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ABSTRACT

The development of a model to predict the lifetimes of Grade-2 titanium containers for
nuclear fuel waste is described. This model assumes that the corrosion processes most
likely to lead to container failure are crevice corrosion, hydrogen-induced cracking and
general corrosion. Because of the expected evolution of waste vault conditions from
initially warm (<100°C) and oxidizing to eventually cool (<30°C) and non-oxidizing, the
period for which crevice corrosion can propagate will be limited by repassivation, and
long container lifetimes will be achieved since the rate of general corrosion is extremely
low. However, in the model presented, not only is it assumed that crevices will initiate
rapidly on all containers, but also that the propagation of these crevices will continue
indefinitely since conditions will remain sufficiently oxidizing for repassivation to be
avoided. This model predicts that the majority of containers will fail by crevice
corrosion. Those that do not will fail by hydrogen-induced cracking since the hydrogen
required for the material to become susceptible to this last process will be absorbed into
the metal during crevice corrosion. A small fraction of the containers (1 in 5000) is
assumed to be defected when emplaced in the vault and will fail rapidly.

The mathematical development of the model is described in detail. A simple ramped
distribution is used to describe the failures due to the presence of initial defects. For
crevice corrosion the propagation rates are assumed to be normally distributed and to
be determined predominantly by temperature. The temperature dependence of the
crevice propagation rate is determined from the calculated cooling profiles for the
containers and an experimentally determined Arrhenius relationship for crevice
propagation rates. The cooling profiles are approximated by double or single step
functions, depending on the location of the container within the vault. The containers
which do not fail due to the presence of manufacturing defects or as a consequence of
crevice corrosion are assumed to fail by hydrogen-induced cracking once the
temperature falls to <30°C. These failures are assumed to have a triangular
distribution.



The experimental data upon which this model is based is extensively reviewed. This
review includes descriptions of the available data to describe and quantify the processes
of general corrosion, crevice corrosion and hydrogen-induced cracking. The reasons
and/or experimental justification for not including processes such as pitting, stress-
corrosion cracking and microbially induced corrosion are also given. For crevice
corrosion and hydrogen-induced cracking the results of studies on both Grades-2 and
•12 are presented. Also, the effects of impurities in the Grade-2 material are discussed.
While Grade-2 titanium is defined as the reference material, Grade-12 titanium is an
alternative material known to be much less susceptible to crevice corrosion. Special
attention is paid to the effects of welding, gamma irradiation and the speciation of the
groundwater.
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RESUME

Dans le présent document, on décrit l'élaboration d'un modèle de calcul de la durée de vie
des conteneurs en titane nuance 2 pour les déchets de combustible nucléaire. Ce modèle
suppose que les processus de corrosion qui risquent le plus d'entraîner la rupture du
conteneur sont la corrosion par fissuration, la fissuration due à l'hydrogène et la corrosion
générale. En raison de l'évolution prévue des conditions de l'enceinte de stockage des
déchets allant des conditions initiales chaudes (<100 °C) et oxydantes aux conditions
fraîches (<30 °C) et non oxydantes, la période pendant laquelle la corrosion par fissuration
peut se propager sera limitée par repassivation, et on atteindra de longues durées de vie
pour les conteneurs étant donné que la vitesse de la corrosion générale est extrêmement
lente. Toutefois, dans le modèle présenté, non seulement suppose-t-on que les fissures
s'amorceront rapidement sur le conteneur, mais également que la propagation de ces
fissures se poursuivra indéfiniment étant donné que les conditions demeureront
suffisamment oxydantes pour éviter la repassivation. Ce modèle permet de prévoir que la
majorité des conteneurs se rompront par suite de la corrosion par fissuration. Ceux qui ne
se rompent pas en raison de cette corrosion se rompront par fissuration due à l'hydrogène
étant donné que l'hydrogène nécessaire pour que le matériau devienne sensible à ce
dernier processus sera absorbé dans le métal lors de la corrosion par fissuration. On
suppose qu'une petite fraction (1 sur 5 000) des conteneurs présentent déjà des défauts
lorsqu'ils sont mis en place dans l'enceinte, et on s'attend à la rupture rapide de ceux-là.

On y décrit en outre le développement mathématique du modèle. On utilise une
distribution graduelle simple pour décrire les défaillances dues à la présence des défauts
initiaux. Dans le cas de la corrosion par fissuration on suppose que les vitesses de
propagation sont normalement réparties et sont principalement déterminées par la
température. L'influence de la température sur la vitesse de propagation des fissures est
déterminée à partir des profils de refroidissement calculés pour les conteneurs et à partir
de la relation d'Arrhénius déterminée expérimentalement pour la vitesse de propagation



des fissures. Les profils de refroidissement sont calculés par approximation par les
fonctions à simple ou double effet selon l'emplacement du conteneur dans l'enceinte. Les
conteneurs qui ne sont pas rompus en raison de la présence de défauts de fabrication ou

en raison de la corrosion par fissuration devraient se rompre par fissuration due à
l'hydrogène une fois que la température chute à <30 °C. On suppose que ces défaillances
présentent une distribution triangulaire.

Les données expérimentales sur lesquelles sont fondées ce modèle font l'objet d'une étude
en profondeur. Cet examen comprend les descriptions des données disponibles pour
décrire et quantifier les processus de corrosion générale, de corrosion par fissuration et de
fissuration due à l'hydrogène. On donne également les raisons et/ou la justification
expérimentale de ne pas inclure les processus comme la corrosion par piqûres, la
fissuration par corrosion sous tension et la corrosion microbienne. Dans le cas de la
corrosion par fissuration et la fissuration due à l'hydrogène on donne le résultat des études
sur les nuances 2 et 12. On étudie également les effets des impuretés dans le métal de
nuance 2. Le titane de nuance 2 est défini comme le métal de reference, mais le titane de
nuance 2 est un métal de remplacement qui est bien moins sensible à la corrosion par
fissuration. On porte une attention spéciale aux effets du soudage, de l'irradiation gamma
et de la spéciation des eaux souterraines.
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1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program (CNFVMP) vas established
jointly by the governments of Canada and Ontario in 1978 to develop a
method to ensure the safe disposal of fuel waste from Canada's nuclear
reactors (Joint Statement 1978). In the disposal concept under considera-
tion, the waste would be immobilized in containers designed to have a
minimum lifetime of 500 a; the containers, surrounded by clay-based buffer
material, would be placed in a vault excavated at a nominal depth of 500 to
1000 m in plutonic rock of the Canadian Shield. The engineered and natural
barriers of this disposal system would isolate the waste from the biosphere
for many years. The long-term performance of such a system must be
evaluated to ensure that the objectives of protection of human health and
the environment are met.

To ensure isolation of the used fuel during the period when the fission
product activity in the conceptual disposal system is high, the waste con-
tainers must survive for 300 to 1000 a. Providing no failures occurred as
a result of mechanical effects, the main factor limiting their survival is
expected to be corrosion in the groundwater to which they would be exposed.
Two general classifications of container materials have been studied
internationally: corrosion-allowance and corrosion-resistant materials.
Corrosion-allowance materials possess a measurable general corrosion rate,
but are not expected to be susceptible to localized corrosion processes.
By contrast, corrosion-resistant materials are expected to have very low
general corrosion rates, because of the presence of a protective surface
oxide film. However, breakdown of this film could render them susceptible
to localized corrosion processes, such as pitting, crevice corrosion or
stress-corrosion cracking (SCC). A more extensive discussion of the vari-
ous corrosion-allowance and corrosion-resistant materials considered as
candidate container materials is available elsewhere (Johnson et al.
1994a).

The corrosion-resistant material, Grade-2 titanium (Ti-2), has been chosen
as the reference material for the postclosure assessment case study
involving borehole emplacement. The model developed to predict the
lifetimes of these containers was presented in the recently published Vault
Model report (Johnson et al. 1994b). Here, we present an extended version
of that report. The corrosion performance of ASTM Ti-2 and, to a lesser
extent, that of Grade-12 titanium (Ti-12) are evaluated in more detail and
the mathematical development, as well as the predictions, of the container
failure model are presented.

2. CONTAINER DESIGN

A number of container designs have been evaluated and are discussed in
detail elsewhere (Crosthwaite 1994, Johnson et al. 1994a). The thin-shell,
packed-particulate design was chosen for the reference container (see
Figure 1). In this design, a 6.35 ± 0.15-mm-thick titanium shell is
internally supported by industrial glass beads. These beads have a
distribution of diameters between 0.7 and 1.2 mm; they are compacted by
vibration into the residual spaces after the fully loaded used-fuel basket
is inserted into the container.
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The container will fail mechanically only if a region of the shell is not
supported by glass beads. When unsupported in this manner, the container
wall will deform plastically. If the maximum strain due to plastic
deformation exceeds 5.3% the container will fail. Such large strains can
result from instabilities leading to buckling or local stretching (Teper
1992). To prevent failure by buckling, a minimum overall thickness of 2 ram
is required, assuming a uniform loading of 10 MPa hydrostatic pressure is
acting on the container (Teper 1988). Since the total pressure expected to
act on the container at a vault depth of 500 m (the reference vault depth
used in the postclosure assessment case study presented in the Vault Model
report (Johnson et al. 1994b)) is ~6.5 MPa (5 MPa hydrostatic pressure plus
~1.5 MPa from the swelling pressure of the buffer), this mechanical
allowance can be considered sufficient.

Mechanical failure of the shell could also occur at regions of localized
corrosion under certain conditions. If the largest dimension of a
localized corrosion patch that had thinned the shell to a thickness of less
than 2 mm exceeded 33.5 mm, and the area behind the patch was unsupported
because of a void in the particulate, the maximum strain of 5.3% could be
exceeded (Teper 1992, Johnson et al. 1994a). If it could be guaranteed
that the largest dimension of a locally corroded patch would never reach
33.5 mm, then a residual wall thickness of less than 2 mm might be
acceptable. Since such a guarantee cannot be given, 2 mm of the total wall
thickness is considered unavailable for the corrosion allowance. This wall
thickness is the minimum required to guarantee structural integrity,
independent of the size of any corroded area.

The remainder of the container wall thickness is available as a corrosion
allowance. This allowance is taken to be 4.2 mm, the lower limit of avail-
able wall thickness of as-received plate material ordered from manufac-
turers to specification ASTM B265. This specification tabulates the
permissible variations in thickness of commercially supplied titanium.

The rationale for selecting 4.2 mm as the accepted corrosion allowance for
titanium containers is described in detail elsewhere (Crosthwaite 1992a,
1992b; Johnson et al. 1994a).

3. MATERIAL COMPOSITION AND MECHANICAL PROPERTIES

The ASTM specified compositions of a number of grades of titanium are given
in Table 1. Grades 1 to 4 (Ti-2 to Ti-4) are a-phase alloys with a
hexagonal close-packed (hep) crystalline structure. These grades are
generally single-phase alloys, although small amounts of iron-stabilized fi-
phase, with a body-centred cubic structure (bec), and FeTi intermetallics
may be present. Grades 7, 11 and 16 (Ti-7, Ti-11 and Ti-16, containing
small amounts of Pd) are also a-phase alloys, possessing the same
mechanical properties as Ti-2 and Ti-1 respectively. The addition of small
amounts of Pd serves to increase their corrosion resistance over that of
Ti-1 and Ti-2.

