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ESTIMATING THE LIFETIMES OF TITANIUM CONTAINERS FOR

NUCLEAR FUEL WASTE:

A DAMAGE FUNCTION FOR THE CREVICE CORROSION OF GRADE-2 TITANIUM

by

D.W. Shoesmith, B.M. Ikeda, MJ. Quinn and M. Kolar

ABSTRACT

The assumptions upon which the lifetime failure model used in the postclosure assessment is
based are reevaluated. In particular, the conservatisms involved in assuming that crevice
initiation would occur, and that sufficient oxygen would be present to maintain crevice
propagation to failure, are discussed. Unless the period required to saturate the environment
around the container can be specified with some certainty, it remains necessary to assume
corrosion would initiate rapidly on all containers. A modified version of the container
lifetime model has been developed which avoids the need to use averaged temperature
profiles. In this model, these profiles are converted to propagation rate profiles using an
experimental activation energy and then numerically integrated to predict container failure
times. A damage function is developed relating the maximum depth of penetration by crevice
corrosion to either the time since emplacement in the vault or the total amount of oxygen
consumed. This function is used to estimate the maximum penetration depth expected if all
the oxygen available in a borehole is consumed in crevice corrosion and to determine the
impact on container lifetimes of various repassivation criteria. The factors likely to cause
repassivation are summarized, and a number of engineering approaches to extending container
lifetimes suggested.
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ESTIMATION DE LA DUREE DE VIE DES CONTENEURS EN TITANE

POUR LE STOCKAGE DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE :

FONCTION DE DOMMAGES RELATIVE À LA CORROSION PAR FISSURATION

DU TITANE DE NUANCE 2

par

D.W. Shoesmith, B.M. Ikeda, M.J. Quinn et M. Kolar

RESUME

Les hypothèses sur lesquelles reposent le modèle de rupture sur toute la durée de vie utilisé
pour l'évaluation de post-fermeture ont été réévaluées. En particulier, on examine la prudence
dont on fait preuve en avançant l'hypothèse de la formation de fissures et de la présence d'une
quantité suffisante d'oxygène pour entretenir la propagation des fissures jusqu'à la rupture. À
moins que l'on puisse préciser avec quelque certitude la période nécessaire pour saturer
l'environnement autour des conteneurs, il faut supposer que la corrosion s'amorcerait
rapidement sur tous les conteneurs. On a élaboré une version modifiée du modèle de durée
de vie des conteneurs qui évite d'avoir à utiliser des courbes de températures moyennes.
Dans ce modèle, ces courbes sont transformées en courbes de vitesse de propagation utilisant
une énergie d'activation obtenue par expérience, puis intégrées numériquement pour prévoir
les temps de rupture des conteneurs. On élabore une fonction de dommages qui relie la
profondeur maximale de pénétration due à la corrosion par fissuration soit au temps écoulé
depuis la mise en place dans l'enceinte, soit à la quantité totale d'oxygène consommée. Cette
fonction sert à estimer la profondeur de pénétration maximale prévue si tout l'oxygène en
présence dans un trou de stockage est consommé par la corrosion par fissuration et à
déterminer les incidences de divers critères de repassivation sur la durée de vie des
conteneurs. On donne un résumé des facteurs susceptibles de causer la repassivation et on
évoque un certain nombre de méthodes techniques permettant de prolonger la durée de vie
des conteneurs.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program (CNFWMP) the disposal concept
is to place the waste in long-lived containers; emplace the containers, enveloped by sealing
materials, in a disposal vault excavated at a nominal depth of 500 to 1000 m in intrusive
igneous (plutonic) rock of the Canadian Shield; and (eventually) seal all excavated openings
and exploration boreholes to form a passively safe system.

A key component of this multibarrier approach to containing nuclear waste is the use of the
metal container. The required durability of this container depends on the target lifetime. A
number of target lifetimes have been defined, and are summarized in Figure 1 superimposed
on a plot showing the predicted distribution in container surface temperatures as a function of
the time since the containers were emplaced in the vault. The most easily achievable target
lifetime is the -50 a required to allow both safe handling of the containers during emplacement
and their retrieval if defective before final closure of the vault (1 in Figure 1). To cover the
period of highest radiotoxicity when the highest gamma radiation fields and temperatures are
achieved at the container surface, containment for 500 a to 1000 a is required (2 in Figure 1).
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Containment for this period would also guarantee that the warm oxidizing conditions, estab-
lished in the vault initially, Figure 2, no longer prevail. Recently, a model was developed
that illustrates that containment for this period of time could be achieved using ASTM
Grade-2 titanium (Ti-2) containers (Johnson et al. 1994a, Shoesmith et al. I994a). The
feasibility of achieving longer term containment (3 and 4 in Figure 1) has also been addressed
recently for both titanium and copper containers (Shoesmith et al. 1994b).

As shown by the plots in Figure 2, conditions within a nuclear fuel waste disposal vault in the
granitic rock of the Canadian Shield are expected to evolve with time as container tempera-
tures decrease and oxygen is consumed by either corrosion of the container or by reaction
with oxidizable minerals surrounding the container. This evolution from warm oxidizing
conditions to cool non-oxidizing conditions has major implications for the corrosion of Ti-2
containers. The processes most likely to cause significant corrosion damage to the container
are crevice corrosion and hydrogen-induced cracking (HIC) (Johnson et al. 1994a). These
two processes are inextricably linked since the hydrogen required to render Ti-2 susceptible to
HIC will be absorbed due to proton reduction in the acidic environment established within
propagating crevices (Shoesmith et al. 1994a).

