour le
combustible, des modeles electrochimiques deterministes ont ete elabores pour prevoir le taux de
dissolution a long terme de l'UO2.

Le comportement sous corrosion des materiaux de Installation de stockage permanent peut etre
different si Ton modifie la conception technique de Installation. Par exemple, une plus grande
charge surfacique des conteneurs aura pour effet de faire augmenter la temperature dans
1'installation, d'ou un sechage plus complet des materiaux de remblai poreux. Le debut de la
corrosion par fissuration du titane peut etre retarde, ce qui prolongera la duree de vie des
conteneurs. Pour les conteneurs en cuivre, en reduisant au debut la quantite d'O2 qui serait
emprisonnee dans les pores du remblai, ou en ajoutant des agents reducteurs qui consommeraient
plus rapidement l'O2, on limiterait 1'etendue de la corrosion, ce qui permettrait de reduire
l'epaisseur des parois des conteneurs utilises.
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1. INTRODUCTION

The goal in safely storing nuclear waste is to prevent the escape of radionuclides to the biosphere
until after they have decayed to innocuous levels. Many environments and waste disposal scenarios
have been proposed in various countries and have recently been reviewed (Shoesmith et al. 1994a,
Johnson et al. 1994a). If these scenarios are to be justified, then models must be developed to
demonstrate that the rate of release of radionuclides will be slow compared to their rate of
radioactive decay.

The development and justification of these models is no small task since inevitably the retardation of
radionuclide release is based on multibarrier arrangements. Thus, for disposal of nuclear waste in the
proposed Canadian vault it is necessary to model and predict the performance of a series of barriers.
For deep disposal in a geologic formation (plutonic rock in the Canadian Shield), these include the
following:

(1) the wasteform;

(2) the engineered barriers, including the metallic container, the compacted
buffer/backfill materials surrounding it, and vault sealants;

(3) the natural geological barrier.

Models have been developed for all of these barriers and recently published as part of an
Environmental Impact Statement (EIS) (AECL 1994). Here, we are interested in the performance of
two barriers within the engineered vault: the corrosion of the wasteform and its effect on
radionuclide release; and the corrosion of the metallic container encapsulating the waste.

A problem when attempting to predict the lifetimes of nuclear wasteforms and containers is that, due
to the long timescales involved, there is no possibility of refining models based on failure analyses.
This means that predictions must be justified on a sound mechanistic understanding, substantial
databases, conservative modelling assumptions and an extensive assessment of the uncertainties
involved. In some respects, however, the prediction of parameters such as container lifetimes is
easier than predicting the corrosion damage to most industrial structures. Generally, overestimates
of corrosion damage can lead to unnecessary and costly shutdowns for equipment inspections, and
underestimates to unexpected and potentially dangerous failures. This is particularly important for
large installations for which inspections for damage are difficult and expensive. Corrosion damage
to a nuclear steam generator would be an appropriate example. The failure of nuclear waste
containers is predominantly a safety issue since inspection and replacement are not options. If costs
are also important, then the choice of material and the design of the container must be carefully
balanced with conservative assumptions in failure models.

Numerous glass and ceramic wasteforms have been developed to immobilize radionuclides when the
waste is in the form of dissolved fuel-reprocessing liquids, and their corrosion performance has been
recently reviewed (Lutze and Ewing 1988, Johnson et al. 1994a). However, for mainly economic and
political reasons, the direct disposal of unreprocessed nuclear fuel (mainly in the form of uranium
dioxide (UO2)) has become the primary goal in many national waste management programs. In
Canada, this last option is the only one under consideration and, therefore, will provide one of the
focal points for this article.
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Many different materials have been considered as candidate container materials and many of the
studies of their corrosion have been recently reviewed (Johnson et al. 1994a). Currently, oxygen-free
copper (Sweden, Canada), titanium alloys (Canada, Japan), carbon steels (Switzerland, Japan), nickel
alloys (Germany) and the stainless steel, alloy 825 (U.S.A.), are the primary candidates. However,
priorities may change as more is learned about vault conditions and the corrosion performance of
various materials.

Within the scope of this report it is not possible to discuss all possible materials, environments and
modelling procedures. We will concentrate primarily on titanium alloys and copper, the two primary
candidate materials under Canadian disposal conditions. We will discuss the corrosion processes
expected to determine the corrosion performance of the wasteform and container and how they
should change with evolving vault conditions. We address the modelling approaches required and
the strategies which must be adopted if the wastes are to be safely contained. Since many aspects of
vault performance and evolution of vault conditions remain uncertain, or cannot be specified until
extensive site characterization has been completed, we emphasize that alternative materials,
container designs and modelling procedures should not be ignored.

2. VAULT AND CONTAINER DESIGN

The Canadian nuclear fuel waste disposal concept involves permanent burial at depths of 500 to
1000 m in plutonic rock in the Canadian Shield. The waste would be placed in corrosion-resistant
containers, and a clay-based buffer material would be placed between the containers and the rock.
Either the borehole emplacement configuration, or the in-room emplacement configuration could be
used, Figure 1. The remaining excavations would be backfilled and sealed (Simmons and
Baumgartner 1994). In both of these configurations the container is embedded in a series of layers.
The properties of these layers differ in terms of their porosity (e), tortuosity factor (x), the extent to
which they retard diffusing species by adsorption, and the amount of redox-active minerals they
contain. Although individual layer dimensions will vary, the sequence of layers is effectively the
same for each configuration: buffer material (1:1 Na-bentonite:silica sand), light (1:1 Na-
bentonite:silica sand) or dense (0.7:0.25:0.05 crushed granite:glacial lake clay.Na-bentonite) backfill
material and rock. For the borehole configuration, it is proposed that a layer of silica sand be placed
immediately around the container.

The selection of a container design and material of construction is dependent not only on its
corrosion durability, but on other factors such as ease of fabrication, inspection, repair, emplacement
and possible need for retrieval, resource use and cost. These factors have been addressed in detail
elsewhere (Crosthwaite 1995). A number of designs were evaluated and reference designs chosen
for titanium and copper.

For titanium, a thin-shelled, packed-particulate design was chosen. In this design, a
6.35 + 0 - 0.30[dl]-mm-thick titanium shell is internally supported by industrial glass beads. Of this
wall thickness, 4.2 mm is taken as a corrosion allowance. The container would be fabricated with a
gas-tungsten-arc weld around the bottom and a diffusion-bonded closure weld around the top.

For copper, a similar container design could be used. Currently, the minimum wall thickness is
25 mm, although this thickness may be reduced as the design is refined. The most likely
manufacturing route is to seam-weld together two clam-shell halves made from rolled plate material
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SOURCES OF O?

(I) Trapped in
porous materials:

Borehole emplacement
43 mol/container

In-room emplacement
27 mol/container

(ii) Groundwater:
<5ppb

(Hi) ?*adiolysis:
minimal (S11 Gyh"1)

In-Borehole Emplacement

In-Room Emplacement

FIGURE 1: Schematic Illustration of Two Possible Designs for a Used Fuel Disposal Vault in the
Canadian Shield. The designs differ primarily in the location of the containers within
the vault: either borehole or in-room configuration. The gamma dose rate quoted is for
a copper container with a 25-mm wall thickness.

and then weld top and bottom heads in place. Electron-beam welding is the preferred method for
welding thick Cu plate. Alternatively, a thick (perhaps 5 cm) inner C-steel liner could be used to
support the outer Cu shell. For a 25-mm-thick Cu container, the uniform corrosion allowance is
taken to be 16 mm and the pitting allowance 25 mm.

2.1 VAULT ENVIRONMENT AND ITS EXPECTED EVOLUTION
WITH TIME

An important aspect of the corrosive conditions to which the container will be exposed is that they
will change with time. This evolution of conditions affects not only the concentration and
distribution of oxidants and the cooling of the containers with time, but also the distribution of pore
fluids in the buffer material in contact with the container. The set of reference conditions considered
in a recently published vault postclosure assessment has been discussed elsewhere (Johnson et al.
1994b).