Alloying with molybdenum and nickel (Ti-12 in Table 1) increases the
strength of titanium, through solid-solution strengthening and the creation
of a two-phase structure. Thus, Ti-12 is an a-alloy containing small
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TABLE 1

ASTM NOMINAL MAXIMUM COMPOSITIONS (WEIGHT %) FOR VARIOUS

GRADES OF TITANIUM

Grade N C H Fe O Mo Ni Pd

1
2
3
4
7
11
12
16

O.O3
0.03
0.05
0.03
0.03
0.03
0.03
0.03

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015

0.20
0.30
0.30
0.50
0.30
0.20
0.30
0.30

0.18
0.25
0.35
0.40
0.25
0.18
0.25
0.25

0.2
0.2

0.3 0.8
0.04

amounts of nickel-stabilized 0-phase and Ti2Ni intermetallics. This alloy
was designed to reduce the susceptibility of titanium to crevice corrosion.
More extensive discussions of the mechanical properties of titanium alloys
and the principles behind the alloying of titanium have been published
elsewhere (Nuttall and Urbanic 1981, Schutz 1986, Schutz and Hall 1984,
Schutz and Thomas 1987).

A number of advantages are gained by choosing the compositionally and
microstructurally simple Ti-2 as the reference container material. It is a
thermodynamically stable material that will not undergo destructive phase
transitions under disposal vault conditions, and it is not expected to form
complex unstable structures as a consequence of mechanical or thermal
treatments, such as cold working or welding.

4. EXPOSURE ENVIRONMENT

4.1 GROUNDWATER COMPOSITION

The reference groundwater composition to which the container in the concep-
tual model is exposed is designated WRA-500 and is given in Table 2
(Gascoyne 1988). Also shown in this table are compositions for the synthe-
tic granitic groundwaters WN-1 and SCSSS, which have also been used in the
corrosion evaluation of titanium.

Before coming into contact with the container, the groundwater would be
conditioned by passage through the buffer and/or backfill materials. The
impact of a clay buffer on the composition of groundwater has been
considered by Oscarson and Dixon (1989), Vanner (1987), and Lemire and
Garisto (1989). The major ionic components in the conditioned water would
depend primarily on the mineral content of the clay. Depending on the
groundwater flow conditions within the vault, the thermodynamic estimates
of Lemire and Garisto (1989) show that a transitory increase in sulphate
and fluoride levels to -lO"1 mol-L"1 (9 600 jug'g"1) and ~10"3 mol-L'1

(19 /ig'g'1) respectively is possible. The expected composition range of
this "contact" water is given in Table 3.
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TABLE 2

COMPOSITIONS OF GROUNDWATERS

(WRA-500 AND

Na
K
Mg
Ca
Sr
Fe
Si
HCO,
Cl
SO4
NO3
F
Br
PO4
U
I
Al
B
TDS*

pH
Eh

WRA-1000) AND

WRA-500

2

1

6
1

11

300
10
30
800
20
1
5
50
000
000
0
2
30
<0.
0.
0.
<0.
1,

247

7,
-30

.5

.02
,02
,05
,2

,8
mV

FROM THE WHITESHELI

SYNTHETIC GROUNDWATERS

mg.L"1

VRA-1000

7

5

19
1

000
20
25
000
50
1
3
20
000
300
-
5
60
_
_
_
_

8.0

1

2

6
1

11

7

VN-1

910
14
61
130
24
0.56
0
68
460
040
33
0
_

_
_
_
_
740

± 0.5

, RESEARCH AREA

fWN-1 AND SCSSS)

SCSSS

5

15

34

55

7

050
50
200
000
20
_
15
10
260
790
50
_

_

_

400

± 0.5

* total dissolved solids

TABLE 3

DISTRIBUTION OF CONTACT-WATER PARAMETERS

USED IN THE VAULT MODEL

Parameter Units Distribution Minimum Maximum Mode

[CaCl2]
[NaCl]
[Na2SO4]
[tot. inorg. C]
[tot. F]
[tot. inorg. P]

pH
E * (pH = 0)

mol-kg"1
mol.kg"1

mol-kg-1
mol-kg"l
mol«kg-x
mol-kg'*

V

loguniform
loguniform
loguniform
loguniform
loguniform
loguniform

triangular
uniform

10"3-5

IO-2.3
1 0 - 2 - 2

10-3.6
10-6.0
10-8.0

5.0
0.000

lO-i.o
10-0.5
lO-i.o
10- 1- 7

10-2.8
10-5.2

10.0
• 0.516

8.0

see Johnson et al. (1994b), Section 5.3
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4.2 REDOX CONDITIONS

The presence and concentration of oxidants in the disposal vault will be
major factors in determining the corrosion performance of waste containers.
The conditions within the vault will be determined initially by the air and
other oxidants trapped within the buffer/backfill medium. For longer
exposure periods, conditions will be controlled by the amount of oxidant
transported into the vault by the groundwater and by the products of water
radiolysis resulting from the impact of 7-radiation from the used fuel on
the water in the surrounding environment. For vaults in deep rock in the
Canadian Shield, the original quantity of trapped oxidant will be consumed,
at least partially, by reaction with oxidizable minerals within the
surrounding rock and buffer/backfill. Significant subsequent transport of
oxygen into the vault is not expected, since the oxygen content of
groundwater at these depths is negligible. The evolution of redox
conditions with time has been discussed in more detail by Johnson et al.
(1994b, Section 3.4.2). The time for conditions to become anoxic has been
conservatively estimated to be <320 a.

4.3 BUFFER/BACKFILL MATERIALS

In the conceptual disposal system, buffer and backfill materials are
assumed to become saturated with groundwater when the disposal vault is
sealed. The time required for groundwater to saturate the buffer may range
from several years to -1000 a (Johnson et al. 1994b, Section 3.2.2). In
the container lifetime mode], the corrosion processes that would occur
under saturated conditions are assumed to initiate immediately upon closure
of the vault. While saturation of the vault environment around the
container is not expected to occur immediately, the corrosion of titanium
under unsaturated vault conditions is expected to be negligible. The
resistance of titanium to corrosion in wet or dry gaseous conditions is
well documented (Schutz and Thomas 1987) and no significant corrosion was
observed on commercially pure titanium exposed to the moist atmospheres
associated with clays (Haijtink 1985, 1986).

The buffer and backfill materials surrounding the container are expected to
exert a number of major influences on their corrosion:

1. They would impede the transport of oxygen (required to drive the
corrosion process) to the container surface.

2. Minerals in the backfill would consume oxygen, thereby driving
the redox conditions anoxic.

3. They would buffer the pH of the water contacting the container to
between 7 and 9, a range generally benign from the corrosion
point of view.

4. The heat-transfer properties of the buffer and backfill materials
would be important factors in controlling the temperature of the
containers and, hence, their corrosion rate.
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4.4 RADIATION LEVELS

According to Glass (1981) there are two ways in which radiation can affect
container corrosion:

1. Particle irradiation (e.g., by neutrons or a-particles) could
cause radiation damage to the metal and/or the protective oxide
film.

2. Radiolysis of groundwater could produce oxidizing species, such
as OH, H 20 2, 02, Cl", ClO- and Cl2, which could directly cause
corrosion.

The maximum neutron flux expected outside the container is
~102 neutrons•cm*2-s"1 (Wilkin 1992), which is many orders of magnitude
(>109) below the levels capable of inducing mechanical damage in the metal
(Stobbs and Swallow 1962) and, hence, is insignificant. However,
Y-radiation is capable of yielding a significant dose outside the body of
the thin-walled container.

For a container filled with reference used fuel (Johnson et al 1994b,
Section 2.1.4), the initial gamma dose rate at the external surface of the
container would be ~50 Gy«h-1 (5 x 103 rad-h"1). This represents the
maximum radiation dose rate available to affect container corrosion. It is
the dose rate to the medium surrounding the container and is calculated
from the radioactive decay characteristics of the fuel as attenuated by the
packed particulate (glass beads) and the container wall thickness (Tait et
al. 1989). The dose rate would decrease with time as the 7-emitting
radionuclides decayed, and the decay characteristics of the rapidly
decaying fission products would define the time interval over which
irradiation could affect container corrosion.

5. TEMPERATURE

The surface temperature of the containers would influence the corrosion
rate. This temperature would be determined by the heat generated as a
result of radioactive decay within the fuel, and its rate of dissipation to
the surrounding buffer/backfill/rock environment. Consequently, the
temperature would vary depending on the age of the fuel at emplacement, the
relative positions of the containers, the overall geometry of the vault,
and the thermal conductivities of the surrounding buffer, backfill and
rock. The procedures used to calculate container surface temperature and
temperature gradients within the buffer and backfill (for the reference
used fuel) are described in Johnson et al. (1994b, Section 3.2.1). The
calculations assume that buffer and backfill materials are saturated with
groundwater. If the buffer experienced significant drying, temperatures
could increase by as much as 5°C; however, the corrosion rate would be
negligible under such conditions since corrosion in dry or moist
environments should be negligible (see Section 4.3).

The schematic presented in Figure 2 shows the arrangement of the conceptual
vault. A more exact arrangement is given elsewhere (Johnson et al. 1994b,
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Section 2.2). The unshaded areas represent disposal rooms filled with
containers, and the shaded areas represent access tunnels free of
containers. The vault is divided into 12 sectors» as shown by the dashed
lines in the figure. These sectors are chosen to facilitate the coupling
of the output from the vault model to that describing the flux of
radionuclides through the geosphere. For such a coupling to be achieved,
it is essential to predict the container failure times within each
individual sector. Each sector represents a portion of the vault in which
the characteristics important to the modelling of radionuclide transport
are relatively uniform (Johnson et al. 1994b, Section 6.2).

Each container within the vault would possess a distinct temperature-
versus-time profile. However, the general shape of these profiles would be
similar; an early period of high temperature, lasting between 100 and
200 a, followed by a much longer period of slow cooling lasting tens of
thousands of years. The hot containers would be located in the centre of
the vault, with cooler containers located at the edges, and cold containers
at the corners. Figure 3 shows three examples of temperature-time profiles
taken from different areas within the vault. Heat production leading to
the early period of high temperature can be attributed to the relatively
rapid decay of 7-emitting fission products in the used fuel. The
subsequent long period of slow cooling can be attributed to the heat
generation during the much slower decay of a-emitting actinides.

6. CORROSION PROPERTIES OF TITANIUM ALLOYS

In this section the corrosion properties of titanium alloys are reviewed
with the purpose of demonstrating that, with the alloys chosen for study,
only a limited number of corrosion processes are possible and capable of
leading to failure of the container. The corrosion processes most likely
to cause failure are crevice corrosion, hydrogen-induced cracking and, to a
lesser degree, general corrosion, and these processes are discussed in
detail. The major emphasis has been placed on discussing and comparing the
properties of Ti-2 and Ti-12, the two materials studied in most detail in
the CNFWMP.