If crevices are to initiate, they are most likely to do so at short times when conditions are
warm and oxidizing. The rate at which the subsequent propagation process proceeds has been
shown experimentally to be determined by temperature and oxygen concentration
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FIGURE 2: Expected Evolution of Environmental Conditions in a Canadian Waste Vault
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(Shoesmith et al. I994a). This rate will fall as temperatures decrease and oxygen is
consumed. Replenishment of oxygen by transport to the container is slow in the highly
compacted clay medium (the diffusion coefficient for oxygen in solution, -lO^cm^s"1, will be
attenuated by a factor of I0"~ due lo the tortuosity and limited porosity of the compacted
buffer). Eventually, repassivation will occur for sufficiently low temperatures and oxygen
concentrations. Under these conditions, crevice propagation on Grade-2 titanium should be
difficult to sustain beyond -300 a, the upper limit of the time, required for the vault to become
non-oxidizing (Johnson et al. 1994a). Clearly, if long container lifetimes are to be achieved,
it is necessary to limit the extent of the damage caused by the propagation of crevices over
this 300 a period.

In this report we reevaluate the model currently used in the postclosure assessment case study
(Johnson et al. 1994a). This model assumes that crevice corrosion, initiated when the con-
tainer is emplaced in the vault, will propagate indefinitely to failure without the occurrence of
repassivation. The lifetimes predicted, between 1200 a and 7000 a, are sufficient to ensure
containment for the period of high radiotoxicity, 1 in Figure 1. Here, we reconsider the
assumptions and calculation procedures upon which this model is based, with the emphasis
placed on reinforcing the conservative nature of the present model. Additional experimental
evidence is also presented to support our claim that the lifetimes predicted by this model are
conservative.

2. REEVALUATION OF THE MODEL USED IN THE POSTCLOSURE ASSESSMENT

The model used in the present postclosure assessment case study is based on a series of
assumptions designed to compensate for the inadequacies in our knowledge of the crevice
corrosion and HIC processes that existed at the time the model was developed. These
assumptions are listed in Table 1. Recently, we have discussed the scope for relaxing these
assumptions in the development of a more realistic model for container failure based on further
developments in our understanding of container corrosion (Shoesmith et al. 1994b). Here we
will discuss only those assumptions which have the greatest effect on predicted container
lifetimes within the scope of the presently existing model. Since 97% of the containers are
predicted to fail by crevice corrosion, these are assumptions (ii) to (iv) in Table 1.

2.1 INITIATION OF CREVICE CORROSION

According to Schutz and Thomas (1987), crevice attack of titanium alloys will not occur
below a temperature of 70°C, regardless of solution pH or chloride concentration. This claim
is based on the pH and temperature limits determined for various alloys in saturated sodium
chloride brines, Figure 3. Superimposed on this figure is the pH range expected in compacted
buffer material under waste vault conditions, and the vertical arrow indicates the maximum
temperature expected at the surface of the hottest container in the vault. If these conditions
prevail in the vault, then crevice corrosion of Ti-2, the chosen reference material, should
never occur. For the sake of conservatism in calculations, a lower limit of pH = 5 is assumed
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TABLE 1

ASSUMPTIONS FOR THE TITANIUM CONTAINER FAILURE MODEL USED IN THE

POSTCLOSURE ASSESSMENT (Johnson et al. 1994a. Shoesmith et al. 19941

(i) a small number of containers will contain undetected defects leading to early
failure;

* (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 3 30°C;

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

* Assumptions which have the greatest effect on predicted container lifetimes

to be achievable in the vault for the postclosure assessment. According to the susceptibility
diagram in Figure 3, for this lower limit of pH, crevice corrosion should not occur below
~80°C. If we accepted this criterion, then many containers would suffer no crevice attack since
their surface temperature would never reach the required 80°C value.

The problem with relying on susceptibility diagrams such as those in Figure 3 is that they are
based on tests in which creviced specimens were exposed to the specified conditions and
subsequently visually examined for signs of corrosion attack. Consequently, whether or not
corrosion occurs is dependent on the notoriously unpredictable initiation process. It is the
opinion of Kruger and Rhyne (1982) that reliance on whether or not initiation occurs is not a
sufficiently conservative basis upon which to determine the localized corrosion behaviour of
nuclear waste container materials. These authors stated that for corrosion models to be
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FIGURE 3: Temperature - pH Limits for the Crevice Corrosion of Grades 2, 7, 12
Titanium in Saturated Sodium Chloride Brines (Reproduced from Schutz and
Thomas (1987)). The shaded areas indicate temperature-pH regions in which
crevice corrosion would be expected to occur for the various alloys. The
dashed horizontal line represents the lower limit of pH assumed achievable in a
waste vault. The vertical arrow shows the predicted maximum temperature of
the hottest container.

conservative they must rely on repassivation criteria; i.e., it must be demonstrated that the
exposure conditions cannot sustain localized corrosion to failure. This is the approach we
have adopted in developing the model used in the postclosure assessment. A similar approach
was used by Marsh et al. (1988) when attempting to predict the extent of damage by pitting
of carbon steel waste containers and has also been adopted by Sridhar et al. (1994) in their
assessment of alloy 825 as a container material.

Following this philosophy, Kido and Tsujikawa (1989) determined a susceptibility diagram for
Ti-2 and Ti-12 using a potentiostatic technique in which they forced initiation to occur at
positive potentials and then stepped the potential in small decrements to more negative values
until the current for crevice propagation could no longer be sustained above a threshold value.
According to their results, which are free of the uncertainties associated with initiation, Ti-2 is
not susceptible to crevice corrosion for the conditions of temperature and salinity used as
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reference conditions in the postclosure assessment case study. These conditions are indicated
by the two arrows in Figure 4. The reference groundwater composition assumed in this case
study is the average of 12 samples taken from depths of -350 m to -800 m in the Whiteshell
Research Area (Gascoyne 19S8). It is accepted as the reference composition at 500 m, the
depth of the waste disposal vault for the case study. Analyses of Canadian Shield
groundwaters show that a broader range of salinities can be encountered particularly at greater
depths (Johnson et al. 1994a). According to Figure 4, Ti-2, but not Ti-12, should be
susceptible to crevice corrosion under these conditions.