The primary feature of the conditions in a sealed vault deep in a geological formation is their
evolution from initially warm and oxidizing to eventually cool and non-oxidizing. The heat is
generated by radioactive decay processes within the wasteform, and the temperature will depend on
the age of the waste, the relative spacing of the containers within the vault and the thermal properties
of the surrounding buffer/backfill materials. For both the vault configurations shown in Figure 1 the
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maximum temperature at the surface of the container will be <100°C. For these high temperatures
the environment around the container will initially dry out and then resaturate as temperatures
decrease. The consequences for corrosion of the container will be discussed below.

The concentration of oxidants will be determined by the amount of oxygen trapped (Figure 1) within
the vault when it is sealed and its rate of consumption by minerals, oxidizable organic material and
corrosion of the container. At the depths proposed for the siting of the waste vault, oxygen
concentrations in groundwaters are very low (<5 ngg"1) and, at the low gamma-radiation dose rates
anticipated on the outside of the containers (10-50 Gyh ', equivalent to 1000 - 5000 rad-h"') the
concentration of oxidants produced by the radiolysis of water will be negligible. This will not be so
for fuel dissolution if containers should fail and the fuel become wet while radiation fields remain
significant.

Although the composition of groundwaters could be complex (Johnson et al. 1994b), it is their
salinity, expressed as a chloride concentration, which is expected to be most important in
determining corrosion behaviour. This concentration will be determined by the interaction of surface
groundwaters with rock-mass pore fluids. The less permeable the geosphere (rock mass), the lower
the velocity of groundwater flow to vault depths, and the more extensive rock-water interactions and
the leaching of soluble salts will be; i.e., slower flow velocities through less permeable rocks will
increase groundwater residence times and lead to more saline groundwaters at vault depths. In the
recently published postclosure assessment a reference chloride concentration of 6000 Jig-g"1 was used
(Johnson et al. 1994b). More recent groundwater analyses suggest that concentrations as high as
125 000 (xgg1 could be established in a vault with low groundwater flow velocities (Gascoyne et al.
in press). Finite element calculations using the MOTIF code (Kolar, unpublished data) indicate that
>106 a would be required for this concentration to be established at the container surface.

Figure 2 shows the trends expected for conditions within the waste vault. From the perspective of
container corrosion, it is clearly important what time frame these changes occur on, since the
probability and extent of corrosion damage to the container will be greater in the early warm,
oxidizing period than in the longer-term cool, anoxic period. If the container were to be constructed
from a corrosion resistant material, such as Ti, then it would be important that anoxic conditions be
established before high salinities are achieved. For corrosion allowance materials (e.g., Cu), the
chloride concentration may be less important than the duration of oxidizing conditions.

2 2 VAULT REENGINEERING TO AVOID CORROSION

Clearly, if long container lifetimes are to be achieved then the duration of the early warm oxidizing
period, and the extent of corrosion damage sustained during this period, must be minimized. One
approach is to change the vault design.

A reduction in temperature could diminish the susceptibility of materials to localized corrosion by
decreasing both the probability of initiation and the rate of propagation. Maximum container
temperatures could be lowered by delaying emplacement in the vault to allow further radioactive
decay of the waste. Alternatively, a wider spacing of containers within the vault would provide the
desired cooling. While both options are feasible, the first would necessitate the construction of
additional surface storage facilities and the second would require the construction of a larger vault
and would make it more difficult to identify an acceptable, fault-free geological site.
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FIGURE 2: The Expected Evolution of Environmental Conditions Within a Canadian Disposal

Vault

The supply of oxidants could be controlled by using granitic, as opposed to silica, sand in buffer
material. This would increase the inventory of oxidizable material (Fe(II)) available within the vault
to scavenge O2. The addition of substantial amounts of oxidizable minerals to the compacted buffer
would serve the same purpose but could adversely affect the self-sealing properties of the buffer
essential to limiting the transport of radionuclides out of the vault.

Placing the vault at a shallower depth would help maintain low salinities, which tend to increase with
depth (Gascoyne and Kamineni 1994). However, the possibility of finding a crack-free geological
formation is less likely at shallower depths. An increased groundwater-flow velocity through more
permeable rock would also help to maintain lower salinities but would introduce the possibility that
additional oxidants would gain access to the vault. Also, the rate of transport of radionuclides from
the vault could be enhanced.

An extensive discussion of these options is beyond the scope of this article, but given the effort and
costs involved in site selection and characterization, vault reengineering to avoid corrosion is fraught
with uncertainties.

2.3 DURATION OF THE INITIAL WARM OXIDIZING PERIOD

A knowledge of the duration of the early warm oxidizing period is essential if the evolution of vault
redox conditions is to be incorporated into fuel dissolution and container corrosion models. As part
of our model development to predict the corrosion of copper containers, we have calculated the rate
of consumption of O2. The details of this calculation have been described elsewhere (Kolar and King
1996). For the in-room vault configuration, Figure 1, the most important reactions leading to the
consumption of available O2 are corrosion of the copper container, and oxidation of dissolved Cu(I)
(the corrosion product) and organics and other impurities within the vault. The consumption of O2
by oxidation of Fe(II) from biotite dissolution would be significant in the backfill materials
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containing crushed granite and in the rock itself. These calculations predicted that all the oxygen
trapped in the vault would be consumed in between 50 a and 670 a for an assumed constant
temperature of 75°C. The shorter period results primarily from the effect of oxidizable impurities
(organic C, Fe(II)) present naturally in the clay in the buffer and backfill materials. If it is assumed
such species are not present in the materials in the vault then the period of 670 a is predicted, with
-60% of the O2 being consumed by reaction with Fe(II) contained in the crushed biotite in the
backfill material.

2.4 REQUIRED PERIODS OF CONTAINMENT

Various target lifetimes can be defined for containers. In Figure 3 these targets are superimposed on
a plot showing the distribution of container temperatures as a function of time since emplacement in
the vault and the expected profile for the decay in O2 concentration. The temperature profiles are
calculated for the borehole emplacement configuration, Figure 1, but would be similar for in-room
emplacement. The oxygen profile is arbitrary but is fixed by the two limits: 50 a, the expected time
for O2 to be consumed by organics, and 670 a, the expected time if O2 is consumed mainly by Fe(II).

100

o

I
20 -

10 102 103 104

Time Since Emplacement (a)

105 10°

FIGURE 3: Target Lifetimes for Waste Containers Superimposed on a Plot Showing the
Distribution of Container Surface Temperatures as a Function of Time Since
Emplacement: 1 - the period required for safe handling; 2 - period of highest
radiotoxicity; 3 - period the temperature is above ambient; 4 - indefinite containment
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A target lifetime of 10 to 100 a (arrow 1 in Figure 3) 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 warm
oxidizing period (arrow 2 in Figure 3), which is also the period of highest radiotoxicity, containment
for up to 1000 a would be required. Containment for this period could be achieved using a variety of
metallic materials, including copper (Werme et al. 1992, King et al. 1994), Grade-2 titanium (Ti-2)
(Shoesmith et al. 1994b), and the relatively inexpensive and readily available carbon steels (NAGRA
1984, Marsh and Taylor 1988). To cover the period when the temperature is above ambient, the
container must last 104 to 3 x 104 a (arrow 3 in Figure 3). Such lifetimes appear to be beyond the
scope of the commonly used carbon steel construction materials unless containers are designed with
walls tens of centimetres thick. Analyses show that containment for this period can be achieved
easily with copper (Werme et al. 1992, King et al. 1994) and possibly with Grades-12 (Ti-12) or -16
(Ti-16) titanium (Shoesmith et al. 1995a). Indefinite containment for >105 a to 106 a (arrow 4 in
Figure 3) only seems achievable with materials with suitable thermodynamic stability (Cu) or
materials that are protected by unreactive and protective oxide layers (titanium alloys and, possibly,
nickel-based alloys (Johnson et al. 1994a)).