6.1 GENERAL PROPERTIES

Titanium metal is unstable in air and water, but is inevitably rendered
passive by the presence of a protective oxide film that forms rapidly when
a fresh metal surface is exposed to air or moisture. This stable, protec-
tive oxide film gives titanium its excellent corrosion resistance, and is
the primary reason for its selection as a candidate container material.
Because the nature of the film remains essentially unaltered by traces of
metallic impurities (e.g., Fe in Ti-2) or minor alloy constituents (e.g.,
Ni and Mo in Ti-12), all the grades listed in Table 1 exhibit excellent
resistance to general corrosion.

Like most passive metals and,alloys, titanium alloys are susceptible to
some localized corrosion processes. However, when discussing such
susceptibilities it is necessary to distinguish between two classes of
alloy:
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alloys commonly used in industrial applications in which corro-
sion resistance is a primary requirement. These alloys are
single a-phase (hexagonally close-packed crystal structure) or
near a-phase alloys containing relatively small amounts of
0-phase (body-centred cubic crystal structure) in an a-matrix.
This class encompasses all the materials listed in Table 1,
including the two alloys Ti-2 and Ti-12.

alloys developed for applications in which strength is a primary
requirement. Increased strength is achieved by solid-solution
alloying and the stabilization of an a-p phase structure.

The materials in the first class are expected to exhibit relatively few
modes of degradation in comparison with those of the second class. Thus,
while materials in class two can be susceptible to SCC in aqueous chloride
solutions, those in class one are considered immune to SCC except in a few
environments (e.g., anhydrous methanol/halide solutions, red fuming HNO3
(Schutz and Thomas 1987)) impossible under vaste vault conditions.

Pitting potentials for titanium alloys around room temperature are invari-
ably very large, i.e., of the order of +5 to 10 V S H E in chloride solutions.
Even at temperatures in ;he range from 175 to 250°C pitting potentials are
>1.0 V S H E (Schutz and Thomas 1987), and results recorded in 0.5 mol'L"1

NaCl at 150°C yield values ~2.0 V S H E (Appendix A), compared with corrosion
potentials close to 0 VSHE. For maximum vault temperatures around 100°C,
pitting potentials between 5 and 7 V S H E are expected (Appendix A). Since
these potentials are many volts more positive than the most positive
corrosion potentials measured under vault conditions (1,0.5 V S H E ) , the
possibility of container failure by pitting can be ruled out.

Of the commonly used engineering metals and alloys, titanium and its alloys
are the only ones for which microbially induced corrosion (MIC) has not
been reported (Schutz 1991, Pope et al. 1989, Little et al. 1991). For
this reason (among others) it is the commonly recommended material for many
seawater and biomédical applications. There appear to be a number of major
reasons for this immunity:

1. The passive film on titanium is extremely inert. The thermo-
dynamic calculations summarized in the potential-pH diagram of
Figure 4 show that, for 25°C, very acidic conditions are required
for the film to become unstable. Such acidities would be
extremely difficult to achieve by microbial activity.

2. Temperatures >70°C are required for the initiation of localized
corrosion processes such as crevice corrosion (Schutz 1991).
Since MIC is not generally supported at these temperatures, it is
unlikely to cause initiation.

3. Because of its electronic structure, titanium cannot act as a
biological catalyst (Wackett et al. 1989). In the cationic form
many metals can act as biological catalysts, generally in the
form of metalloenzymes. The existence of the transition metals
in a variety of oxidation states is a key property in their redox



- 9 -

activity in biological reactions. This redox activity, and the
ability of the metal to coordinate directly with organic ligands
containing electron donor groups, can be attributed to the
presence on the metal cation of a partially filled set of
d electron orbitals. Although its electronic configuration
places titanium at the front of the first transition series, it
exists in aqueous solution and in passive films almost
exclusively in the +4 oxidation state. As a result, its ions
have no available d electrons plus a closed-shell configuration,
which precludes the formation of titanium-containing enzymes or
cofactors, thus making titanium unavailable for biologically
supported redox chemistry (Waclcett et al. 1989).

However, titanium is not biotoxic and permits the growth of biofilms, which
are known to act as crevice formers on some materials (Schutz 1991,
Hansfeld and Little 1991). Hence, the possibility that microbial activity
may lead to the initiation of crevice corrosion is not discounted, despite
the fact that no case of localized corrosion has ever been reported under
such a biofilm formed on titanium.

The two localized corrosion processes most likely to lead to failure of a
titanium container are crevice corrosion and hydrogen-induced cracking
(HIC). As will become obvious in the discussion presented below, these two
processes are inextricably linked. Consequently, the remaining discussion
of corrosion properties deals with these two processes and general corro-
sion, since they would have the biggest effect, either individually or
synergistically, on the lifetime of containers. Since the container is
likely to be welded and would be exposed to a radiation field, a discussion
of weld corrosion and the effects of radiation on various corrosion proces-
ses is also included.

6.2 GENERAL CORROSION

Titanium and its alloys are very resistant to general corrosion in water,
natural waters, and steam to temperatures in excess of 300°C. Slight
weight gains are observed as a result of the thickening of the passive
film, particularly at higher temperatures. The typical contaminants
expected in natural waters, such as iron, sulphide, sulphate and carbonate,
do not affect this resistance (Schutz and Thomas 1987).

Of more relevance to our requirements is the resistance to corrosion in
saline environments, since such environments are anticipated in a Canadian
waste vault. Titanium alloys exhibit negligible corrosion in seawater to
temperatures as high as 260°C (Schutz 1986, Schutz and Thomas 1987), and
unalloyed titanium has been used for over 20 a in seawater applications,
such as power generation, desalination and oil refining. Compilations of
general corrosion rates for Ti-2 and Ti-12 list the rate as nil (Schutz and
Thomas 1987).

This high resistance to general corrosion in saline solutions has been
confirmed for Ti-2, Ti-7, and Ti-12 by the studies of Braithwaite and
Molecke (1980) and Holecke et al. (1982) in concentrated brines at
temperatures up to 250°C. Based on the results of immersion tests
performed in the presence of a radiation field (between 3.6 and
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5.4 Gy.h"1), Ikeda and Clarke (1986) and Ryan et al. (1994) measured
uniform corrosion rates for both Ti-2 and Ti-12 in a number of
groundwaters, buffer slurries in groundwater and in compacted bentonite
saturated with groundwater at 100°C. The results of Ryan et al. (1994) are
summarized in Table 4. A description of the procedures used to obtain
these values has been described elsewhere (Ryan et al. 1994).

TABLE 4

UNIFORM

AT 1GO°C IN THE

Environment

UN-1/10

WN-1/10-B/S

VN-1

WN-l-B/S

WN-l-B

WN-l-S

SCSSS

SCSSS-B/S

CORROSION

PRESENCE

Grade

2
12

2
12

2
12

2
12

2
12

2
12

2
12

2
12

RATES FOR Ti-2 AND Ti-12

OF A RADIATION FIELD (5. A Gv.h"M

Rate*

0.022
0.009

0.040
0.030

0.049
0.052

0.028
0.034(

0.018
0.009

0.036
0.018

0.06
0.042

0.011
0.010

(/xm/a)

± 0.057
± 0.057

± 0.015
± 0.018

± 0.057
± 0.057

± 0.015
i ± 0.018

± 0.057
± 0.057

± 0.057
± 0.057

± 0.057

± 0.011
± 0.013

o+

0.019(3)
0.004(3)

0.033(12)
0.021(9)

0.023(3)
0.055(3)

0.026(12)
0.027(9)

0.013(3)
0.009(3)

0.041(3)
0.006(3)

- (1)
0.019(3)

0.01(20)
0.009(15)

Errors are calculated for a 95Z confidence level based on the
pooled variance which is 0.023 /xm/a
Numbers in brackets are the number of samples in the population

Whiteshell synthetic groundwater
Standard Canadian Shield saline solution
WN-1 diluted 10-fold
WN-1 plus Avonlea Na-bentonite
WN-1 plus silica sand
WN-1 bentonite and sand slurry
WN-1/10, bentonite and sand slurry
SCSSS, bentonite and sand slurry

WN-1
SCSSS
WN-1/10
WN-l-B
WN-l-S
WN-l-B/S
WN-1/10-B/S
SCSSS-B/S
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There is no significant, difference in the uniform corrosion rates for Ti-2
and Ti-12, measured on specimens exposed to WN-1 or WN-1/10 groundwaters
with or without added buffer components. Corrosion rates appear to be
slightly higher in SCSSS than in WN-1 except when bentonite and sand are
present. For Ti-2, uniform corrosion rates range from 0.01 to 0.06 /im-a'1

and for Ti-12 from 0.01 to 0.05 jun-a'1.

The most detailed investigation of general corrosion has been performed by
Mattsson and Olefjord (1984, 1990) and Mattsson et al. (1990), who studied
the rate of oxide thickening on Ti-2 and Ti-7 in groundwater-saturated
bentonite at 95°C for exposure periods up to 6 a. Oxide thickening
according to a logarithmic growth law, and the absence of any detectable
dissolved titanium over the six years, confirmed that a steady-state film
thickness controlled by the finite dissolution rate of Ti02 was not
obtained. Corrosion involved oxide film formation by the transport of
titanium and oxygen ions through the thickening film under the influence of
the large electrical field across the oxide. This growth law was found to
apply irrespective of the oxygen content, the salinity of the groundwater,
and the absence/presence of bentonite.

If corrosion according to this growth law were to continue indefinitely,
container failure by general corrosion would be impossible. However, at
longer exposure times (5 to 6 a) Mattsson and Olefjord (1990) and Mattsson
et al. (1990) found, from transmission electron microscopy studies, that
the originally amorphous passive film started to crystallize to yield the
thermodynamically stable rutile phase. This leads to the formation of
grain boundaries, which could provide rapid transport pathways for the ions
involved in film growth. As a consequence, oxide film thicknesses after 5
to 6 a were somewhat greater than predicted by the logarithmic growth law.
If one assumes that linear growth kinetics apply if such crystallization
continues (i.e., the corrosion rate remains constant indefinitely), the
data of Mattsson and Olefjord still lead to predicted container lifetimes
in excess of 106 a.

clearly, container failure by general corrosion does not appear to be
possible over the required container lifetime (500 a). However, since the
redox conditions within the vault are expected to become reducing, the
corrosion of titanium would eventually be sustained by reaction with water:

Ti + 2H20 -» TiO2 + 2H2 . (1)

According to Schutz (1991) the oxide film on titanium remains intact under
fully deoxygenated conditions down to a pH of 2 at 100°C. However,
Reaction (1) introduces the possibility that hydrogen absorption by the
metal may occur, leading to the possibility of container failure by
hydrogen degradation mechanisms. Hydrogen absorption by the metal arising
from transport through the passive film should be extremely slow, if not
negligible, in the absence of an applied cathodic potential (Schutz and
Thomas 1987), and cannot proceed faster than the rate of Reaction 1.