The results of Kido and Tsujikawa (1989) cannot be taken as proof that crevices will never
propagate under the reference conditions used to describe a Canadian vault. Indeed, our own
experiments using the galvanic coupling technique described elsewhere (Ikeda et al. 1994a)
show that, provided sufficient oxygen is available, crevices will propagate, at least
temporarily, at temperatures below 100°C. By decreasing the applied potential until
repassivation occurred, Kido and Tsujikawa (1989) effectively varied the redox conditions in
their experiment from oxidizing to relatively non-oxidizing. Consequently, the repassivation
temperatures established by their procedure are those applicable to an unidentified , relatively
non-oxidizing condition. Our own experiments confirm that as redox conditions become less
oxidizing, repassivation occurs (Ikeda et al. 1994a).

The results of Schutz and Thomas (1987) give us good grounds to believe that the initiation
of crevice corrosion on Ti-2 containers will be unlikely under waste vault conditions. Further
confidence is gained from the results of tests conducted on creviced specimens in contact with
compacted clay on which crevice corrosion did not occur (Shoesmith et al. 1994a). Even
when connected to a large counter electrode in our galvanic coupling experiment, crevice
corrosion did not initiate when clay was packed into the crevice. The advantages and
disadvantages of species present in the clay and/or groundwater have been discussed in detail
elsewhere (Shoesmith et al. 1994a)

One further influence on the initiation of crevice corrosion ignored in our present model is the
period required for water to saturate the environment around the container. If it is assumed
that saturation of this environment is required for crevice corrosion to initiate and propagate,
then its onset could be delayed or even prevented by the slow resaturation of the vault.
Unfortunately, to date, it has proven difficult to predict this period for resaturation with any
certainty. Present estimates range from < 100 a to >1000 a (Andrews et al. 1986, Pusch et al.
1985). The advantages to be gained by slow resaturation of the environment in contact with
the container will be discussed below.

2.2 CREVICE CORROSION AND REPASSIVATION IN RELATION TO
AVAILABILITY OF OXYGEN IN THE DISPOSAL VAULT

For the Ti-2 specified as our reference material, the two parameters most critical in
determining the rate of crevice propagation are temperature and oxygen concentration. The
results of Kido and Tsujikawa (1989) indicate that the minimum temperature at which
crevices can propagate will increase as the oxygen concentration decreases, and our own
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results show that for a given temperature there is a threshold oxygen concentration below
which crevices repassivate (Shoesmith et al. 1994a). Consequently, it is difficult to evaluate
these parameters independently. In this section we will reevaluate the procedure used to
average container surface temperatures in the model used in the postclosure assessment case
study and discuss the significance of the crevice propagation rate used in this model. This
rate is based on the assumption that sufficient oxygen is present for crevices to propagate
indefinitely. Since this is not expected to be the case the sources of oxygen available in the
vault are reviewed. In subsequent sections we will present a damage function based on the
depths of penetration by crevice corrosion. Since this damage function was determined under
conditions for which the supply of oxygen did not control the penetration rate the lifetimes
estimated by the extrapolation of this function can be compared to the lifetimes predicted by
the model used in the postclosure assessment. We also discuss the parameters that will limit
the extent of crevice propagation but which are not included in our present model. These
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include the limitations on the supply of oxygen, the consequences of unsaturation of the vault,
and additional factors that should eventually lead to the repassivation of crevices.

2.2.1 Dependence of Crevice Propagation Rate on Temperature

The dependence of the crevice propagation rate on temperature was experimentally
determined over the range 30°C to 150°C (Ikeda et al. 19?0a) and the resulting rate
dependency used, in conjunction with calculated vault temperature profiles for individual
containers, to determine crevice propagation rates as a function of the time since emplacement
of the container in the vault. Depending on their shape, these temperature profiles (and the
corresponding containers) were grouped into three general categories, designated hot, cool and
cold, and approximated with simple step functions. While this procedure made it relatively
easy to predict the behaviour of containers according to which sector of the vault they were in
(Johnson et al. 1994a), it had a number of disadvantages:

(i) it led to an artificial bimodal distribution in failure rates;

(ii) it made it necessary to introduce approximations when trying to use a normal
distribution in temperatures with an Arrhenius relationship relating corrosion rates
to temperature;

(iii) it made it difficult to assess the consequences of averaging propagation rates to a
single value when in fact they would be changing significantly as temperatures
changed: this problem was particularly important at short emplacement times
when the temperatures and propagation rates could be significantly above the
average values.