3. CORROSION (DISSOLUTION) OF SPENT FUEL

Once waste containers fail, contact of the spent fuel wasteform with groundwater can occur and the
leaching/dissolution of radionuclides and their transport into the environment beyond the waste
container is possible. The radionuclide release model used in the safety assessment of the EIS
includes three main release mechanisms (Johnson and Shoesmith 1988), Figure 4:

ZJrcaJey

Fission
product '
deposits

( C l )

Solid Fission
products

(Te, Ru, Mo, Pd)

Species
In solid
solution

(U,An,Ln)0j

FIGURE 4: Partial Cross-section Through a Used Fuel Pin Showing the Distribution of Various
Fission Products at the Fuel/Sheath Gap, at Grain Boundaries in the Fuel and Within the
Fuel Matrix
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(1) the rapid release of volatile fission products (e.g., Cs, I) from the fuel/sheath gap;

(2) the leaching of fission products (e.g., Cs, I, Tc) from the fuel grain boundaries; and

(3) the slow release of radionuclides from the fuel matrix as a result of the dissolution of
fuel grains.

The great majority of radionuclides (90-100%) are contained within the grains of the fuel pellets and
will be released at a rate governed by the dissolution rate of the uranium oxide matrix. The problem
of measuring and predicting UO2 dissolution rates is complicated by the sensitivity of uranium
solubility to redox conditions (Shoesmith and Sunder 1992). This makes the release rates of the
majority of radionuclides potentially dependent on vault redox conditions. Consequently, it is
necessary to treat fuel dissolution as a corrosion process and to attempt the prediction of rates based
on electrochemical principles. Many studies have demonstrated the electrochemical nature of UO2

dissolution (Shoesmith et al. 1994c). The redox potential (EOX/RED) for most oxidizing agents likely
to be present in groundwaters will be more positive than the equilibrium potential (E

the oxidative dissolution reaction (Shoesmith et al. 1994c),
j /UO

) for

UO 2e~2 -> UO

Ox + ne" -» Red

(1)

(2)

proceeding at the corrosion potential (ECORR), Figure 5.

Solid s Interface

Change in E
as Interfacial

Conc'n of |
Increases

El)Oa/uoi

Environment

^OX/RED

Change in E as
Oxidant Conc'n
Decreases

CORR

FIGURE 5: Relationship Between Potentials When the Surface of the Fuel is Not in Equilibrium
With Its Environment and an Electrochemical Driving Force for Oxidative Dissolution
Exists
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For this situation, the more commonly used geochemical models which consider the interfacial
reaction (the sum of the two half reactions (1) and (2)) to be close to solubility equilibrium
(solubility-limited models) are inappropriate. However, as oxidation of the fuel progresses and
oxidants are consumed the electrochemical driving force for the dissolution process will decrease,
Figure 5, and eventually it will become as appropriate to apply a solubility-limited dissolution model
as an electrochemical one.

The surface chemistry of UO2 oxidation and dissolution is complex (Shoesmith et al. 1994c) and is
illustrated in Figure 6 as a function of ECORR- This scheme was determined from electrochemical,
X-ray photoelectron spectroscopic (XPS) and corrosion experiments performed in 0.1 mol-L"1

NaClO4 (pH = 9.5), a slightly alkaline, non-complexing solution simulating that expected under
waste vault conditions. Of primary importance for the present discussion is the boundary separating
the potential range for which an electrochemical (corrosion) model is required for fuel dissolution
from that for which a solubility-limited model should suffice. Below ECORR values of ca. -100 mV
(vs. SCE) the surface composition changes with potential (i.e., x in UO2+X varies with potential).

300

100

Electrochemical
Dissolution

t
-100

Redox Equilibrium
for Oxidative
Dissolution

-300

Chemical Dissolution
/-*v as U4*
(?) -500

Electrochemical
Model

Solubility - Limited
Model

Corrosion
Potential
(mV.vs SCE)

FIGURE 6: The Chemistry of UO2 Oxidation as a Function of Corrosion Potential
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Above this potential oxidative dissolution dominates over the formation of surface oxide. Depending
on the composition of the solution (or groundwater), dissolution may lead to soluble species (when
complexing agents like carbonate are present) or the buildup of secondary phases on the dissolving
surface (e.g., UO32H2O). After long exposure to natural groundwaters containing species such as
Ca2+ and SiO* , the evolution of the dissolution/secondary phase formation process should be
similar to the paragenetic sequence exhibited by natural uranium deposits as illustrated in Figure 7
(Wronkiewicz et al. 1992). The formation of these insoluble phases is expected to eventually block
fuel dissolution. When developing conservative dissolution models, the long-term beneficial effects
of these processes are ignored.

Precipitated secondary Vault environment

Schoeplte (UO3 • 2H2O)

S * Soddyite (U5 Sl2 O19 * 6H2O)

v — > Uranophane (Ca[UO2]2[SIO3OH]2 • 5H2O)

^—> Non - uranyt

Ca2+ , SiO?"

FIGURE 7: Reaction Sequence Showing the Alteration of Precipitated Uranyl Phases in a
Geological Environment Derived from Consideration of Natural Ore Deposits

The oxidants potentially available in a waste vault to drive the electrochemical dissolution of spent
fuel include:

(a) dissolved oxygen trapped when the vault is sealed;

(b) the products of water radiolysis (by alpha, beta, gamma radiation) due to the decay
of radionuclides in the fuel. None of these oxidants will cause fuel dissolution and
radionuclide release until waste containers fail and the fuel comes in contact with
groundwater. Consequently, the most aggressive corrosion conditions for the fuel
will occur if containers fail while the vault environment remains oxidizing and the
radiation fields within the fuel are high.

The two shaded areas in Figure 6 show the steady-state ECORR values measured in unirradiated
aerated solutions (upper region) and argon-purged solutions (lower region). Arrows I and 2 indicate
the range of steady-state ECORR values measured for a range of gamma dose rates (arrow 1) (Sunder et
al. 1992) and alpha-source strengths (arrow 2) (Sunder et al. 1995). Clearly, as oxygen is consumed
and radiation fields decay dissolution rates should decrease and, eventually, the need to consider
dissolution as a coupled corrosion process should become unnecessary.
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We have developed a simple electrochemical model to predict fuel dissolution rates as a function of
redox conditions (Shoesmith and Sunder 1992). Using this model, we can assess the consequences
of rapid container failure on radionuclide release, and determine the minimum period of containment
required if fuel corrosion due to water radiolysis is to be avoided. In this model, electrochemical
current-potential relationships measured for the anodic dissolution of UO2 (Tafel plots) are
extrapolated to steady-state values of ECORR measured in solutions containing various concentrations
of oxidant (Shoesmith and Sunder 1991, 1992). This procedure yields rates of fuel dissolution
(= ICORR) as a function of oxidant concentration.

Figure 8 shows predicted rates as a function of the logarithm of the gamma dose rate (Shoesmith and
Sunder 1991). The logarithmic scale has no significance except to allow us to expand our analysis
over orders of magnitude change in dose rates. The dashed lines are simply envelopes for the data
and possess no fitting significance. The times plotted along the X axis are those at which such doses
would be achieved at the surface of a CANDU fuel bundle (burnup = 685 GJ-(kgU)"') after discharge
from reactor. This axis will change with fuel type and burnup enabling us to predict how fuel
properties are likely to affect dissolution rates. The horizontal dashed line is the rate below which
the need for a corrosion model is no longer essential. The rate represented by this line is that
expected for ECORR = -100 mV (vs. SCE), Figure 6. The rates indicated by the shaded area, A, are
those predicted for aerated solutions in the absence of a radiation field (Shoesmith et al. 1989).
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FIGURE 8: Predicted Dissolution Rates for UO2 as a Function of the Logarithm of Gamma Dose
Rate: o - argon-purged solutions; • - aerated solutions. A is the range of dissolution
rates measured in unirradiated but aerated solutions.
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From this plot we predict that the corrosion rate due to gamma radiolysis would fall below the
threshold for oxidative dissolution, providing groundwaters were anoxic, after -200 a. If the
container failed while groundwaters contained dissolved oxygen then the predicted dissolution rates
would be substantially higher and would not decay as rapidly as those in anoxic solutions. This can
be attributed to the much higher concentrations of oxidizing radicals and H2O2 produced by the
radiolysis of aerated solutions (Sunder and Christensen 1993). The impact of gamma radiolysis in
aerated solutions could be sustained for up to -103 a and, if oxidizing conditions persisted,
significant corrosion rates could be sustained by reaction with dissolved oxygen. Clearly, container
failure while groundwaters contain significant amounts of dissolved oxygen is to be avoided.