The possibility of failure due to hydrogen absorption during general corro-
sion is addressed in Section 6.4.3 and in more detail elsewhere (Shoesmith
et al. 1994).
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6.3 CREVICE CORROSION

Despite the excellent resistance of titanium alloys to general corrosion,
their use in hot saline environments is sometimes limited by their tendency
to crevice-corrode.

For many reasons, crevice corrosion is an unlikely event on a waste
container, since no natural crevices exist. However, under the hot,
saline, and initially oxidizing conditions in a disposal vault, it is
impossible to rule out the formation of occluded ceils. In an occluded
cell, active corrosion at a localized deaerated acidic site is maintained
by the reduction of oxidants on passive, non-corroding adjacent surfaces.
Corrosion within such a cell would propagate in a manner analogous to that
in a well-defined crevice.

6.3.1 Possible Crevice Sites on the Surface of a Container

There appear to be five potential crevice sites on the surface of a
container packed in compacted bentonite in a waste vault:

under a section of compacted buffer,

under a hydrothermally formed deposit,

under an embedded iron particle,

in the closure weld between the lid and the main body of the
container, and

under a biofilm,

(i) Under a section of compacted buffer

Establishing a crevice under a section of compacted buffer appears highly
unlikely and has never been observed in immersion tests in solutions up to
-1.0 mol-L-1 in salinity (SCSSS, Table 2) and temperatures as high as 150°C
(Ryan et al. 1994). Chemically, the buffer would maintain the pH of the
pore water in the range from 7 to 9 (Lemire and Garisto 1989), making it
difficult to establish the acidic conditions required to initiate and
propagate crevice corrosion. Also, the buffer's ability to control both
redox conditions and the transport of oxidants to the container surface
would prevent extensive propagation. Finally, the ionic conductivity of
the buffer is likely to be too low to enable a significant area of the
container to act as a supporting cathode to sustain metal dissolution
within the creviced area. Despite these favourable factors, crevice
corrosion cannot be completely ruled out at such sites.

(ii) Under a hydrothermally formed deposit

Crevice corrosion underneath surface deposits has been observed (Schutz
1988). For corrosion to be significant, the deposit must be capable of
supporting the highly acidic anoxic conditions required. Hence, crevice
corrosion is unlikely under alkaline salt deposits, such as carbonates, or
under scales containing significant amounts of oxidized compounds, such as
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iron(III) oxides; it has not been observed in immersion tests under saline
conditions for temperatures up to 150°C (Ikeda and Clarke 1986, Ryan et al.
1994). In the presence of compacted clay at temperatures £lO0°C, the
formation of such deposits is highly unlikely.

(iii) Under an embedded iron particle

This process is termed smeared-iron surface pitting and can occur when
iron, carbon steel, or low-alloy steel is gouged, scratched or embedded
into a titanium surface breaching the titanium oxide film. Corrosion of
.the iron can cause local acidic conditions (Lie.iing 1983). Because of the
pH and redox buffering properties of the bentonite, it is unlikely that, if
this form of corrosion occurred, it could be sustained for long enough to
cause more than a minor penetration into the container wall. It could be
avoided by careful handling of the container.

(iv) In the closure weld

Although difficulties in producing a good closure weld are not anticipated
(Haak and Moles 1986; Johnson et al. 1994b, Chapter 3), this area
represents a possible site for the initiation of a crevice. The presence
of a void, crack, or residual notch cannot be ruled out. The majority of
such defective welds would be detected in the final weld inspection, and
the containers would be rejected. The small number that avoided detection
would be included in the initial failure fraction (1 in 103 to 1 in 10")
accounted for in the container failure model. Those welds that were not
defective are not expected to be any more susceptible to crevice corrosion
than the main body of the container (see Section 6.5 below).

(v) Under a biofilm

The initiation of crevice corrosion under biofilms has never been observed
for titanium (see Section 6.1). However, since titanium is not biotoxic
such a process is not ruled out.

6.3.2 Mechanism of Crevice Corrosion for Ti-2 and Ti-12

Many general discussions of the crevice corrosion process are available
(Oldfield and Sutton 1978a,b, 1980; Kruger and Rhyne 1982; Oldfield 1987;
Sharland and Tasker 1988; Sharland et al. 1989), and Schutz (1988) has
discussed the parameters that influence the crevice corrosion of titanium
alloys. An extensive experimental program, described in detail elsewhere
(Ikeda and Clarke 1986; Ikeda et al. 1989, 1990a, 1990b, 1990c, 1991, 1992,
1994b; Shoesmith et al. 1989, 1992a, 1994; Bailey et al. 1994), has been
conducted in the CNFWMP to determine the susceptibility to, and mechanism
of, crevice corrosion of Ti-2 and Ti-12. With a view to eventually
optimizing the properties of the chosen material, the impacts of varying
both the material composition and the microstructure of Ti-2 have been
studied. The advantages of alloying additions were determined by studying
Ti-12, an alloy designed to have superior resistance to crevice corrosion.

The essential details of the mechanism of crevice corrosion of titanium are
reviewed here to establish the basis for the failure model described in
Section 7. Our understanding of this mechanism is based on an extensive
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series of electrochemical experiments under a vide variety of conditions.
In these experiments, the parameters most likely to influence crevice
corrosion have been systematically studied. These include the nature of
the crevice, in particular its geometry; solution composition, in
particular the concentrations of oxidant and chloride, and the pH; and
composition and microstructure of the alloy.

The initiation of crevice corrosion occurs vhen oxygen is depleted within
the creviced area. Oxygen is consumed in attempting to repair the passive
oxide film broken down by the action of chloride within the crevice. For
deep, tight crevices, the transport of oxygen into the crevice from the
aerated bulk solution is too slow to maintain the repair process. When
this oxygen depletion is complete, an occluded cell is established; i.e.,
the chemical environment inside the crevice is different from the bulk
environment outside the crevice. An active (bare metal) titanium anode is
generated within the crevice, supported by the cathodic reduction of
oxygen, supplied from the surrounding environment, on the passive ti-\nium
surface outside the crevice.

As with other localized corrosion processes, the initiation of crsvice
corrosion is unpredictable and often irreproducible under normal corrosion
test conditions (Schutz 1988). To avoid this problem, artificially
creviced specimens, with a severe crevice geometry established using a
polytetrafluoroethylene (PTFE) crevice former, were used to force initia-
tion to occur (Ikeda et al. 1989, 1990a,b). In these experiments, initia-
tion may also have been assisted by the release of fluoride ions from the
PTFE spacers used to form the artificial crevices. The inescapable conse-
quence of this approach is that, in the failure 'iiodel to be described
below, it is necessary to assume that crevice corrosion initiates on all
containers. This represents a very conservative assumption, but avoids the
need to predict the occurrence of a stochastic event, initiation, not well
understood by the corrosion science community.

Often, the creviced electrodes were coupled to large titanium cathodes.
Such an arrangement simulates the coupling of a creviced area on the con-
tainer surface with a much larger uncreviced area that acts as a cathode.
By inserting a zero-resistance ammeter between the creviced electrode and
the titanium cathode, the progress of the crevice propagation reaction was
followed by measuring both the crevice potential and the current flowing
between the crevice and the coupled cathode without disturbing the natural
corrosion conditions.

The overall chemical processes involved in the subsequent propagation of
the crevice corrosion of Ti-2 are shown schematically in Figure 5.
Hydrolysis of dissolved metal cations within the crevice leads to the
formation of a tight deposit of hydrated titanium oxide and the production
of protons. This deposit causes the formation of smaller, individual
crevice sites underneath the original crevice former; i.e., once the
process is propagating the original crevice former becomes somewhat
redundant.

The production of protons drives the pH down within the crevice, and values
of pH £ 1 can be sustained within tight crevices since equilibration with
the environment outside the crevice is impeded by slow transport processes
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(Yao et al. 1991). Under these acidic conditions crevice corrosion is
sustained by two cathodic processes (Figure 5):

oxygen reduction outside the crevice, and

proton reduction within the crevice.

Since proton reduction is a short-circuited corrosion reaction that occurs
entirely within the crevice, it does not yield a current measurable by the
zero-resistance ammeter. The extent of corrosion due to this reaction can
only be assessed by weight-change measurements once the experiment is
complete. The current flowing through the ammeter is a measure of the rate
of crevice propagation supported by the external reduction of oxygen.

Since proton reduction can only occur if a low pH is established inside the
crevice by oxygen reduction outside the crevice, the external cathodic
reaction is essential for crevice corrosion to propagate. Hence, in
electrochemical experiments, the value and duration of the coupled current
provide an indication of the progress of crevice corrosion.

The general forms of the crevice current, crevice potential, and the poten-
tial of an uncreviced electrode included in the same experiment are shown
in Figure 6a (Ikeda et al. 1994b)-. An illustrative set of experimental
curves is shown in Figure 6b for Ti-2 contained in a sealed vessel (Ikeda
et al. 1991). After a short induction period (generally only a few hours),
initiation occurs, and the crevice current rises as the crevice potential
falls. This is the activation period and the increasing current is caused
by the onset of active crevice corrosion on an increasingly large surface
area of metal. Beyond the peak the current falls as the limited amount of
oxygen in the sealed pressure vessel is consumed. Eventually, when the
oxygen in the pressure vessel is totally consumed, the current falls to
zero and the crevice becomes starved. When this occurs, the crevice
inevitably repasclvates, and the crevice potential changes to a value close
to that of the uncreviced electrode (Figures 6a and 6b). The decrease in
potential of the planar electrode does not represent an activation process,
merely a response of this passive electrode to the drop in oxygen
concentration in the pressure vessel.

For Ti-12, crevice corrosion initiates but widespread activation of the
artificially creviced area is suppressed. This is indicated by much lower
crevice currents and much less negative crevice potentials than achieved
with Ti-2. Also, crevice repassivation occurs before the oxygen is totally
consumed. These differences between the two grades can be appreciated by
comparing Figures 6b and 6c.

With Ti-2, a predominantly a-phase material containing very minor amounts
of iron-stabilized 0-phase, crevice corrosion propagates at a rate
determined jointly by the area undergoing crevice corrosion and the
concentration of oxidant outside the crevice. Propagation continues until
the oxygen in the system is exhausted, at which time the crevice repassi-
vates by reaction with water. Subsequent additions of oxygen fail to cause
a reinitiation. The chemistry and electrochemistry of this situation have
been discussed in detail (Ikeda et al. 1989, 1990a,b; Ikeda and McKay 1985;
McKay and Mitton 1985; McKay 1984a,b). From results such as these one can
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conclude that (i) for a-phase titanium containing very little iron, crevice
propagation can only be supported if sufficient oxygen is available; and
(il) a crevice, having once repassivated because of lack of oxygen, will
not reinitiate.