To avoid these problems, we have reformulated the model by converting individual
temperature profiles to crevice propagation rate profiles using our experimentally determined
Arrhenius relationship between rate and temperature (Ikeda et al. 1990a, Shoesmith et al.
1994a). These profiles are then integrated numerically to produce the cumulative fraction of
containers failed and their failure times. A more extensive discussion of this procedure is
given elsewhere (Kolar et al. 1994). Figures 5A and 5B show, respectively, the distribution
of temperature profiles and the corresponding distribution in propagation rates as a function
of time since emplacement of the containers in the vault. The significance of the early warm,
oxidizing period of the vault is more readily apparent on the plot of crevice propagation rate
against time. The container failure rate (expressed as a fraction of the total number of
containers in the vault) and the cumulative fraction of containers failed are plotted as a
function of time since emplacement in Figures 6A and 6B. The predictions based on the
reformulated model take no account of the possibility of failure due to either initial defects or
HIC. However, since our original model predicts -97% of all containers will fail by crevice
corrosion (Johnson et al. 1994a, Shoesmith et al. 1994a) this omission is not significant.
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The conservatism inherent in the temperature averaging procedure used in our original model
is clear in Figures 6(a) and 6(b). Using the reformulated model, the first failures by crevice
corrosion are delayed by -200 a. The early peak in the failure rate is significantly reduced in
size and broadened and the second peak becomes a series of ill-defined bumps. This first
peak represents the predicted fractional failure rate of those containers designated as hot in
our original model. The reduction in size and broadening of this peak in the reformulated
model demonstrates the conservatism involved when assigning containers to this (hot)
category and calculating their average temperature (Shoesmith et al. 1994a). The plot of the
cumulative fraction of containers failed as a function of time since emplacement shows that
the predictions of our original model based on temperature averaging are conservative for all
containers.

2.2.2 Availability of Oxygen in the Vault

Whichever of the modelling procedures descri' ^d in Section 2.2.1 is used, the oxygen supply
within the vault is assumed to be sufficient to maintain crevice propagation indefinitely.
However, this wil l not be the case. The sources of oxygen within the vault are described
below and summarized in the schematic cross section of an emplacement room shown in
Figure 7. The amounts of available oxygen were calculated using the proposed configuration
of the emplacement borehole and disposal room specified by Simmons and Baumgartner
(1994, Chapter 3, Figure 3-17) and the properties of the reference buffer and backfill
materials specified by Johnson et al. (1994, Chapter 4, Table 4-4).

(1) Approximately 39 moles of oxygen per container will be available in the backfill
materials used to fi l l Mie emplacement rooms. It is anticipated that all this oxygen
wil l be consumed by reaction with oxidizable minerals, such as biotite and
magnetite present in the crushed granite used in the backfill, before it has time to
diffuse into the boreholes in which the containers are emplaced. In the figure the
oxidation of Fe(II)-containirig minerals is used as an example.

(2) In addition, approximately 4 moles of oxygen will be trapped within each
borehole. The rate of consumption of this oxygen will be much slower than that
in the emplacement room due to the lower (Fe(II)) mineral content within the
borehole. Hence, a considerable portion could be available to support crevice
corrosion of the container. Of this 4 moles, -1.5 moles will be trapped in the
5-cm-thick sand layer immediately adjacent to the container and the remainder
will be in the less porous bentonite clay/sand mixture used to fill the borehole.

(3) The concentration of oxidants produced by the radiolysis of water (due to the
gamma radiation fields produced by the decay of radionuclides within the fuel) is
insufficient to support the propagation of crevices. In fact, our studies have
shown that the presence of gamma radiation fields causes the repassivation of
crevices by the production of oxidants at actively crevice-corroding sites (Ikeda et
al. 19905).
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FIGURE 7: Schematic Showing the Cross Section of An Emplacement Room and
Summarizing the Sources of Oxidants Available Within a Waste Vault;
(1) Oxygen Expected to React With Available Minerals in the Clay/Crushed
Rock Used to Backfill the Emplacement Room; (2) Oxygen Trapped in the
Compacted Buffer in the Borehole; (3) Oxidants Produced by the Radiolysis of
Water; (4) Transport into the Boreholes of Oxygen Dissolved in Deep
Groundwaters
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(4) The transport of oxygen into the vault in deep groundwaters from the surrounding
rocks will be negligible, analyses of samples taken at proposed vault depths
having shown that their oxygen content is below the detection limit of -10 ng-g"1

(Gascoyne 1992, Gascoyne and Kamineni 1992).

From this discussion, it is reasonable to assume that the oxygen available to corrode a
container is limited to that trapped within the borehole (i.e., ~4 moles).

2.2.3 The Crevice Propagation Rate Used in the Postclosure Assessment Model

In our published model we used an average of the values of crevice propagation rates
obtained in 3-month immersion tests performed in the presence of a gamma radiation field
(Shoesmith et al. 1994a). When calculating these rates, it was assumed that the total weight
change observed on each specimen on completion of the experiment had been incurred
steadily over the whole 3-month period despite evidence from a corrosion potential
measurement that repassivation, induced by radiolysis, may have occurred. While it is likely
that the period of propagation prior to repassivation varied from specimen to specimen in this
experiment, repassivation of the one specimen whose corrosion potential was monitored
appeared to have occurred after -3-4 weeks, i.e., after approximately one third of the total
exposure period. Consequently, by calculating the rate from the total weight change divided
by the total exposure period, we underestimated the rate during the first 3-4 weeks by
approximately a factor of three. Assuming the specimens are repassivated over the
subsequent 9-10 weeks, this calculated rate will overestimate the real rate during this period
by a few orders of magnitude since the general passive corrosion rate of titanium will be
extremely low (Shoesmith et al. 19945). This scenario is represented schematically in
Figure 8. While schematic, the assumed shape of this curve is based on experimental
observations in electrochemical experiments (Ikeda et al. 1994a).

The use of an averaged rate from the experiments described above in our model could
underestimate the crevice propagation rate that would prevail if crevice corrosion initiates at
short times when conditions are warm and oxidizing. However, it would overestimate the
rate at long times when the oxygen in the vault would be exhausted and crevices would have
repassivated. The adoption of this rate allows us to account partially for the suppression of
the crevice propagation rate which would occur due to the retarded transport of the oxygen
required to support it in the compacted clay/sand buffer around the container. Taking this
rate to be constant over the lifetime of the container leads to assumption (iii) in Table 1.