A similar procedure has been used to assess the possible effects of alpha radiolysis in both CANDU
and Swedish PWR fuel (Shoesmith and Sunder 1991, Sunder et al. 1995). The range for alpha
particles in water is short (-30 |im (Garisto 1989, Sunder 1995)) and oxidative dissolution supported
by alpha radiolysis of water could be important in wet cracks within the fuel, and at waterlogged sites
within the cladding gap. The experimental procedure used to measure ECORR is described elsewhere
(Bailey et al. 1985). While initially lower than those associated with y/p radiation, alpha activities in
the fuel decay more slowly and fuel corrosion supported by the alpha radiolysis could persist for
much longer periods. For CANDU fuel (burnup = 685 GJ(kgU'), the corrosive effects of alpha
radiolysis are predicted to persist for <600 a compared to -2000 a for PWR fuel (burnup
= 3800 GJ(kgU)"1).

From these calculations we can specify criteria for container lifetimes if the only aim of containment
is to prevent the relatively rapid corrosion of fuel and release of radionuclides. For CANDU fuel, the
-600 a required is well within the minimum lifetimes of-1200 a predicted using a conservative
container failure model based on the crevice corrosion of Ti-2 waste containers (Shoesmith et al.
1994b). This period of containment would not necessarily be sufficient for the PWR fuel.

When considering the implications of these predictions, their significance is very dependent on the
assumptions upon which they are based. The rates used were measured at room temperature
whereas, over the period of 2000 a considered, temperatures will decrease from around 100°C to
^ 40°C. Consequently, the neglect of temperature could lead to underestimates of the containment
period required. Other, conservative assumptions are likely to lead to overestimates. These include
the assumption that the container floods instantly with groundwater once the first corrosion
penetration of the container occurs and that the fuel cladding (generally an alloy of zirconium) does
not act as a corrosion barrier. It should also be noted that the measurements upon which these
predictions were based were performed on unirradiated UO2 specimens. While the behaviour of
spent fuel appears to be very similar, quantitative confirmation that this is so has yet to be obtained.

A criterion for container failure based solely on the need to avoid rapid corrosion of the fuel is not
sufficient to guarantee the total safety of the disposal concept. Many of the radionuclides possess
long half lives for radioactive decay (e.g., l35Cs, tm = 2.3 x 106 a; 129I, \m = 1.57 x 107 a) and may be
leached rapidly (e.g., from the fuel cladding gap, Figure 4) at a rate independent of the fuel
dissolution rate. The failure time of the container is only one factor which will affect the release of
these species to the biosphere (Goodwin et al. 1996). Its influence on the dose rate to the biosphere
from specific long-lived radionuclides can be assessed from the results of the full probabilistic
assessment code, SYVAC-CC3, developed for the recently published vault postclosure assessment
(Johnson et al. 1994b). Figure 9 shows the estimated dose rates to the biosphere of the long-lived
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FIGURE 9: Dose Rate to the Biosphere Due to I29I Predicted Using the Probabilistic Assessment
Code SYVAC for Various Container Failure Scenarios. (1) Container lifetimes
between 1200 and 7000 a with 50 m of rock between the vault and the nearest major
fracture, (2) same container lifetimes as (1) but with 30 m of rock between the vault and
the fracture, (3) a similar 30-m rock-fracture separation but with container lifetimes
>106 a. The lines are the median-value simulations and the shaded areas represent the
variability in the predicted dose rate.

radionuclide 129I for a number of possible scenarios. The dotted horizontal line, at a dose rate of
5 x 10"5 Sv-a"', is that associated with the specified maximum risk criterion. Cases 1 and 2 are
predictions based on the conservative crevice corrosion model for Ti-2 containers and differ only in
the assumed waste exclusion distance, the minimum thickness of intact rock separating a container in
the vault from an adjacent geological fault. Case 3 shows the marked advantage to be gained by
using containers with minimum lifetimes of >106 a. Such lifetimes are predicted for 25-mm-thick
copper containers (Shoesmith et al. 1995a). For case 3, the only source of leached I29I is from the 1
in 5000 containers which are assumed to fail rapidly due to fabrication defects present on
emplacement. This is one of a number of cases calculated by Goodwin et al. (1996) which clearly
indicate the ability of long-lived containers to compensate for deficiencies in the location of the vault
with regard to local geological faults.
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4. PREDICTING THE CORROSION PERFORMANCE OF WASTE CONTAINERS

Prediction of the lifetimes of containers designed to remain intact for thousands of years can only be
justified through a sound mechanistic understanding of the corrosion and mechanical degradation
processes involved. Long container lifetimes (up to 106 a) may be achievable if the damage caused
during the aggressive warm, oxidizing period (Figure 2) does not cause failure and if the subsequent
evolution of vault conditions does not leave the container susceptible to new failure processes. In
general, long container lifetimes can only be justified if the vault conditions evolve from a relatively
short aggressive period to a long-term environment that is stable and benign.

Approaches to modelling waste container corrosion processes have been recently reviewed
(Shoesmith et al. 1994a). The dilemma when trying to predict the damage, or wall penetration, due
to corrosion is 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 the localized corrosion events. This has led to efforts to accumulate a sufficiently large database
of penetration depths to allow statistically meaningful predictions to be made for the probable
maximum depth of penetration of the container as a function of the time since its emplacement in the
vault. The application of deterministic models based on mechanistic principles is much easier when
corrosion is general.

41 CORROSION PROCESSES ON COPPER AND TITANIUM

The specific corrosion process which must be considered depends on the container material chosen.
For titanium alloys, crevice corrosion and hydrogen-induced cracking (HIC) are the most likely
degradation processes, whereas for copper, general corrosion, and possibly pitting, are expected. Our
present understanding of the chemical/electrochemical processes important in determining their
behaviour under waste disposal vault conditions are summarized in Figures 10 and 11.

If crevice corrosion initiates on titanium, then O2 reduction on surfaces external to the crevice would
lead to the development of acidity at active sites within the crevice. The reduction of protons,
produced by metal hydrolysis reactions within 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 proceeded unchecked for extended periods of time then container failure by
either crevice corrosion or HIC would be a danger. Two limitations on the extent of crevice
corrosion appear possible. For susceptible alloys (Ti-2 with a low impurity content (Ikeda et al.
1994a)), the consumption of oxygen in the vault by reaction with Fe(II) and organics (Gascoyne and
Kamineni 1994, Kolar and King 1996) would starve the crevice propagation process and induce
repassivation. For impure Ti-2, or materials containing alloying elements to decrease crevice
corrosion susceptibility (Ni and Mo in Ti-12; Pd in Ti-16), proton reduction on the surfaces of
intermetallics (Ti,M), or other catalytic sites within the crevice, could induce repassivation (Ikeda et
al. 1994a).

The expected chemistry for copper in chloride-dominated groundwaters in compacted media is
summarized in Figure 11. The modelling of copper container corrosion is based on this reaction
mechanism (King and Kolar 1996), and the various k's designate reaction rate constants. The
complexity incorporated in this scheme is justifiable based on an extensive experimental database
(Shoesmith et al. 1994a, King and Kolar 1996). Under oxidizing conditions, oxidation of dissolved
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FIGURE 10: The Chemical and Electrochemical Processes Involved in the Crevice Corrosion of
Titanium in O2-containing Cl' Solution
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Interfacial
Reactions in the bulk medium

FIGURE 11: The Chemical, Electrochemical and Mass-transport Processes Involved in the General
Corrosion of Copper in (^-containing Cl' Environment
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Cu(I) species to Cu(II) species in solution would occur leading to the precipitation of cupric phases
over a base layer of CU2O. According to the mechanism proposed by Lucey (1967), this would
render the metal susceptible to type 1 pitting. Adsorption of cupric species at cation exchange sites
on clay surfaces can accelerate uniform corrosion processes. As oxygen is consumed, cuprous
species would be stabilized in solution by chloride complexation to produce anionic species which
would not exchange with cations on clay surfaces. This consumption of oxygen, and the subsequent
redissolution of Cu(II) precipitates from the copper surface, destroy the conditions required for
pitting which should therefore cease. Since electrochemical experiments show the interfacial charge
transfer processes to be relatively fast (King and Litke 1989), the rate of general corrosion would be
controlled by diffusion/adsorption/redox processes in the surrounding buffer/backfill materials.