The other parameter that exerts a major influence on crevice corrosion is
temperature. Both the ability to initiate crevice corrosion and the
propagation rate increase with temperature. According to Schutz (Schutz
and Thomas 1987, Schutz 1988), initiation does not occur at temperatures
below ~70°C, although other authors have initiated crevices under extremely
saline conditions at temperatures as low as -40°C (Kobayashi et al. 1980).
Once initiated, the rate of crevice propagation (proportional to the
crevice current, Ic) is very dependent on temperature as shown in Figure 7.
Although Ic increases with temperature, the duration of current flow
decreases. The total amount of charge (Q) consumed by crevice corrosion
was obtained by integrating the plots in Figure 7. The value of Q is not
particularly dependent on temperature, Table 5, indicating that while the
rate of crevice propagation (u±c) may be dependent on temperature, the
extent of crevice corrosion is determined primarily by the amount of the
available oxidant. The effect of temperature on the crevice corrosion of
Ti-12 is distinctly different from that on Ti-2, Figure 8. The current
plots do not show distinct activation and oxygen depletion stages and the
values of Ic are much lower. The amount of charge consumed is limited by
repassivation, Table 5. Surprisingly, for Ti-12 both Ic and Q are much
lower at 150°C than at 125°C and 100°C. This suggests that the processes
driving the repassivation of Ti-12 are accelerated more by increases in
temperature than those driving its propagation. A more detailed discussion
of the effects of temperature has been published elsewhere (Ikeda et al.
1990b).

TABLE 5

EFFECT OF TEMPERATURE ON

MATERIAL

Ti-2

Ti-12

T
(°C)

150
125
102

150
125
104

THE CREVICE

Q
(C)

1059
1311
1261

10
328
244

CORROSION

t (I
(h)

120
480
1200

126
950
1162

OF TITANIUM

C/HAX

(M)
5000
2000
544

66
229
117

As discussed in Sections 4 and 5, both the amount of available oxygen in
the conceptual vault and the surface temperature of the containers would
decrease with time. Consequently, the rate of propagation of a crevice on
a container surface would decrease with time after emplacement, and
eventually the crevice would repassivate when all the available oxidant was
consumed. The specific time at which repassivation occurred would be
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determined primarily by a combination of temperature and oxidant
concentration, although, as discussed below, certain groundwater
constituents might accelerate the process.

Since the temperatures of the containers in the conceptual model decrease
with time from a maximum of -90°C down to -12°C after 105 a (Figure 3), it
is necessary to know the crevice propagation rate as a function of
temperature over this range. This temperature dependence was obtained from
electrochemical experiments. Crevice corrosion was initiated at ~105°C,
and the current was allowed to achieve an approximately constant value,
i.e., a condition of steady propagation at an approximately constant
creviced area. The temperature was then decreased in steps and the crevice
current measured as a function of temperature. By keeping the time at each
temperature relatively short, major depletion of oxygen over the course of
the experiment was avoided. In this manner the crevice propagation rate
was measured as a function of temperature for an approximately constant
creviced area and an approximately constant and high oxygen concentration.
This procedure circumvented the difficulties involved in initiating
crevices of reproducible area at a series of temperatures, especially those
bt-low 80°C. The crevice currents (Ic) and crevice potentials (Ec) measured
on Ti-2 and Ti-12 by this procedure are shown in Figure 9a and b. The
values of Ic for Ti-2 fitted an Arrhenius relationship over the temperature
range 30 to 150°C, Figure 10 (Ikeda et al. 1990b). A value for the
activation energy of ~55 kJ-mol'1 was obtained suggesting that a single
chemical reaction step within the overall crevice corrosion process is
rate-controlling. In a similar experiment, in which the temperature was
held constant and the oxygen concentration varied, a linear dependence of
Ic on the square root of oxygen concentration was observed, Figure 11
(Ikeda et al. 1994b). These dependencies of Ic on temperature and oxygen
concentration suggest that, for Ti-2, the rate of crevice propagation is
controlled by the rate of oxygen reduction on passive surfaces external to
the crevice. To date, the dependence on oxygen concentration, if any, of
Ic for Ti-12 has not been determined. However, the results in Figure 9b
show Ic for Ti-12 is almost independent of temperature suggesting the
chemical and microstructural properties of the material, rather than the
properties of the exposure environment, are more important in determining
the propagation rate.

The susceptibility of Ti-2 to crevice corrosion is related to its impurity
content and microstructure. When the iron content is increased (to
>0.1 wt.%), or when this higher iron-content material is heat-treated
(860°C), the susceptibility to crevice corrosion decreases significantly
(Ikeda et al. 1990c). This improvement was attributed to the stabilization
of the ^-phase (with iron, or by heat treatment), which catalyzes the
proton reduction within the crevice and drives the crevice potential to
more positive values, i.e., forces the crevice to repassivate. This
ability to induce repassivation was not maintained at higher salinities
([C]-] > 0.5 raol-L-1) (Bailey et al. 1994). A subsequent study of a number
of Ti-2 materials, based on transmission electron microscopy and energy
dispersive X-ray analysis suggested that the essential parameter in
suppressing the propagation of crevice corrosion is the presence of Ni in
intermetallic particles (Ikeda et al. 1994a). The presence of only iron
was no guarantee that crevice propagation rates would be low and the
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overall extent of crevice attack limited by repassivation. When present
with nickel in intermetallic particles, crevice propagation was suppressed.

The ability to repassivate is greatly enhanced in the Grade-12 alloy, in
which significant quantities of ̂ -phase and the intermetallic, Ti2Ni, are
deliberately stabilized by the alloying addition of 0.8 wt.% nickel
(Table 1). The presence of 0.3 wt.% molybdenum may also assist the
repassivation process (Glass 1983). The crevice propagation rates are much
lower for Ti-12 than for Ti-2 (compare Figures 7 and 8), and repassivation
occurs at temperatures £70°C even in the presence of substantial oxygen
concentrations, Figure 9b.

The extent and rate of crevice propagation on Ti-2 is not particularly
dependent on chloride concentration over the range anticipated in a vault
in the crystalline rock of the Canadian Shield at the 500-m depth (Bailey
et al. 1994). For Ti-12, concentrations in the range from 1.0 to
2.0 mol-L-1, (cf. to SCSSS (-0.97 mol-L'1) and VRA-500 (-0.17 mol-L"1),
Table 2), are the most aggressive. Even for these concentrations the
extent of crevice propagation on Ti-12 is limited by repassivation,
Figure 12 (Bailey et al. 1994, Shoesmith et al. 1994).

Other groundwater constituents that could influence the rate and extent of
crevice corrosion include Mg2+, Ca2+ and the anions HCO^/COi;-, SO2/ and F*.
The last two anions could be concentrated in the groundwater as a result of
contact vith the buffer/backfill (Johnson et al. 1994b, Section 3.4.1).
Experiments in different groundvaters to investigate the effects of
specific groundwater species are described in detail in Appendix B. The
anions SO2,- and HCO§/CO§- suppress propagation rates, especially S0|-,
Both appear capable of preventing the decrease in pH within the crevice
which is vital to sustain rapid propagation: HCOj/CO3

2" appears to
neutralise the acidity produced by hydrolysis, and SO2/ complexes
Tiin/xiiv and hence prevents hydrolysis. Sulphate may also interfere more
subtly with the chemistry within the crevice by accelerating the
autopassivation process involving the coupling of TiIV reduction with metal
dissolution to force the metal into the passive region (Kelly 1992). The
presence of large concentrations of Ca2+ at relatively low salinities
prevents the spreading of crevice propagation thereby leading to deeper
penetrations within the creviced area. At high salinities (those typical
of SCSSS) this localization does not appear to be significant, possibly
because of the enhanced activation rate at higher chloride concentrations.
The presence of dissolved silica (expected to be present in the hot wet
sand immediately adjacent to the container) severely inhibits both the
initiation and propagation processes (Appendix B, Section B.3).
Experiments performed in the presence of sodium bentonite slurries
generally suppress the rate and extent of crevice corrosion. This
suppression appears to be due to the leaching of gypsum (CaS04.2H20) from
the clay and the predominance of the ability of SO2,- to inhibit crevice
corrosion over the tendency of Ca2+ to cause deeper penetrations. The
effects of added F" have not been studied. However, F" ions are unlikely
to affect crevice propagation despite their well known ability to induce
initiation (Schutz 1988). Since initiation is assumed to be inevitable in
the failure model, the importance of F- becomes marginal.
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According to the calculations of Leraire and Garisto (1989) the initial
effect of contact between clay and groundwater will be the dissolution of
gypsum as observed experimentally (Appendix B). Depending on the ion-
exchanging ability of the clay, the Ca2+ in the groundwater should be
partially exchanged for Na+ on the clay, leaving the water contacting the
container with an initially high S0j-/Ca2+ concentration ratio.
Groundwater conditioned in this manner would suppress the rate of crevice
propagation and possibly induce rapid repassivation. Any influence on the
groundwater composition which drastically increased the Ca2+ concentration
at the expense of the SO2/ concentration would reverse this effect.

A special form of crevice corrosion, possible with Ti-2, is smeared-iron
corrosion. This can occur when iron, carbon steel or low-alloy steel is
gouged, scratched, smeared or embedded into the titanium surface, thereby
breaching the passive film. The embedded iron can lead to the development
of local acidic conditions if occluded by titanium metal smears or laps.
Ti-12 is much more resistant to this form of corrosion. Smeared-iron
corrosion can be avoided by careful handling, and by the use of container-
handling equipment constructed from materials other than those mentioned.
Nevertheless, such problems are difficult to eliminate totally and examples
have been seen, albeit infrequently and to a minor extent, in immersion
tests (Schutz and Thomas 1987, Schutz 1988).

Although electrochemical experiments establish the mechanistic basis for a
container failure model, they do not provide crevice corrosion rates that
can be used directly to predict container penetration rates. Such rates
have been obtained for Ti-2 (low iron content) from immersion tests. In
immersion tests it proved impossible to initiate corrosion on the
metal/metal or metal/clay buffer crevices anticipated under waste vault
conditions. However, initiation was achieved with metal/PTFE-creviced
specimens similar to those used in electrochemical experiments. It is
possible that F" ions leached from the PTFE aided the initiation process.

The propagation rates (tabulated in Table 6) were measured on six separate
metal/polysulfone-creviced specimens exposed to initially aerated 5.9 wt.%
NaCl solution at 100°C for a period of 3 months in the presence of a
7-radiation field of 4.2 ± 0.2 Gy-h"1. In these immersion tests, the
amount of available oxidant was fixed by the atmosphere of air present at
the beginning of the experiment. The total weight changes observed
indicated that not all the oxygen in the pressure vessel was consumed.
Crevice-potential measurements suggested that repassivation of the crevices
occurred after three to four weeks of the total three-month exposure period
(Ikeda and Clarke 1986), despite the presence of substantial quantities of
residual oxygen. Repassivation was attributed to the production of
oxidants within the crevice by water radiolysis (Ikeda et al. 1990a,
Shoesmith et al. 1992b, King et al. in preparation).