2.3 DEVELOPMENT OF A DAMAGE FUNCTION FOR CREVICE CORROSION

A problem with predictions of container lifetimes based on weight change data is that the rate
calculated represents an averaged penetration front and does not take into account the
localized nature of penetration sites within the creviced area. This issue has been discussed
in some detail elsewhere (Tohnson et al. 1994a) and leads to the need for assumption (v) in
Table 1; i.e., ^ailure by crevice corrosion will occur when the depth of the uniform corrosion
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Used in the Postclosure Assessment Model. The vertical dashed line indicates
that crevice repassivation was thought to have occurred after approximately one
third of the total exposure period. The assumed shape of the curve of
propagation rate with time is based on experimental observations in
electrochemical experiments (Ikcda et al. 1994a).

front wi th in the creviced area exceeds the corrosion allowance. This criterion for failure
acknowledges that while local penetrations within an actively crevice-corroding area may
penetrate the corrosion allowance, they wil l not be large enough to threaten the mechanical
stability of the container. Also, they will not penetrate the full wall thickness before the
general corrosion front within the crevice exceeds the corrosion allowance. Of the full wall
thickness of 6.35 mm, 4.2 mm is considered available as the corrosion allowance. The
rationale for selecting such a corrosion allowance is discussed in detail elsewhere (Johnson et
al. 1994b).

A more appropriate approach is to develop a damage function based on measured penetration
depths. This damage function approach avoids any need to make assumptions about the
nature of the corrosion penetration front. Also, by using the maximum penetration depths, the
effects of initially high penetration rates are not underestimated as they were in the procedure
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adopted to measure the rates used in our published model (Section 2.2.3). Since appropriate
deterministic models do not exist to describe the geometry of propagation of localized
corrosion processes such as crevice corrosion, the development of such a function is
inevitably semi-empirical. Figure 9 shows such a relationship for the maximum depth of
penetration as a function of time for crevices propagating at 100°C and 150°C.
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FIGURE 9: Maximum Penetration Depths Measured on Ti-2 Specimens Crevice Corroded
in 0.27 mol-L'1 NaCl for Various Exposure Times at 100°C (D) and 150°C (O)

This function was developed by performing galvanically coupled crevice corrosion
experiments for various durations and subsequently measuring the maximum penetration
depths using metallographic and image analysis techniques. The experimental procedures
have been described in detail elsewhere (Ikeda et al. 1989, Quinn et al. 1993). By performing
these experiments in sodium chloride solutions (0.27 mol-L"1), those influences which
suppress crevice propagation rates and induce repassivation are avoided. These influences are
discussed in more detail below in Section 2.4. The decrease in the rate of maximum
penetration with time, especially at 100°C (Figure 9), is not a consequence of passivation of
the material or depletion of the available O2 in the sealed pressure vessel (see below), but is
rather a result of the natural spreading of the corrosion front with time.

When the maximum penetration depths are plotted as a function of time the effect of
temperature on the rate of penetration of the metal is clear. However, if they are plotted as a
function of the charge consumed (equivalent to the amount of oxygen used), Figure 10, then,
for the same amount of oxygen consumed, the maximum penetration depth is independent of
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FIGURE 10: Maximum Penetration Depths Measured on Ti-2 Specimens Crevice Corroded
in 0.27 mol-L'1 NaCl at 100°C (D) and 150°C (O) for Various Amounts of
Oxygen Consumed (expressed as a charge)

temperature. The plots in Figures 9 and 10 both show that, at short times or for small
charges passed, the rate of penetration is rapid. For longer times, or larger charge passed, the
rate of penetration continuously decreases. That this change in penetration rate is not due to
the depletion of oxygen in our experiment is demonstrated by the plots of charge against
duration of the experiment, Figure I I . At 100°C, the plot is linear, clearly indicating that the
rate of consumption of oxygen is independent of time. At 150°C, a similar linear plot is
obtained, except for the highest charge when oxygen depletion in the pressure vessel may be
suppressing the penetration depth. The constant rate of charge consumption is attributable to
the independence of the crevice current on oxygen concentration within the pressure vessel.
This suggests that the crevice current would also not increase with an increase in the anodic
creviced area to coupled cathodic area, although further evidence is required to prove this. A
fuller discussion of these results will be published elsewhere (Ikeda et al. 1995).

2.3.1 Extrapolation of the Damage Function to Predict Container Lifetimes

Plotting the maximum penetration depths against the logarithm of time (t), Figure 12, or
charge (Q), Figure 13, yields linear functions which can be extrapolated to the corrosion
allowance, or the container wall thickness, to determine the depth of container wall
penetration after either a known time since emplacement in the vault or after the consumption
of a known amount of oxygen. As expected from Figure 10, a single function can be used to
fit the data at 150°C and 100°C against log Q. When plotted against log time, the penetration
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FIGURE 11: Plots of the Charge Consumed in Oxygen Reduction as a Function of Exposure
Time for the Crevice Corrosion of Ti-2 in 0.27 mol-L"1 NaCl at 100°C (D) and
150°C (O)

depths do not plot according to a single function and only the 100°C data is fitted in
Figure 12. In the discussions that follow, only the 100°C data is used.

Extrapolation of the function in Figure 12 to the corrosion allowance yields predicted
container lifetimes of -5000 a. This is at the upper end of the range of failure times
predicted by our published model which is indicated in the figure by the large vertical shaded
area. If we extrapolate the plus and minus lc limits of this function then we would predict
that, providing container temperatures remained constant at 100°C, failures would occur
between 350 a and 230 000 a. This constitutes a measure of the uncertainty of the container
failure time based on a limited amount of data recorded over a relatively short period of time.
The longest experiment performed was of 1800 hours in duration. It should be noted that this
range of failure times is for 100°C, and the gradual decrease in temperature within the vault
would lead to significantly longer predicted lifetimes for the containers.