4.2 LOCALIZED CORROSION DURING THE WARM OXIDIZING PERIOD

If arguments are to be made that corrosion-resistant materials can be used, then it is essential to
demonstrate one of two things:

(i) localized corrosion will not initiate under the proposed conditions;

(ii) the period for which oxidizing conditions endure is too short to prevent repassivation
limiting the propagation of localized corrosion.

Which of these two approaches is eventually adopted depends on the corrosion process being
considered.

The case that localized corrosion will not occur over long periods of time is difficult to make. Given
the stochastic nature of the initiation process, it is difficult to demonstrate unequivocally, within the
time frame of a laboratory experiment, that initiation will never occur on a container with a design
lifetime of thousands of years. A more appropriate approach is to base claims of immunity on
repassivation criteria; i.e., the experimental observation that propagation is limited by the material's
ability to repassivate. An example would be the repassivation potential measured in a cyclic
polarization experiment.

This last approach is justifiable for pitting in the case of the titanium alloys considered as waste
container candidate materials (Ti-2, Ti-12, Ti-16) since the ECORR is ~7 V less than the repassivation
potential determined in a polarization curve (Koizumi and Furuya 1972, Raetzer-Scheibe 1978).
Such an argument is not so easy to make for crevice corrosion of these materials, since the presence
of occluded regions can lead to the development of aggressive local chemistries. Consequently, for a
process such as crevice corrosion, it is necessary to demonstrate that the exposure environment
cannot support propagation to failure. This is the approach we have adopted for both the crevice
corrosion of titanium and the pitting of copper.

If the extent of container wall penetration by localized corrosion is to be determined and used to
predict the lifetimes of the container then it is necessary to develop a damage function, i.e., a
function which relates the depth of wall penetration to the time of container emplacement in the
vault. Developing such a damage function is not a simple matter. For copper containers, pitting has
been accounted for using an extreme value statistical analysis of available literature maximum pit
depth data over a period deemed to represent the maximum pitting period. The probability F(x) that
the deepest pit on a container has a depth <x is given by
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F(x) = exp{-exp(-ax + b)} (3)

where a and b are the shape and location parameters of the distribution determined by fitting equation
(3) to a number of sets of pit depth data. The pit depth data used covered an exposure period of up to
3000 a and were from a study of long-term underground corrosion of copper samples (Romanoff
1957) and from a Swedish study of pitting of bronze-age artefacts (Bresle et al. 1983). Since the
objects were exposed to near-surface conditions (aerated, low-salinity groundwaters, high

[CO |~ /HCO 3 ], low temperature - all of which should favour type 1 pitting of copper) the data were

deemed conservative for waste vault conditions. Since each set of data refers to a different exposure
period, the time dependence of a and b can be determined. The shape parameter was found to be
independent of time (a = 7680 m ') and the location parameter was fitted to

b = 4.26 + 1.17 ln(t) (4)

where t is the exposure time in years. The maximum pit depth on a single container is defined as the
depth x for which (1 - F(x)) = 10"". This represents a probability of 10"6 that the deepest pit on any
of the approximately 105 containers in the whole disposal vault will exceed this depth.

The maximum pitting depth was determined for a number of pitting periods. If the vault was
assumed to be indefinitely aerated then pitting would be possible throughout the lifetime of the
container (Shoesmith et al. 1994a). For this situation it was calculated that the maximum pit depth
on any of the ~105 containers would be 6 mm after 106 a. Alternatively, the period for which pitting
is possible can be defined as the period over which Cu(II) precipitates exist at the container surface.
This is effectively the warm oxidizing period, during which the formation of Cu(II) precipitates can
occur, plus the subsequent period required for their redissolution. Depending on the extent of redox
reactions between Fe(II) and Cu(II) in the materials surrounding the container, this period is
predicted to vary between 1370 a and 3.5 x 105 a (King and Kolar 1995). Both these periods are
substantially longer than the predicted duration of the warm oxidizing period (-670 a), making the
values of pit depths determined very conservative. The predicted maximum pit depth varies from
5 mm after 1370 a to 5.8 mm after 3.5 x 105 a. This insensitivity to the duration of the pitting period
is a consequence of the nature of the extreme value distribution function which predicts that the
depth of the deepest pit will not increase much after the first few years of exposure. From these
predictions it is clear that a corrosion allowance of, at most, ~6 mm would be sufficient to prevent
failure of copper containers by pitting alone.

For the crevice corrosion of Ti-2, similar long-term databases of penetration depths are unavailable.
Using a galvanic coupling technique, in which an artificially creviced Ti-2 electrode is connected to a
much larger counter electrode of the same material, we have determined the maximum depth of
penetration within the creviced area as a function of both the exposure time and the total amount of
oxygen consumed by crevice propagation. These maximum depths are plotted against the logarithm
of the exposure time for temperatures of 100°C and 150°C in Figure 12 (Shoesmith et al. 1995b).

The fit to such a function demonstrates that the form of the penetration profile is similar to that
observed for the pitting of copper; i.e., penetration occurs rapidly at short times but becomes very
slow at longer times. The line (1) is fitted to the points recorded at 100°C and the dashed lines
represent the ± l a limits of this fit. Extrapolation of these lines to the corrosion allowance predicts
that the container will fail somewhere between 350 a and 230,000 a with the most probable failure
time being -5000 a. It should be borne in mind that these predictions do not take into account the
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FIGURE 12: Maximum Crevice Corrosion Penetration Depths for 100°C (•) and 15O°C (O) for Ti-2
Plotted as a Function of the Logarithm of Exposure time. The line (1) is fitted to the
points recorded at 100°C, and the dashed lines represent the +\o limits of this
extrapolated fit. The line (2) is the penetration depth assuming a constant penetration
rate of 10 fxm"1. The vertical shaded area shows the range of predicted container failure
times (1200-7000 a) according to the model used in the postclosure assessment
(Johnson et al. 1994b).

decrease in temperature and the consumption of oxygen in the vault that will occur over these time
periods, Figure 3. Both these changes will decrease the rate of crevice propagation and enhance the
possibility of repassivation.

The vertical shaded area shows the range of predicted container failure times (1200 to 7000 a)
according to the probabilistic model used in the published postclosure assessment (Shoesmith et al.
1995b). In this model, a temperature-dependent crevice propagation rate of 10 [iraa' at 100°C and
an activation energy of 55 kJmol"1 is used. Hence, the predicted lifetimes include the effect of
decreasing temperature with time. However, the possibility of O2 consumption with time is not
included. Line 2 shows the penetration depth assuming a constant propagation rate of 10 jima1 .
Line 2 demonstrates that while the procedure used in the published probabilistic model
underestimates the penetration depths at short emplacement times, it eventually significantly
overestimates them.

The length of the extrapolation involved in Figure 12 is quite intimidating and one would feel much
more comfortable with either a more extensive database or a shorter extrapolation. To date, this
approach has not been extended to take into account the factors likely to cause repassivation before
failure can occur. However, additional confidence in our claim that propagation to failure will not
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occur can be obtained by using this damage function to predict the maximum depth of penetration
expected if all the oxygen available in our borehole (i.e., for the borehole configuration, Figure 1) is
consumed in the propagation of a single crevice. Approximately 4 moles of oxygen will be trapped
in the buffer material within each borehole of which ~1.5 moles will be in a 5-cm-thick sand layer in
contact with the container. The remaining 2.5 moles would be in the compacted buffer and its ability
to support crevice propagation will be limited by its slow flux to the container surface.