The rates in Table 6 were calculated from the total weight change divided
by the length of the exposure period and, hence, represent corrosion rates
averaged over the total creviced area and the total exposure period of
three months. Consequently, they underestimate the actual rate over the
first three to four weeks when the crevices were active, but overestimate
the rates over the remaining nine to ten weeks when the crevices were
assumed to have repassivated. From the results of electrochemical
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TABLE 6

CREVICE CORROSION

ARTIFICIALLY CREVICED

5.9 vt.Z NaCl (dose rate =

Exposure Period
(h)

2304
2304
2304
2304
2304
2304

DATA FOR Ti-2 RECORDED USING

COUPONS AT 100 ± 5°C IN IRRADIATED

4.2 ± 0.2 Gv.h-M rikeda et al. 1990a)

•

Crevice Corrosion
Rate (fjm«a-1)

5.7
6.7
11.0
6.6
16.0
17.0

10 ± 5*

* Average value with the standard deviation as the error

experiments relating weight changes to the total amount of oxygen consumed
(Ikeda et al. 1991), it is possible to estimate the amount of oxygen
consumed to produce the weight changes observed in these three-month
immersion tests. From this comparison it can be calculated that the rates
in Table 6 represent the range of crevice propagation rates expected if the
crevices had remained active over the full exposure period in the presence
of a constant oxygen concentration in the solution of -0.02 to 0.03 //g-g"1.

The use of these crevice corrosion rates in the model to be described below
means that container lifetimes are calculated on the assumption that this
oxygen concentration exists over the lifetime of the container. However,
once the initial charge of oxygen present in the vault is consumed (in
<320 a, (Johnson et al. 1994b, Section 3.4.2)) the concentration of
available oxygen would be <0.005 jig-g'1, the detection limit for oxygen
concentrations in deep groundwaters of the Canadian Shield (Gascoyne 1992).
At oxygen concentrations this low, crevice repassivation would occur
(Shoesmith et al. 1992a). Because the model ignores the onset of
repassivation and assumes that crevices propagate indefinitely, it
significantly underestimates the container lifetimes.

The use of the corrosion rates in Table 6 implies that the penetration
front within a creviced area is planar. However, results obtained by using
a combination of metallographic and image analysis techniques have shown
that corrosion propagates at individual sites within crevices, making pene-
tration uneven (Clarke et al. 1989, Quinn et al. 1993). For Ti-2,
penetration proceeds in the form of localized areas ahead of a general
corrosion front. Examples of corrosion penetration profiles for both
materials are shown in Figure 13. For Ti-12, the general corrosion front
is very shallow, often non-existent, and penetration is confined to local
sites. Consequently, the corrosion allowance would be breached by such
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localized penetrations earlier than would be predicted by a model based on
average penetration rates from weight-change measurements. This situation
is illustrated schematically in Figure 14a. A more extensive investigation
of the mode of penetration within crevices on Ti-2 has been published
elsewhere (Bailey et al. 1994).

Even under the most aggressive combination of chloride concentration and
temperature, and after extensive propagation to total depletion of oxygen
in pressure vessels initially containing substantial amounts of oxygen, the
total depth of penetration within a crevice on Ti-2 does not exceed 1 mm,
and the deepest localized penetrations are invariably less than 0.6 mm
ahead of the general corrosion front (Bailey et al. 1994). Also, the
maximum width, or diameter, of the localized penetrations is small; their
maximum dimension across the surface (generally <5 mm) is well below «.he
33.5 mm beyond which the mechanical integrity of the container cannot be
guaranteed (Section 2). Consequently, they should not lead to mechanical
failure of the container even if the penetration depth exceeds the
corrosion allowance.

The size of the general corrosion front within the crevice, however, would
be much larger, and could exceed the size of a corrosion patch beyond which
mechanical failure could occur. Hence, the time at which the depth of the
general corrosion front exceeds the corrosion allowance represents the
minimum time beyond which the mechanical integrity of the container cannot
be guaranteed. When this situation arises, the deepest localized
penetrations should be <0.6 mm ahead of this general front, and will not
have penetrated the remaining wall thickness of 2 mm (Section 2). This
situation is depicted schematically in Figure 14b, and represents the most
reasonable definition of container failure.

A less conservative definition of failure, applicable when crevice corro-
sion is limited to small areas of the surface (less than 33.5 mm in its
largest dimension (Section 2)), would be when the deepest localized
penetration exceeds the full wall thickness, as shown in Figure 14c.

6.3.3 Summary of the Container Corrosion Mechanism Under Vault
Conditions

Figure 15a summarizes schematically the expected changes in vault para-
meters that are likely to affect the corrosion of waste containers. Apart
from early perturbations due to the leaching of salts from the clay-based
buffer/backfill materials, the groundwater composition, particularly the
salinity, is expected to remain constant throughout the lifetime of the
containers. The transitory high levels of F" and S0\- may help crevice
initiation (F'), but should suppress the propagation rate (S0|"). At the
high temperatures and oxygen concentrations initially present in the
conceptual vault, it is judicious, but definitely conservative, to assume
that crevice corrosion would initiate rapidly on all containers. The rate
of crevice propagation is expected to be controlled by the kinetics of
oxygen reduction on passive areas of the container surface surrounding the
actively crevice-corroding areas.

With time, the rate of crevice propagation would decrease as the tempera-
ture and the oxygen concentration decreased. The rate of temperature
decrease with time can be fairly accurately calculated (Johnson et al.
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1994b, Section 3.2.1 and Figure 3), but the period required for the
consumption of oxygen (by reaction with minerals containing Fe2+) is not
well established (Johnson et al. 1994b, Section 3.4.2). A decrease in both
of these vault parameters would lead eventually to the starvation of the
propagation reaction and to repassivation of the crevice as shown
schematically in Figure 15b. The period over which crevice propagation is
sustainable is not yet established. It would be influenced not only by
temperature and oxygen concentration but also by the composition and
microstructure of the chosen material. Thus, crevice propagation would
proceed faster and for a longer time on Ti-2 than on Ti-12. For Ti-2 the
concentration of the impurity iron and its distribution within the material
could influence the time at which repassivation occurred. It is possible
that, as propagation rates decreased and repassivation became probable, the
rate would become controlled by transport processes, either of species
within the crevice (e.g., protons) or of oxygen to passive surfaces outside
the crevice.

Although it has been demonstrated that repassivation should eventually
occur, even on the most susceptible Ti-2 material, the factors controlling
the onset of this event are not clearly understood. A judicious choice of
material, such as Ti-12 or a palladium-containing alloy, would limit
propagation and guarantee eventual repassivation.

Once repassivation occurred, general corrosion would continue on passive
surfaces under anoxic conditions (Figure 15b). This would involve the
reaction of titanium with water (Reaction (1)), leading to an increase in
the thickness of the oxide film. If this film grew parabolically, the
corrosion rate would rapidly become negligibly small. A less conservative
possibility (Section 6.2) is that the film would recrystallize to the
thermodynamically stable form (rutile), and the introduction of ionic
transport pathways down grain boundaries would lead to a corrosion rate
that was, at worst, linear with time. Whatever the form of the general
corrosion kinetics, the corrosion rate would be extremely low.

6.4 ENVIRONMENT-INDUCED CRACKING

Environment-induced cracking is the brittle fracture of a stressed metal as
a consequence of its exposure to corrosive conditions. Failure by this
mechanism requires the presence of both stress and the appropriate environ-
ment. The process is frequently classified into two broad categories:
stress corrosion cracking (SCC) and hydrogen-induced cracking (HIC).
Opinion on such a categorization is divided, and HIC is sometimes con-
sidered a special form of SCC. Failure via SCC occurs when the anodic
corrosion reaction is concentrated at the crack tip, which, in conjunction
with the applied stress, causes the crack to lengthen. Failure by HIC is
generally caused by hydrogen produced by the cathodic reaction. The entry
of this hydrogen into the metal can cause the formation of a brittle phase
within the metal and/or the introduction of strain because of lattice
expansion to accommodate hydrogen in solid solution. Also, for materials
like titanium, HIC could potentially occur without environmental assist-
ance, because of hydrides already present in the commercially supplied
material.
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All the grades of titanium listed in Table 1 are considered immune to SCC
over a wide range of environments (Section 6.1). They are considered
immune to chloride-induced or enhanced cracking regardless of stress level,
metallurgical condition, temperature or pH, except in a few specific
environments that would not occur in a waste vault (Schutz and Thomas
1987). Although SCC need not be considered, the possibility of HIC
resulting from the presence of hydrogen cannot be ignored.

6.4.1 Hydrogen-Induced Cracking

Titanium and its alloys have long been known to be embrittled by hydrogen
(Williams 1962), either present in the fabricated material or absorbed from
the environment, and the subject has been investigated extensively over
nearly thirty years. The deleterious effects of hydrogen are normally
recognized in material specifications, and the level of hydrogen is kept
low during melting and fabrication processes. The ASTM standard for
hydrogen in titanium stipulates a maximum concentration of 150 Mg-g'1

(Donachie 1982). Where particularly low levels are essential, the material
may be subjected to a vacuum annealing treatment by which hydrogen contents
<50 Mg'g"1 are readily achievable (compared with a solubility of -20 Mg'g"1

(Paton et al. 1971)).

Despite these precautions, two forms of HIC merit consideration in the
context of waste containers: slow crack growth (SCG), generally in the form
of delayed hydride cracking (sometimes referred to as sustained load crack-
ing (SLC)), where hydride formation at the tip of an advancing crack is the
important requirement; and fast crack growth (FCG) in the form of general
embrittlernent, where extensive hydride formation is observed in the metal,
and brittle failure can occur without a pre-exist*ng crack or stress
raiser. For both forms of HIC it would normally be expected that the
stress required for crack propagation leading to failure would be lower at
higher hydrogen concentrations.

In the as-received state at 25°C, both Ti-2 and Ti-12 contain more than the
maximum solubility level for hydride in a-titanium calculated from the
temperature relationship proposed by Paton et al. (1971), i.e., around
20 Mg-g"1 hydrogen. Consequently, the possibility of hydrogen-induced
failure by SLC is of most immediate concern, since sufficient hydrogen is
already present for such a process to be possible. General embrittlement
is expected to require much higher hydrogen contents, and failure by this
process would only be anticipated after substantial hydrogen absorption
during crevice corrosion (Section 6.3.1 and Figure 5). However, while
crevice propagation continued, the rate of metal loss would exceed the rate
of hydrogen adsorption, and crevice corrosion would remain the most
probable failure process (Clarke et al. 1989).