When extrapolating the functions in Figures 12 and 13, we need to specify what constitutes
container failure. In our published model it was assumed that failure would occur when the
depth of the uniform corrosion front within the creviced area exceeded the corrosion
allowance. Local penetrations to depths greater than the corrosion allowance were shown not
to threaten the container integrity (Johnson et al. 1994a, Shoesmith et al. 1994a). Here we
adopt the more conservative criterion that failure will occur when the deepest penetration
exceeds the corrosion allowance. We consider this definition more appropriate since our
experiments show that crevices tend to spread with time rather than continuing to penetrate.
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FIGURE 12: Maximum Penetration Depths for 100°C (D) and 150°C (O) From Figure 9
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 ± la limits
of this extrapolated fit. The line (2) is the penetration depth assuming a
constant penetration rate of 10 um-a"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.

As a consequence, by the time the maximum penetration depth has exceeded the corrosion
allowance, the crevice would have assumed quite large dimensions and the possibility of
mechanical failure would be difficult to discount (Johnson et al. 1994, Section 4.2).

When comparing the predicted lifetime of containers based on our damage function with the
predictions of the model used in the postclosure assessment, it should be recalled that the data
used in Figure 12 were recorded when the oxygen supply to the crevice was not limiting the
crevice propagation rate (Figure 11), in contrast to what would be expected under vault
conditions. Also, since the penetration depths were measured at 100°C, predictions based on
their extrapolation take no account of the decrease in vault temperatures. By contrast, in the
postclosure assessment model, the expected depletion in vault oxygen concentrations was
partially, if somewhat arbitrarily, accounted for by adopting a penetration rate determined
under conditions when crevice propagation was limited. Considering the extra conservatism
involved, the predictions based on our damage function confirm that the predictions of
container lifetimes published in the postclosure assessment are not underestimates. When
considering the shortest predicted container lifetime of 350 a, it should be borne in mind that
over this period, the hottest container will have cooled to <1Q°C and its propagation rate will
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have decreased by a factor of -2-3 based on our measured activation energy (Ikeda et al.
1990a). Consequently, it is likely to be an underestimate of the minimum container lifetime.

Also shown in Figure 12 is a plot of the calculated depth of penetration for the propagation
rate of 10 um-a"1, the rate for a temperature of 100°C used in our published model. Clearly,
the use of this constant rate seriously underestimates the depths of penetration at short times
when crevices would be expected to be propagating rapidly. However, for times beyond
-280 a, its use overestimates penetration depths by comparison to the values expected from
the extrapolation of our damage function. For crevice corrosion propagating unattenuated by
temperature at this constant rate of 10 um-a"1, failure would be predicted to occur after
-420 a. This is to be compared to the -5500 a container lifetime predicted by extrapolation
of our damage function for 100°C.

2.3.2 Assessment of the Conservatism in the Damage Function

The danger when extrapolating damage functions of the type in Figure 12 is that the duration
of the longest experiment was insufficient to definitely establish the long-term behaviour and
that, consequently, the fitted function will not be appropriate when extrapolated to long
exposure periods. One possibility would be that the long-term behaviour was defined by a
linear relationship between maximum penetration depth and time. This would lead to deeper
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penetration than predicted by the fitted damage function as indicated for a long-term linear
penetration rate of 10 um-a'1 (curve 2) in Figure 14. Again, it should be stressed that this
calculation is for a constant temperature of 100°C.
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FIGURE 14: Maximum Penetration Depths for 100°C (from Figure 9) as a Function of
Exposure Time; (1) Extrapolation of the Line Fitted to the Data Points;
(2) Fitted Extrapolation Plus an Additional 10 um-a'1; (3) Arbitrary Line
Showing the Expected Decrease in Penetration Depths When Factors Which
Eventually Cause Repassivation are Operating

However, the data used in defining our damage function was obtained under conditions when
the consumption of available oxygen was not controlling the crevice propagation rate and
other factors likely to suppress crevice propagation were not operating. These factors include
the decrease in container temperature, the presence of groundwater species likely to aid
repassivation, and the presence of a gamma radiation field. The combination of these factors
will lead to a decrease in the rate of penetration of the container and to lower penetrations
than predicted by our extrapolated damage function, as illustrated schematically (curve 3) in
Figure 14 and discussed in more detail in Section 2.4.

The critical issue determining whether the extrapolation of our damage function will produce
a conservative prediction is whether those parameters which could accelerate the penetration
rate are compensated by those parameters which suppress it. The most significant parameter
in determining the rate of penetration and the total extent of corrosion damage that can be
sustained by the container is the amount of available oxygen and its flux to the container. To
date, a model for oxygen transport to a titanium waste container has not been developed.
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However, it is possible to predict from our damage function the maximum depth of
penetration expected due to consumption of the oxygen available in the vault.

The sources of oxygen in the vault were considered above and are summarized in Figure 7.
Of these sources, the oxygen trapped within each borehole can be considered available to the
container emplaced in that hole (Section 2.2.2). Of the 4 moles of oxygen in each borehole,
2.5 moles will be in the compacted clay/sand layer and accessible to the container only by
slow transport. The remaining 1.5 moles will be in the 5-cm-thick sand layer in contact with
the container and more readily available to support crevice corrosion.