The extrapolation of the maximum penetration depth against the amount of O2 consumed is shown in
Figure 13, in which the number of moles of oxygen consumed is calculated from the faradaic charge
used in our galvanic-coupling experiment (Shoesmith et al. 1995b). Also shown as dashed lines are
the la, 2a and 3a limits of this fitted function. This extrapolation predicts a maximum penetration
depth of 2.6 mm for the consumption of the available oxygen in the sand layer and 2.9 mm for the
consumption of all the oxygen available in the borehole. Even for the 3a limit, the full wall
thickness would not be penetrated before all the oxygen available in the borehole was consumed.
Clearly, if the limits on available oxygen are considered, a much more defensible extrapolation can
be achieved.
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FIGURE 13: Maximum Crevice Corrosion Penetration Depths for 100°C for Ti-2 Plotted as a
Function of the Amount of Oxygen Consumed. The solid line is fitted to the data and
the dashed lines show the ±la, ±2a and +3a limits of this extrapolation. The vertical
lines A and B indicate the amounts of oxygen available in the sand layer around the
container (1.5 moles) (A) and in each individual borehole (4 moles) (B).

The danger when extrapolating damage functions of the type shown in Figures 12 and 13 is that the
duration of the longest experiment (125 days in the present case) was insufficient to definitely
establish the long-term behaviour. Consequently, it could be argued that the fitted function will not
be appropriate when extrapolated to long exposure periods. However, it is likely that the
extrapolations shown are still conservative since the factors which drive repassivation (limited
oxygen supply, decreasing temperatures, passivating groundwater species) have yet to be included.
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In order to develop ways of limiting crevice propagation, we must know the main parameters which
control the process. These are (i) the supply of oxidants; (ii) the temperature; (iii) the geometrical
mode of penetration within the creviced area; and (iv) the composition and microstructure of the
titanium alloy. Of these, control of (i) or (ii) can only be effected by changes in vault design and the
options have been discussed (Section 2.2). Of the remaining two, only the use of alternative alloys is
feasible, and we have studied the crevice corrosion behaviour of both Ti-12 and Ti-16. In the
absence of an extensive applications history for these alloys, the justification for their selection must
be based on clear experimental evidence that these alloys do repassivate without incurring extensive
crevice corrosion damage.

Using our galvanic coupling technique we have shown that, for Ti-12, a decrease in O2 concentration
and temperature are not so critical in determining the extent of crevice corrosion damage since
repassivation is possible in the presence of substantial O2 concentrations and inevitable once the
temperature falls to < 70°C (Ikeda et al. 1994b). To some degree, this makes the period and extent of
crevice propagation independent of the evolution of waste vault conditions, and the damage is limited
in comparison to that sustained by Ti-2. Our measurements on Ti-12 show penetration depths limited
to -1.3 mm, irrespective of environmental conditions (Bailey et al. 1995). A similar limit was
observed by Westerman (1990) in hot (150°C) saturated salt brines. For Ti-16, the depth of
penetration by crevice corrosion is insignificant because repassivation occurs too rapidly to allow
significant propagation to occur. For an original corrosion allowance of 4.2 mm the remaining
allowances after crevices have repassivated is in the order

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

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 will
be insignificant for Ti-16.

4.3 CORROSION-ASSISTED CRACKING

For processes involving corrosion-assisted cracking it is more or less essential to demonstrate that the
material is not susceptible in the disposal environment. While crack growth rates may be
measurable, and even predictable, when occurring at a rate leading to failure in tens of years, such
growth rates are effectively instantaneous when component lifetimes of many thousands of years are
required. It is, therefore, judicious to assume that cracking to failure will occur instantly once the
conditions for susceptibility have been established.

This is effectively the approach adopted by Cragnolino et al. (1994)) for the SCC of Alloy 825
containers under Yucca Mountain (USA) disposal conditions. The controlling factors for the
occurrence of SCC were taken to be ECORR and the critical stress intensity for SCC, Kiscc- Once
ECORR is greater than the repassivation potential the material was assumed to be susceptible to SCC.
The assumption that subcritical crack growth would subsequently occur at a rate of 5.0 x 10̂ * ma"1

after an induction period of 20 a would cause the failure of a 1-cm-thick container in an effectively
instantaneous 40 a.

A similar threshold approach has been adopted for the HIC of titanium containers. Using slow strain
rate experiments on precracked compact tension specimens preloaded with known amounts of
hydrogen, critical stress intensity factors were measured as a function of the hydrogen content of the
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metal for both Ti-2 and Ti-12 (Clarke et al. 1994). Essentially, both materials appear to suffer some
form of slow crack growth (SCG) at hydrogen contents up to -500 |igg"', but require high stress
intensity factors (in the range of 60 MPa-m"2) to promote growth. For both materials, these critical
stress intensity factors are almost independent of hydrogen content up to 500 Hg-g"1, although,
depending on microstructure and other materials properties, higher threshold values are commonly
observed (Clarke et al. 1994). An example for Ti-12 is shown in Figure 14 (Johnson et al. 1994b).
For the as-received material eventual failure appears to be ductile rupture, while for hydrogen
contents £ 500 |igg"' ( 2 700 |lg g ' for Ti-2), SCG is no longer observed and failure by fast crack
growth (FCG) is possible at a considerably lower stress intensity.
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FIGURE 14: Variation of the Critical Stress Intensity Factor with Hydrogen Content for Ti-2
(Transverse-Longitudinal (T-L) Orientation): O - Slow Crack Growth (Ks);
• - Fast Fracture (KH)

In view of these observations, we conservatively assume that a sufficient stress intensity for failure
by FCG will always be present and that if container failure by this process is to occur then it will be
dictated by the time taken to accumulate the critical amount of hydrogen in the metal. It is clear from
Figure 10 that the rate of hydrogen absorption by the metal will be dependent on the rate and extent
of crevice corrosion and, hence, that the chances of failure by HIC are significantly reduced if
crevice corrosion is curtailed.

Based on electrochemical studies and analyses of the actual amounts of hydrogen absorbed during
crevice corrosion of Ti-2, the rate of hydrogen absorption (in units of current) is given by

\ - l (5)

where W is the total weight change due to crevice corrosion (expressed in coulombs), Qc (coulombs)
is the integrated crevice current, Ic, measured in a galvanic-coupling experiment and fH is the fraction
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of the total amount of hydrogen produced by crevice corrosion that is absorbed by the metal. The
value of fH for Ti-2 is -0.1 (Shoesmith et al. 1994d).

4 4 MICROBIALLY INFLUENCED CORROSION (MIC)

A form of localized corrosion particularly awkward to model and predict is MIC (King and Stroes-
Gascoyne 1995). Firstly, in common with "inorganic corrosion" processes, it is not possible to
perform experiments on a meaningful time scale and, secondly, given the long containment periods
required, it is difficult to predict how microbial processes will adapt as vault conditions evolve.
From a microbial standpoint, the vault environment can be characterized as harsh and nutrient
deficient. Initially, the combined effects of elevated temperature (up to 95°C), ^-radiation and
desiccation of the buffer material will severely limit the extent of microbial activity close to the
container, and may be sufficient to deplete the microbial content of the buffer (Stroes-Gascoyne and
West 1994). It is expected that a zone of depleted microbial content (we hesitate to call this a sterile
zone) could form around the container. As temperatures fall and radiation fields decay, microbial
activity is likely to occur within the vault. Because this activity occurs during the long-term cool
anoxic period in the evolution of the vault environment, anaerobic species are likely to dominate the

microbial population. Due to the presence of SO4~ in groundwaters and gypsum impurity

(CaSO4 2H2O) in the clay, sulphate-reducing bacteria (SRB) are expected to be of greatest concern.

It is clear that, if MIC is to occur, it is to be expected in the long, as opposed to the short, term. Two
scenarios appear possible:

(i) once conditions around the container have become more benign from the microbial
viewpoint, repopulation of the microbially depleted zone could occur leading to the
formation of biofilms and corrosion on the container;

(ii)

corrosion.

microbial activity is confined to areas distant from the container, but aggressive
species formed by this activity are transported to the container leading to its
corrosion.