It is generally observed that SLC is confined to those titanium alloys
having both an a//3 structure and high strength. The SLC observed in
titanium alloys (Chesnutt and Paton 1980, Pardee and Paton 1980, Sommer and
Eylon 1983) has been variously attributed to either a creep mechanism
(Williams 1974, 1975; Hack and Leverant 1982) or a strain-induced precipi-
tation of hydride (Pardee and Paton 1980), the latter being a process well
characterized in zirconium alloys (Simpson and Ells 1974). The cracking
process is quite rapid (Pardee and Paton 1980, Boyer and Spurr 1978), with
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crack growth rates àlO"5 mra.s*1, and the continuity of the ^-phase appears
to have a significant influence upon the crack velocity (Nelson et al.
1972). More detailed discussions of SLC in titanium alloys is given
elsewhere (Hardie 1990, Clarke et al. 1992).

Since Ti-2 is a single-phase a-alloy and Ti-12 is a near a-alloy containing
only small amounts of /9-phase (see Section 3), and both have relatively low
yield strengths compared with the a/fi alloys, neither is expected to be
susceptible to SLC. However, in view of isolated reports of its occurrence
in a-alloys under temperature cycling conditions (Paton 1984), it has
proven necessary to investigate the susceptibilities of both materials to
the slow crack growth associated with SLC as well as to the fast crack
growth associated with hydride cracking (fast brittle failure).

In these tests, compact tension specimens, precracked in fatigue, were
charged with hydrogen to known concentrations and strained to failure using
the slow strain rate technique. Failure of the specimen is inevitable in
these tests, and all that is required is a deduction of whether it is
promoted entirely by overload or whether there is a contribution from HIC.
From a visual examination of the fracture surface, the slow and fast crack
growth regions can be determined. The dimensions of these two regions were
used to determine the stress intensity factors required to initiate both
SCG and FCG, associated with embrittlement. The experimental procedure,
and a detailed discussion of the results, have been given elsewhere (Clarke
et al. 1992). Since a comprehensive understanding of HIC in Ti-2 and Ti-12
is unavailable, these experiments are continuing. Also, the values of
stress intensity factors determined in these slow strain rate tests are
being validated in a series of static load tests.

The results indicate that neither Ti-2 nor Ti-12 suffers from HIC at the
hydrogen levels normally encountered in the as-received condition. The
fractures appeared to be extremely ductile, and the crack had to be
continually pushed through the specimen by increasing strain. Under such
circumstances retention of container integrity becomes merely a question of
prudent engineering, and it becomes essential to determine whether
circumstances change such that HIC becomes possible during emplacement in
the vault.

Extensive investigations of both SCG and FCG as a function of hydrogen
content have revealed certain similarities as well as significant differ-
ences between the two materials (Clarke et al. 1992). Essentially, both
materials appear to suffer some form of SCG at hydrogen contents up to
-500 fig'g'1, but require high critical stress intensity factors for this
process in the range of 60 MPa-m1/2 to promote growth. These critical
stress intensity factors are almost independent of hydrogen content up to
500 /ig-g'1. For Ti-12, values of the critical stress intensity factor for
SCG measured under static load conditions are only slightly lower,
confirming the validity of the slow strain rate tests. Examples of the
variations in critical stress intensity factors for SCG with hydrogen
content are given in Figures 16a and 16b for Ti-2 and Ti-12 respectively.
The mechanism of the SCG process remains to be elucidated, but appears to
be different in the two materials (Shoesmith et al. 1992a). Above a
hydrogen content of -500 ng-g'1 in Ti-12 and -700 tig-g'1 in Ti-2, SCG is no
longer observed; only FCG, requiring a progressively lower stress intensity
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factor as the hydrogen content is increased above this critical hydrogen
level, is observed (Figures 16a and 16b).

The critical hydrogen level for FCG varies with material and microstruc-
ture. In cases where the orientation is particularly unfavourable for
crack propagation through hydride precipitates, the hydrogen content of the
material appears to have little effect on the high critical stress inten-
sity factors required for either SCG or FCG. This is the case when the
crack is attempting to propagate in a direction perpendicular to the rol-
ling plane when the dispersed /J-phase in the material is flattened into
almost continuous plates parallel to this plane (Clarke et al. 1992). Both
grades may also exhibit FCG subsequent to SCG over a certain range of
hydrogen concentrations (Figures 16a and 16b), but present evidence
suggests significant differences between the two materials in this regard.
Ti-2 appears to be so susceptible to ductile rupture under high stresses at
low hydrogen concentrations that no FCG can develop at levels below
~500 fig'g'1 (Figure 16a). By contrast, except at hydrogen concentrations
below -50 Mg-g'1» Ti-12 exhibits FCG over the whole range of hydrogen
concentrations, but SCG is a necessary precursor at concentrations up to
~500 /ig'g'1 (Figure 16b). The actual critical hydrogen limit depends upon
the detailed microstructure and texture of the fabricated material (Clarke
et al. 1992).

These measurements of critical stress intensity factors as a function of
hydrogen concentration delineate three areas of behaviour associated with
FCG, SCG or no failure, as illustrated in Figure 17. Such a diagram can be
used to specify a limiting critical stress intensity factor at low hydrogen
concentrations and a limiting hydrogen level, [H]c, for a particular
critical stress intensity factor.

So far, the cracking behaviour of Ti-2 and Ti-12 has been studied only at
room temperature. Consequently, no reliable prediction can be made of the
influence of temperature on the hydrogen-induced failure process. Present
understanding is based on the limited amount of published work on SLC in
a//3 alloys (Boyer and Spurr 1978; Moody and Gerberich 1980, 1982; Lederich
et al. 1982). Boyer and Spurr (1978) observed some crack growth at room
temperatures (~20°C) in almost every specimen of T1-6A1-4V tested with
hydrogen levels up to 255 /Jg'g"1, but the extent was minor and crack
stabilization occurred within 10 d. The amount of crack growth at
temperatures below ~20°C increased with decreasing temperature to a maximum
(around -20°C to -40°C), and then decreased at lower temperatures. The
results of Boyer and Spurr (1978) are reproduced in Figure 18. The
implication of their results was that extremely high stress intensities,
probably leading to ductile overload, were necessary to produce even minor
crack growth at temperatures above room temperature. Other workers have
also observed a maximum in the crack growth rate/temperature relationship,
either at room temperature (Moody and Gerberich 1980) or between 58°C and
90°C (Lederich et al. 1982). The higher temperatures related to materials
with unusual microstructures containing continuous yS-phase, which will not
be present in Ti-2 and Ti-12. Such a maximum has also been generated
theoretically by Pardee and Paton (1980) on the premise that strain-induced
precipitation of hydride is responsible for SLC, and that this process
depends upon diffusion of hydrogen to the plastic zone ahead of any crack.
The maximum is attributed to limitations on the crack growth rate resulting
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from the low diffusion rate of hydrogen at low temperatures and from
hydride solubility, which limits the volume fraction of hydrides formed at
higher temperatures.

Whether or not failure of Ti-2 and Ti-12 can occur by strain-induced
hydride precipitation remains to be demonstrated. Evidence currently
available favours failure by a creep mechanism, not by SLC (Clarke et al.
1992).

6.4.2 Implications for Modelling Hydrogen-Induced Failure

Modelling HIC becomes a matter of establishing the combination of stress
and hydrogen concentration that leads to failure, whether this occurs by
plastic rupture, hydrogen-induced SCG or general embrittlement (FCG). The
limiting hydrogen level for container failure would depend upon the stress
distribution in the container; thus a dependable analysis of this and its
variation with time become a requirement for a predictive model.

At present, the stress distribution in the container subsequent to closure
by welding, and its variation throughout the lifetime of the container, are
not known. Consequently, for the time being, it is necessary to assume
that stresses will not relax with time after emplacement in the vault.
However, the requirement for a high critical stress intensity factor, and
the independence of this factor from hydrogen concentration up to
-500 Mg-g'1 makes SCG an extremely unlikely process in either Ti-2 or
Ti-12. Thus, critical stress intensity factors in the region of
60 MPa-m1/2 are necessary to promote SCG at hydrogen levels below
-500 Mg-g'1 (Figures 16a and 16b). Even with stresses of the magnitude
corresponding to a stress of 400 MPa (approaching the yield stress of
Ti-12), a critical crack length of 14 mm (more than twice the wall
thickness of the container) would be required for failure to occur
(Shoesmith et al. 1992a). A reduction of the stress intensity factor to
20 MPa.m1/2, a value critical only for high hydrogen contents (Figures 16a
and 16b), would reduce the critical defect size to only ~2 mm, well within
the detection limits of pre-emplacement inspection procedures.

If the data of Boyer and Spurr (1978) for Ti-6A1-4V are accepted as applic-
able to both Ti-2 and Ti-12, a conservative assumption especially in the
case of Ti-2, then cracking should not be possible before considerable
cooling of the containers occurred. According to the results for
T1-6A1-4V, 20°C appears to be an upper temperature limit above which
failure only by ductile overload appears possible.

For FCG, the hydrogen content must exceed the critical hydrogen level ([H]c
in Figure 17). It is possible that higher hydrogen levels could be
tolerated if stresses within the container relaxed with time.

6.4.3 Hydrogen Absorption by Ti-2 and Ti-12

Crack growth rates, even for slow processes such as SLC, are expected to be
fast compared with the required lifetime of the containers (10*2 mm-s"1 to
10"5 mm-s"1, Moody and Gerberich (1980), Boyer and Spurr (1978)), and once
the critical combination of stress and hydrogen concentration for failure
is achieved, it is judicious to assume that failure would be rapid.
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Consequently, the major requirement for modeling HIC is a measure of the
rate of hydrogen absorption.

There are three processes that could lead to the absorption of hydrogen
into the metal:

proton reduction within active crevices (Figure 5)

general corrosion under anoxic conditions when oxidation of
titanium metal is sustained by the reduction of water
(Reaction (4.1)), and

the production of hydrogen atoms and molecules by the radiolysis
of water.

The third process is discussed later in Section 6.6.

(i) Hydrogen absorption during crevice corrosion

Hydrogen absorption by Ti-2 during crevice corrosion is well documented
(Schutz and Thomas 1987, Clarke et al. 1989). When crevice corrosion rates
are high, hydrides precipitate close to the actively corroding surface, and
the advance of the crevice-corroded front continually removes them (Clarke
et al. 1989). However, since the temperature of most containers would
remain high for a considerable time (Figure 3), the bulk of the container
wall would act, at least partially, as a diffusion sink during the period
when crevice corrosion was propagating most rapidly. The rate and total
amount of hydrogen absorption would be determined by the rate of crevice
propagation, the area of the container surface actively undergoing crevice
corrosion, and the period for which propagation occurred prior to
repassivation. Obviously, a material such as Ti-12, on which crevice
propagation is slow and limited because of repassivation (Section 6.3.2),
would not absorb hydrogen as rapidly, or for as long, as Ti-2.

Recently, it has been demonstrated, based on measurements of the amount of
hydrogen absorbed during crevice corrosion, that the rate of hydrogen
absorption is directly related to the rate of crevice propagation. This
amount can be calculated by multiplying the crevice propagation rate by a
fractional efficiency for the total amount of hydrogen produced that is
absorbed by the metal (Shoesmith et al. 1994). Also, electrochemical
experiments are underway to measure the hydrogen absorption rate directly
as a function of a known rate of hydrogen production.