We can assess the conservatism in the use of our damage function by using it to predict the
depth of penetration expected for the consumption of all the available oxygen in the sand
layer and in the compacted clay/sand in the borehole in the propagation of a single crevice.
If more than one crevice were present the available oxygen per crevice would be significantly
diminished and the maximum predicted penetration depth correspondingly less. This
extrapolation is shown in Figure 15 in which the horizontal axis has been converted from a
charge (expressed in coulombs, Figure 13) to the number of moles of oxygen consumed.
Also shown are extrapolations of the la, 2a and 3a limits of the fitted function. This
extrapolation predicts a maximum penetration depth of 2.6 mm for the consumption of the
oxygen available in the sand layer, and 2.9 mm for the consumption of all the oxygen
available within the borehole. Even at the 2a limit of this extrapolation the maximum
penetration depth is predicted not to exceed the corrosion allowance before the 1.5 moles of
oxygen in the sand layer is consumed. For the consumption of the 4 moles of oxygen
available in the borehole, the predicted maximum penetration depth would only just exceed
the corrosion allowance for extrapolation at the 2a limit. From Figure 12 we can calculate
that, if the temperature remained constant at 100°C, -70 a would be required for the
consumption by crevice corrosion of all the oxygen in a borehole. For the oxygen in the sand
layer, 26 a would be sufficient (based on the u line in Figure 15).

2.4 THE CASE FOR THE EVENTUAL REPASSIVATION OF CREVICES

The best argument in defence of our claim that predictions based on either our published
and/or reformulated models, or our extrapolated damage function are conservative, is that
crevice propagation cannot be sustained indefinitely since repassivation will eventually occur.
The experiments used to develop our damage function were designed to eliminate all those
influences likely to lead to repassivation. Consequently, predictions based on this function
represent a conservative upper limit. The factors which will increase the tendency to
repassivate include the following:

(i) The simultaneous decrease in container temperatures and oxygen concentrations,
Figure 2. The influence of these variables has been dealt with above and is
considered in more detail elsewhere (Shoesmith et al. 1994b).
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(ii) The presence in the groundwater of substantial quantities of sulphate, carbonate
and dissolved silica. These species have been shown to suppress the rate of
crevice propagation and, in the case of sulphate and silica, to induce repassivation
(Shoesmith et al. 1994a). Both carbonate and sulphate are expected to be
concentrated in the groundwater once it contacts the clay buffer (Johnson et al.
1994a). These beneficial influences are likely to be offset if calcium
concentrations are simultaneously increased. A more complete discussion of the
influences of groundwater species is given elsewhere (Shoesmith et al. 1994a).

(iii) The presence of a gamma radiation field has been shown to have a strong
repassivating influence on crevice corrosion (Ikeda et al. 1990b). Since radiation
fields will be highest at short times of emplacement, when crevice propagation
rates are expected to be at their highest, their influence could be strong.

(iv) The material used in our experiments is particularly susceptible to crevice
corrosion (see assumption (iv) in Table 1). The propagation of crevice corrosion
can be significantly decreased by the use of Ti-2 containing traces of iron and
nickel, or by switching to more resistant materials like Ti-12 (0.8 wt.%Ni,
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0.3 wt.%Mo) or Ti-16 (0.05 wt.%Pd). The influence of materials properties has
been discussed elsewhere (Ikeda et al, 1994b).

At present, either of two published criteria could be used to determine when crevices might
repassivate:

(i) Schutz and Thomas' (1987) claim that crevice corrosion does not occur below
70°C irrespective of other environmental conditions provided we accept that this is
not simply an initiation criterion;

(ii) Kido and Tsujikawa's (1989) claim that repassivation is inevitable when the
crevice propagation current falls to <luA-cm~2 (^ 8.7 jjm-a"1).

From Figure 5A it can be seen that all containers will have cooled to <70°C by 300 a.
According to our extrapolated damage function (Figure 12), the maximum depth of
penetration after this period of emplacement would be 3.3 mm. Penetration to this depth
would be more than sufficient to consume all the available oxygen in the borehole, Figure 15,
and, hence, would be an acceptable repassivation criterion.

At present, it is difficult to incorporate a criterion such as Kido and Tsujikawa's (1989) into
predictions based on our extrapolated damage function. Using our published or reformulated
models, the incorporation of such a criterion is possible although we would prefer to use a
more conservative rate value than 1 uA-cm"2 (8.7 um-a"1) as a threshold for repassivation. In
experiments conducted at 95°C we found that repassivation occurred when the crevice current
density fell below 0.2 to 0.4 |iA-cm~2, equivalent to propagation rates of 1.7 to 3.4 jjm-a"1

(Ikeda et al. 1994a). According to this criterion, repassivation of the hottest and slowest
cooling containers should occur some time between 200 and 3200 a, Figure 5B. This would
mean repassivation at temperatures between 75°C and 60°C, a criterion not radically different
from the one based on the results of Schutz and Thomas (1987).

2.5 LIMITATIONS ON THE INITIATION OF CREVICE CORROSION AND
THEIR EFFECT ON PREDICTED LIFETIMES

Despite the optimism expressed in Section 2.1 that crevices will never initiate, it is difficult to
specify any criteria which enable us to determine or predict initiation times. Since titanium is
known to provide an effective barrier to attack by most gases including O2, N2, SO2, NH3,
CO2, CO, up to at least 150°C (Schutz and Thomas 1987), the one possible exception to this
is the duration of the period required to saturate the buffer, which could last anywhere from
<100 a to >1000 a. Using our reformulated model, we can estimate the effects of slow
resaturation, if we assume that initiation will not occur until the environment in contact with
the container is resaturated. Figure 16 shows the predicted cumulative fraction failed as a
function of time since emplacement for various durations of the period required for
resaturation. While the onset of container failure is delayed, the form of the curve is not
changed significantly, and most containers still fail by 10 000 a. However, if such a delay in
initiation were to be combined with one or other of the criteria for repassivation, then the
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FIGURE 16: The Effect of Delayed Initiation of Crevice Corrosion (due to slow resaturation
of the environment around the container) on the Predicted Cumulative Fraction
of Containers Failed as a Function of Time Since Emplacement According to
the Reformulated Container Failure Model (Section 2.2.1); (1) Immediate
Resaturation; (2) Resaturation after 200 a; (3) 300 a; (4) 400 a; (5) 500 a;
(6) 1 000 a

effect on predicted lifetimes would be major. However, unless the period of resaturation can
be specified with some certainty, such a procedure is unwarranted.