The first scenario is unlikely since the spatial limitations within the buffer (mean pore size estimated
to be 0.1 to 0.5 |im) are likely to seriously impede both the movement of microbes and the rate of
supply of nutrients. The second scenario has been considered for copper containers (King and
Stroes-Gascoyne 1995). The microbial action of SRBs remote from the container would produce
sulphide which would subsequently be transported to the container. This would make the reduction
of water on copper possible because the presence of sulphide shifts the potential for copper
dissolution to more negative values. In this case, the overall corrosion reaction can be written as

2Cu + HS + H2O -» Cu2S + H2 + OH" (6)

although the formation of non-stoichiometric sulphide phases is characteristic of copper corrosion
(McNeil et al. 1991). This situation is illustrated schematically in Figure 15.

4.5 DETERMINISTIC MODELS FOR GENERAL CORROSION PROCESSES

Before it can be claimed that container lifetimes can be predicted, it is necessary to determine the
extent of general corrosion which may accompany the propagation of localized corrosion during the
warm oxidizing period. Subsequently, once cooler anoxic conditions have been achieved the long-
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FIGURE 15: Schematic Illustration of the Possible Long-Term Effects of Sulphate-reducing
Bacteria in the Microbiologically Influenced Corrosion of Copper Containers

term passive corrosion of titanium and general corrosion of copper will be very slow. During crevice
corrosion of titanium the rate and extent of general corrosion will be negligible. This is not
necessarily the case for general corrosion accompanying the pitting of copper.

A coupled mass-transport/reaction model based on a kinetic description of the processes involved in
copper corrosion, Figure 11, has been developed (Shoesmith et al. 1994a; King and Kolar 1995,
1996). This model accounts for mass-transport, electrochemical, chemical and adsorption processes
and predicts the spatial and temporal variations of the concentrations of various dissolved,
precipitated and adsorbed species, as well as the time dependence of the corrosion rate and ECORR.

Since the properties of the materials surrounding the container will have a major, if not dominant,
influence on the container corrosion process, a one-dimensional description of the various engineered
and natural barriers surrounding the container is used, Figure 16. For the in-room vault
configuration, Figure 1, four layers are considered; from the container surface outwards, these are:
buffer, backfill, an excavation-disturbed zone of rock, and the rock itself. The properties of these
layers differ in terms of their porosity and tortuosity, the extent to which they retard diffusing species
by adsorption, and the amount of redox-active minerals (expressed in Figure 16 as a surface area, A,
of Fe(II)-containing biotite).

Mass-balance equations are written for the various diffusing and non-diffusing species considered in
the model, of the general forms

(7)
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the Numerical Model of the General Corrosion of Copper. Abiotue is the exposed area
of biotite and eex is the product of the effective porosity for mass transport and the
tortuosity factor.

and
3c
at

+ R' (8)

where c is the concentration, ea is the accessible porosity (see below), £e is the effective porosity for
mass transport, x is the tortuosity factor, D the diffusion coefficient in bulk solution and R and R' are
terms describing the rates of homogeneous reactions. These mass-balance equations are then solved
using finite-difference techniques subject to a set of boundary and initial conditions. Examples of
the boundary conditions are shown in Figure 16 for O2 and Fe(II). At the outer rock boundary
defined by a fracture running close to the vault, the diffusing Cu species are assigned a zero
concentration boundary condition and O2, Fe(II), and Cl" have constant concentration boundary
conditions determined by the composition of the groundwater.

Figure 17 shows the predicted corrosion rate (expressed as a current density, icoRR) and the
accompanying ECORR as a function of time. The corrosion rate decreases continuously with time and
virtually stops when all the O2 has been consumed, either by reduction on the container, by oxidation

of CuCl 2, organic material or Fe(II), or by diffusion out of the vault. Integration of this rate predicts

that the maximum wall penetration due to uniform corrosion will be 38 fim after 104 a. Subsequent
additional corrosion caused by trace levels of Oi in the groundwater is predicted to be negligible,
even over a period of 106 a.

This model also predicts that ECORR, Figure 17, will always fall well below measured pitting and
repassivation potentials for localized corrosion. This is a strong argument that pitting should not
occur and that its inclusion in our corrosion model is very conservative. If we add the predicted
penetrations by pitting (< 6 mm) and general corrosion (0.038 mm) then a total corrosion allowance

of <7 mm would be sufficient to obtain >106 a of containment. Clearly, the original design wall
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FIGURE 17: Predicted Variation of the Corrosion Potential (-—) and Corrosion Current Density
( ) of Copper Containers in a Canadian Disposal Vault. Simulation for dense
backfill as the second mass-transport layer at a temperature of 75°C.

thickness of 25 mm is grossly conservative and leeway exists for significantly reducing the container
wall thickness.

4.6 CONSEQUENCES OF UNSATURATED CONDITIONS AT THE
CONTAINER SURFACE

One aspect of vault conditions not so far considered is the possible existence of a warm moist
oxidizing environment during the early period of containment. Redistribution of the water in the
compacted buffer material will result in unsaturated conditions close to the container. It is believed
(C. Onofrei, private communication) that relatively little water will be lost from the buffer to the
surrounding rock, and that the moisture close to the heat-producing container will evaporate from
warm areas and condense in cooler parts of the vault. Eventually, as containers cool, the buffer in
contact with the container will resaturate with water.

The nature of corrosion processes likely to occur during this unsaturated phase is difficult to specify.
If no water is present on the container surface, not even a thin condensed water film, then aqueous
corrosion processes will be impossible and the extent of corrosion will be limited to slow air
oxidation, a process which should lead to little damage on either copper or titanium surfaces. If a
vapour phase exists and condensation of a thin liquid film on the container surface is possible, then
much more aggressive conditions could be established. Vapour phase corrosion in a thin liquid film
would differ from corrosion in a saturated environment because of different rates of mass transport of
reactants and products to and from the corroding surface and because of the concentration of solutes
by evaporation in the thin liquid film. In saturated buffer, the rate of diffusion of O2 is limited by the
porosity, tortuosity and constrictivity of the diffusion paths in the compacted buffer. In unsaturated
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buffer, O2 can diffuse through solution-free pores and the diffusion coefficient can then be several
orders of magnitude higher if vapour-phase diffusion dominates. By contrast, for unsaturated
systems, the transport of dissolved corrosion product species away from the corroded surface is
limited by the predominance of vapour-filled, as opposed to solution-filled, pores. Consequently,
corrosion products will accumulate at the corroding surface and localized under-deposit corrosion
conditions could be established. Conditions within a thin liquid layer would be oxidizing because of
the rapid diffusion of O2 and extensive oxidation of Cu(I) to Cu(II) will lead to the precipitation of
basic Cu(II) salts, such as CuCl2-3[Cu(OH)2].

An attempt to assess the consequences for corrosion of the existence of such a period of unsaturation
has been made (King and Kolar 1995). Saturation effects on mass transport are treated by
considering the different types of porosity in the compacted buffer. The total porosity is divided into
accessible and non-accessible porosity, where the non-accessible porosity comprises pores in the
compacted buffer that are too small for vapour-phase or dissolved diffusants to enter and may
constitute up to 50% of the total porosity (Oscarson et al. 1994). The fraction occupied by solution
and by vapour is taken to be a function of the degree of saturation. Similarly, the accessible porosity
is divided between the vapour-filled accessible porosity and solution-filled accessible porosity.
These accessible porosities are then further subdivided into effective porosities for diffusive mass
transport through connected pores (£„, EeV for solution-filled and vapour-filled porosities,
respectively) and storage porosities in dead-end and non-interconnected parts of the pore structure.
These porosities are then assumed to vary linearly with the degree of saturation.