2.6 ENGINEERING STRATEGIES FOR EXTENDING CONTAINER LIFETIMES

Once it has been recognized that the critical period for failure by crevice propagation is the
early period of up to a few hundred years when the vault is warm and oxidizing, Figure 2, a
number of engineering strategies for extending container lifetimes become apparent.

2.6.1 Increasing the Wall Thickness

When a model which assumes indefinite propagation is used, the advantage gained by
increasing the crevice corrosion allowance by thickening the container wall is marginal.
However, if repassivation is eventually inevitable, and the subsequent passive corrosion rate is
very low, then the wall thickness can be adjusted to give added insurance that failure by
crevice corrosion will not occur. This can be readily appreciated from the schematic in
Figure 17. When penetration is progressing at the linear rates used in our published model
then major increases in wall thickness would be required to extend container lifetimes
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FIGURE 17: Schematic Showing the Depth of Container Wall Penetration as a Function of
Time Since Emplacement According to the Model Used in the Postclosure
Assessment (1), and to a Scenario Involving the Repassivation of Crevices and
Subsequent General Corrosion (2); A and B Show the Effect of the
Temperature Averaging Procedure Used in the Postclosure Assessment Model
Which Leads to the Use of a Two Step Penetration Rate Function: C, D, E,
Indicate the Stages of Corrosion Crevice Propagation (C), Crevice
Repassivation (D) and General Corrosion (E) leading to Long Term
Containment and Eventual Container Failure by General Corrosion.

(1 in Figure 17). While increases of a millimetre or so could help to guarantee minimum
container lifetimes, they are of little value in achieving long container lifetimes (Shoesmith et
al. 1994b). If crevice corrosion is expected to be limited by repassivation, however, then
small increases in wall thickness can have a major effect on increasing container lifetimes (2
in Figure 17.

2.6.2 Dual Wall Container

If it is deemed necessary to avoid crevice corrosion altogether, then a dual wall container
could be used. If Schutz and Thomas' (1987) criterion, that crevice corrosion does not initiate
for T < 70°C, is accepted, then the outer container wall must not fail before vault
temperatures cool to below this value and crevice corrosion can no longer initiate on the inner
container wall. This would mean penetration of the outer wall would have to be avoided for
a maximum of -300 a. The essential difference between the use of a dual wall container and
a simple increase in wall thickness (Section 2.6.1) is the need for a second initiation event as
opposed to just the continuation of propagation.
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2.6.3 Adjustment of the Redox Environment Around the Container

While conditions in the waste vault are expected to rapidly become non-oxidizing, it would be
possible to accelerate this process, especially within individual boreholes, by the addition of
oxidizing minerals such as magnetite and biotite. Their addition to the sand layer adjacent to
the container would avoid any disturbance of the self-sealing properties of the clay/sand
buffer. The addition of such minerals would decrease markedly the period for which crevice
corrosion could propagate..

3. SUMMARY

The critical assumptions, upon which the model used in the postclosure assessment is based,
have been reviewed. In particular, the conservatisms involved in assuming crevice initiation
is inevitable, and that sufficient oxygen will be present to maintain crevice propagation to
failure without repassivation, are reevaluated.

While many factors will inhibit the initiation of crevices on Ti-2, and such events are
expected to be rare under waste vault conditions, it is difficult to demonstrate that initiation
cannot occur. Hence, we have retained our assumption that crevices will initiate and have
concentrated our modelling efforts on demonstrating that crevice propagation will not lead to
early container failure. It is possible, providing the period required to resaturate the vault
with water can be more accurately specified, that a criterion for delaying crevice initiation
could be incorporated into our models.

A modified version of our published model is presented in which the temperature averaging
procedure is avoided. The temperature profiles are first converted to penetration rate profiles
and container failure times then predicted by numerically integrating these rates as a function
of the time of emplacement in the vault.

A damage function relating the maximum depth of penetration by crevice corrosion either to
the time since emplacement in the vault or to the total amount of oxygen consumed is
presented. This function was developed under conditions where the supply of oxygen is not
limiting crevice propagation. Consequently, it is not subject to the same limitations as the
rate used in our published model. The extrapolation of this damage function yields container
lifetimes consistent with those predicted by both the model used in the postclosure assessment
and the reformulated model presented here. Since the influences likely to suppress crevice
propagation rates are carefully avoided in the experimental development of this damage
function, this consistency confirms the conservatism in the container lifetimes predicted by
the model used in the present postclosure assessment. This function is also used to assess the
consequences of various scenarios. These include the calculation of the maximum penetration
depth expected if all the oxygen available in a borehole is available to drive the propagation
of a single crevice and the assessment of the impact on container lifetimes of various
repassivation criteria.
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The factors which are likely to cause repassivation are summarized. These factors are: the
evolution of vault temperatures and oxygen concentrations; the presence in the groundwater of
species such as sulphate, carbonate and dissolved silica; the presence of gamma radiation
fields; and the choice of a more crevice corrosion-resistant alloy. In none of these approaches
to predicting container lifetimes is the effect of slow oxygen transport in the compacted buffer
surrounding the container considered.

To avoid crevice corrosion altogether, a number of simple engineering approaches are
feasible. These include: the use of a dual-wall container; thickening the container wall; and
the addition of oxidizable minerals, such as magnetite and biotite, to the sand layer around the
container.
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