The corrosion products Cu(I) and Cu(II) can only diffuse through the solution phase whereas oxygen
diffusion can occur through both phases, but will be much more rapid through vapour-filled than
solution-filled pores. In general, the effective diffusion coefficient (Deff) is a non-linear function of
the degree of saturation (s, 0 < s < 1) and can be expressed for oxygen by equations based on the fit
of experimental data to models for vapour-phase diffusion in unsaturated media (King and Kolar
1995), e.g.,

Deff = T s e e s D*+(l -s ) 3 e e v D* (9)

where Deff is the effective diffusion coefficient of O2 in the porous medium, xs and Tv are the solution-

phase and vapour-phase tortuosity factors, D* and D* are the diffusion coefficients of O2 in solution

and vapour respectively, and keq relates the vapour-phase O2 concentration, C*, to the solution

concentration cs
o (C* =k e qc*),

The predicted consequences of unsaturation on the corrosion of copper containers are demonstrated
in Figure 18, which shows the cumulative amount of corrosion (expressed as the integrated corrosion
current density) as a function of time for two different degrees of saturation at 25°C and 95°C.
Corrosion effectively ceases after a period of between 6 a and 680 a when all the O2 trapped in the
buffer is consumed. The time to consume all the O2, equal to the duration of the initial oxidizing
phase of the corrosion model, decreases with increasing temperature and increases with increasing
moisture content. The slight differences in the maximum integrated corrosion rate (proportional to
the maximum depth of penetration by corrosion assuming it to be generally distributed) are due to
differing degrees of interaction between the corrosion product and reducing agents such as Fe(II)
present in the buffer/backfill materials.
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FIGURE 18: Predicted Integrated Corrosion Rate as a Function of Time for Copper Containers in a
Canadian Nuclear Waste Disposal Vault as a Function of Temperature and the Degree
of Saturation of the Compacted Buffer Material(s). (a) 25°C, degree of saturation (s)
0.8; (b) 95°C, s = 0.8; (c) 25°C, s = 1.0; (d) 95°C, s = 1.0.

The results in Figure 18 demonstrate one of the fundamental features of the model; that, for a sealed
vault, the total amount of corrosion is limited by the availability of oxidants. While this calculation
clearly illustrates the acceleration of the corrosion process due to partial saturation it does not
address the possibility that corrosion may not be homogeneously distributed and, hence, that a
distribution of penetration depths may occur.

While an unsaturated phase can be shown to accelerate the corrosion of copper there is no evidence
that such conditions would have a detrimental effect on the corrosion of titanium alloys. Exposure
tests conducted in moist clay environments and in direct contact with clay (DeBruyn et al. 1990)
show no susceptibility to corrosion, localized or general, even though mineral deposits, which yield
conditions ideal for underdeposit corrosion, did form. These results suggest that undersafuration
provides a period when the initiation of crevice corrosion will not occur on titanium alloys. If we
accept the criterion for crevice initiation specified by Schutz and Thomas (1987), that crevice attack
of titanium alloys will not occur below a temperature of 70°C regardless of solution pH or chloride
concentration, then it is possible that a period of unsaturation could prevent the initiation of crevice
corrosion.

The period for which undersaturation is required can then be determined by calculating the times at
which containers cool to 70°C. Figure 19 shows the fraction of containers which have cooled to 70°C
as a function of time of emplacement in the vault. Even for emplacement times of 30 a fully 60% of
all the containers in the vault will have met the criterion of Schutz and Thomas and should, therefore,
experience no crevice corrosion damage. After -200 a all the containers will have met this criterion.
Unfortunately, to date, it has proven difficult to predict this period of slow resaturation. Present
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FIGURE 19: Cumulative Fraction of Titanium Containers Cooling to 70°C as a Function of Time
After Emplacement in a Canadian Nuclear Fuel Waste Disposal Vault

estimates range from <100 a to >1000 a (Pusch et al. 1985, Andrews et al. 1986) suggesting that
there is a good probability that crevice corrosion will be avoided.

4.7 MECHANICAL CONTAINER FAILURE PROCESSES

When corrosion models predict that waste containers could remain unbreached for periods
approaching or exceeding 10 a then it is necessary to examine those mechanical processes that could
lead to failure at shorter times. A detailed description of the expected mechanical performance of the
container is beyond the scope of an article devoted primarily to a discussion of corrosion processes.
However, it is worth noting that the philosophy adopted to demonstrate the limitations on corrosion
processes is adaptable to mechanical processes; i.e., to justify long lifetimes it is necessary to
demonstrate that the evolution in mechanical conditions must improve with time. This means that it
is necessary to demonstrate that either the container is not susceptible to a specific mechanical failure
mode, or that, despite an early susceptibility, the evolution in conditions places a limit on the
destructive mechanical trend. Here, two mechanical processes, buckling and creep, are briefly
discussed in order to illustrate the two approaches.

For the reference titanium container, the thin-shell, packed-particulate design will fail mechanically
by a process such as buckling if a region of the shell is not internally supported by glass beads
(Johnson et al. 1994b). When unsupported in this manner, the container wall will deform plastically,
and, when the maximum strain exceeds 5.3%, fail. To prevent failure in this manner a minimum
overall thickness of 2 mm is required, assuming a uniform loading of 10 MPa hydrostatic pressure is
acting on the container. By adopting a threshold wall thickness for the container we can claim that
the container is immune to buckling until corrosion has thinned the wall to this threshold thickness of
2 mm.
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Once the container is emplaced in the vault and subjected to tensile stresses there exists the
possibility of creep damage, and it is necessary to demonstrate that, for the specific container design
adopted, creep to failure cannot occur before the desired containment period is achieved (Dutton
1996). Creep is a 3-stage process (primary, secondary and tertiary) and it has been proposed that the
onset of tertiary creep be taken as an indication of impending failure (Dutton 1996).

Although the present database is sparse, it is clear from creep tests that tertiary creep can occur in
both titanium and copper at low (~100°C) temperatures. In titanium it is associated with the
formation of transgranular cavities within a localized necking region of the specimen. For copper it
is associated with the formation of intergranular cavities throughout the gauge length. If strain to the
onset of tertiary creep is defined as the failure criterion, then it is necessary to demonstrate that no
part of the container shell will ever accumulate a strain in excess of this limit. The container must be
designed to ensure this condition is met.

As with corrosion processes it is impossible to conduct experiments of sufficient duration to
demonstrate that tertiary creep will not occur within the lifetime of the container. It has been
proposed that the 8-projection equation

£ = 81{l-exp(-e2t)}+e,{exp(84t)-l} (10)

which relates the creep strain (e) to time, be used to fit the results of creep tests (Dutton 1996). For a
sufficient number of experiments, the stress and temperature dependence of the derived 6-parameters
can be determined. These parameters can then be used to project the creep curve and determine the
time at which the strain limit is achieved. The design of the container must then be adjusted to
ensure this time is greater than the required containment period.

5. CONCLUSIONS

A number of models have been developed to predict the long-term behaviour of used fuel and
container materials for the disposal of nuclear fuel waste. These models have been developed only
after extensive experimental studies have identified the most important degradation processes. The
detailed mechanistic understanding derived from these studies is needed if the behaviour of these
materials over periods of thousands of years is to be predicted with confidence.

The dissolution of used fuel can be modelled electrochemically, in the same way as the aqueous
corrosion of metals. By combining anodic and cathodic Tafel expressions with corrosion potentials
measured over a range of conditions, the dissolution (corrosion) rate of UO2 can be predicted.
Container corrosion is modelled statistically or deterministically, depending on the nature of the
corrosion process. The propagation rate of localized corrosion, such as the pitting of Cu or the
crevice corrosion of titanium, is modelled statistically because of the stochastic nature of localized
corrosion. As with the dissolution of UO2, the general corrosion of copper has been modelled
deterministically based on a detailed description of the electrochemical and mass-transport processes
involved.

The corrosion behaviour of these materials can be influenced by the design engineer. The initiation
of crevice corrosion of Ti could be avoided by either increasing (thus creating dry conditions around
the container) or decreasing (which, combined with a a suitable choice of Ti alloy, may prevent
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initiation completely) the areal loading of containers, and hence the temperature, within the vault.
Alternatively, since the amount of O2 within the disposal vault is limited, the addition of redox
agents, such as Fe(II) minerals, will reduce the overall extent of corrosion. The impact of design
changes can be predicted using the various corrosion models that have been developed.
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