Since crevice corrosion on either grade is an improbable event, it is
unlikely that a large number of crevices would initiate on each container,
and the area of actively corroding surface would be limited. This, coupled
with the ability of the container to act, at least partially, as a diffu-
sion sink, should make the rate of attainment of the critical hydrogen
concentration for hydrogen-induced failure ([H]c, Figure 17) a slow
process.
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(ii) Hydrogen absorption during general corrosion under anoxic conditions

Once all oxygen within the vault was consumed and crevices had
repassivated, hydrogen absorption could continue to occur as a consequence
of general corrosion according to Reaction (1). Under these conditions
absorption by the metal vould require transport through the passive film
(TiO2) and would be extremely slow. Exposure tests conducted in a variety
of possible vault environments showed no hydrogen absorption by Ti-2 under
passive conditions. However, these results should be considered
inconclusive since the absorption of small amounts of hydrogen was
extremely difficult to detect within the scatter of the analyzed as-
received hydrogen contents. Similarly, Mattsson (1979) observed no
measurable absorption by Ti-2 exposed to seawater for 300 d at 130°C.
Indeed, hydrogen absorption by passive Ti-2 is generally observed only when
the metal is galvanically coupled to less noble metals and alloys, e.g.,
carbon steel (Schutz and Thomas 1987, Shimogori et al. 1977), or when
either a cathodic current or negative potential is impressed on the metal
(Phillips et al. 1972, Murai et al. 1977, Covington 1979, Foroulis 1980,
Riskin et al. 1984, Lee, J.I. et al. 1986). On the basis of very long
experiments (up to 180 d), Murai et al. (1977) established that a potential
of -0.6 to -0.7 V S C E at 30°C represented a threshold above which measurable
hydrogen absorption did not occur, Figure 19.

Under anoxic conditions, the corrosion potential for passive titanium will
reside at a value at which water reduction is possible on the passive film,
and hence must be at, or more negative than, the thermodynamic stability
line for water. At such potentials, titanium hydrides are thermodynami-
cally stable with respect to the metal (Beck 1973). Consequently, the
passive film can be considered only as a transport barrier to the formation
of hydrides. According to Dyer and Leach (1978) and others (Torresi et al.
1987a,b; Ohtsuka et al. 1987), hydrogen deposition into Ti02 films occurs
in parallel with the redox transformation

TiO2 + H
+ + e •+ TiOOH (2)

in the film. This conversion commences around -0.6 V S C E, approximately the
same potential claimed as a threshold for hydrogen absorption by Murai et
al. (1977). The chemistry of this situation is depicted schematically in
Figure 20. In reality, the situation is more complex, and the state of
hydrogen within the passive film is not completely understood (Weber et al.
1982).

Since the rate of corrosion determines the rate of formation of hydrogen
(Reaction (1)), the rate of hydrogen absorption at the corrosion potential
cannot proceed any faster than the corrosion rate. An estimate of the
maximum rate of hydrogen absorption by Ti-2 has been made by Shoesmith et
al. (1994) on the basis of the corrosion rate data of Mattsson and Olefjord
(1990) and Mattsson et al. (1990) for corrosion in clay. If one assumes
that the rate of corrosion is linear with time at the maximum rate (Section
6.2), and that all the hydrogen produced is absorbed by the metal (an
extremely conservative assumption), then ~2 x 104 a would be required
before the hydrogen concentration exceeded the critical value of 500 Mg-g"1

required for hydrogen-induced failure. If one chose a lower, perhaps more
realistic, corrosion rate from the results of Mattsson and co-workers,
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greater than 4 x 105 a would be required. A more complete description of
such calculations is given elsewhere (Shoesmith et al. 1994).

Whether Ti-12 would exhibit similar slow rates of hydrogen absorption under
passive conditions is not clear. Exposure tests under similar conditions
to those used with Ti-2 showed hydrogen levels similar to those in the as-
received material. By contrast, Westerman (1990) and Kim and Oriani
(1987a,b) observed small but measurable absorption by Ti-12 exposed to very
saline Na/Ca/Mg brines, characteristic of those anticipated in a salt
repository (e.g., WIPP).1 Clarke et al. (1986) found that Ti-12 failed by
a brittle fracture process in slow strain rate tests conducted in 3.5%
NaCl, but only at T 1 120°C and with very negative applied potentials.
These observations are consistent with those of other authors (Sorensen and
Ruppen 1985, Sorensen 1990).

Although these conditions are far more aggressive, in terms of salinity,
temperature, and/or applied negative potential, than can be achieved under
Canadian disposal vault conditions, they raise questions concerning the
ability of passive films on Ti-12 to resist hydrogen absorption by the
underlying metal. With Ti-12 it is possible that the oxide film is
incomplete over the Ti2Ni particles known to exist locally in this
material. Since these particles are likely to sustain faster rates of
water reduction than the a-titanium grains (Glass 1983), they may act as
sites for hydrogen entry. This is consistent with the observations of
Schutz and Covington (1981), who showed that the thermally grown oxide on
Ti-12 did not provide as effective a barrier to hydrogen entry as that on
Ti-Z.

6.4.4 The Coupling of Crevice/General Corrosion and Hydrogen Absorption
Under Vault Conditions

Figure 21 summarizes schematically the relationship between the container
corrosion rate by either crevice corrosion or general corrosion (from
Figure 15b) and the extent of hydrogen absorption. The largest fraction of
this hydrogen would be absorbed during crevice <,orrosion; the amount would
be determined by the rate and length of time for which crevice corrosion
actively propagated. Once crevices repassivated, both general corrosion
and the rate of hydrogen absorption would be extremely slow.

If crevice corrosion was rapid, or if it propagated extensively for a
considerable period of time, then container failure would be by this
process or by HIC. Early failure by SCG appears extremely unlikely
(Section 6.4.1), and failure by FCG would only occur at long times, since
[H] c, the critical hydrogen concentration for FCG, is large (-500 Mg/g)•

Consequently, it is the rate and extent of crevice propagation that would
have the greatest impact on container failure times, and the best way to
achieve long lifetimes is to limit the extent of this process. As
discussed in Section 6.3.2, the extent of crevice propagation would be
limited for Ti-2 as temperatures decreased and oxygen was consumed with
time. For Ti-12 the period of crevice propagation would be shortened
considerably by this material's ability to repassivate in the presence of

1 Waste Isolation Pilot Plant, New Mexico
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considerable concentrations of oxygen. If repassivation occurred rapidly,
then hydrogen absorption would be limited and container lifetimes would be
extended.

At present, the vault conditions for which crevice repassivation would
occur are unclear, mainly because the rate of evolution of redox conditions
from oxic to anoxic is not known with certainty. Also, for the Ti-2
material it has not been proven that a decrease in temperature alone would
lead to repassivation (Section 6.3.2). Consequently, it has been assumed
in the model that crevice corrosion can propagate indefinitely, which is
equivalent to assuming that sufficient oxygen would always be present to
sustain crevice propagation. This is a very conservative assumption, and
guarantees that most containers are predicted to fail by crevice corrosion.

If crevice corrosion is assumed to propagate indefinitely, then substantial
amounts of hydrogen would be absorbed, and those containers that did not
fail by crevice corrosion would eventually fail by HIC. Since a knowledge
of the evolution of stresses in the container is unavailable, it is assumed
they would always be large enough to yield stress intensity factors suffi-
cient to cause HIC (either SCG or FCG) (Figure 17). Also, it is assumed
that sufficient hydrogen would be absorbed by the time containers cool to
^30°C to make failure by HIC inevitable. A temperature of 30°C is 10°C
above the threshold temperature determined by Boyer and Spurr (1978) for
HIC in Ti-6A1-4V, Figure 18. Above this threshold temperature of 20°C,
failure appears possible only by ductile overload, a process avoidable by
prudent engineering of the container.

6.5 CORROSION OF WELDS

In many engineered structures, the welds can often be sites where corrosion
is enhanced. This is particularly true of complex, multiphase alloys,
which can undergo significant metallurgical changes when subjected to the
heat treatments associated with the weld itself and the surrounding heat-
affected zones. Since Ti-2 and Ti-12 contain so little alloy and second
phase, metallurgical changes during welding are not expected to be
significant. This is borne out by our many long-term exposure tests (up to
4 a) on welded coupons, which showed neither an increase in general
corrosion rate nor an increased susceptibility to the initiation of crevice
corrosion (Ryan et al. 1994).

These results reflect the corrosion behaviour of welds under passive condi-
tions when general corrosion rates are very K.w (see Section 6.2). Since
crevice corrosion is expected to be the predominant corrosion process in a
disposal vault, tests under the active acidic conditions anticipated in
propagating crevices are more relevant. Tests on weldments, and specimens
heat-treated to simulate the effects of welding, in hot (boiling) acidic
solutions show only minor increases in corrosion rate compared with the
base material (Molecke et al. 1982, Fukuzuka et al. 1980, Covington and
Schutz 1981). Experiments using the galvanic coupling technique described
in Section 6.3.2, have shown no increase in the rate or extent of crevice
propagation on welded specimens. Indeed, the weld and associated heat
affected zone appear to be less susceptible to crevice corrosion than the
plate material, Appendix C. Heat treatments to simulate the effects of
welding also suggested that the welded area would be less susceptible to
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crevice corrosion than the plate material. However, some caution should be
exercised in interpreting the effects of heat treatment on crevice
corrosion. Depending on the temperature and duration of the heat treatment
the impurities (particularly iron and nickel) will be moved to/from grain
boundaries, triple points and intermetallic precipitates. Published
results (ïkeda et al. 1990c) indicate that appropriate heat treatment will
concentrate impurities in the grain boundaries and improve the crevice
corrosion resistance of the material. A heat treatment that results in the
concentration of iron in FeTi intermetallics devoid of nickel may be
deleterious (Ikeda et al. 1994a).

For welding to affect HIC, the weldment or heat affected zone would have to
act as a site for preferential hydrogen absorption or be more susceptible
to HIC. Under crevice corrosion conditions the rate of hydrogen absorption
is tied to the rate of crevice propagation (Section 6.3.2). Since the
latter appears to be unaffected by welding, a significant change in the
rate of hydrogen absorption is unlikely. An increased susceptibility to
HIC would manifest itself as a decrease in the critical hydrogen
concentration (Hc) above which failure by fast crack growth could be a
problem, Figure 17. Preliminary results suggest that the value of Hc may
be decreased somewhat in the weld. However, there is no evidence to
suggest Hc will be reduced below the presently accepted threshold of
-500 Mg-g"1.

6.6 EFFECT OF RADIATION

The only effect of radiation likely to be of importance in determining
container durability is the radiolysis of groundwater (Section 4.4). There
appear to be two possible ways in which radiolysis products can adversely
affect the corrosion performance of titanium:

oxidizing species (e.g., OH, H 20 2, 02, Cl-, C10', Clj) could
increase the rates of general and crevice corrosion; and

reducing species (e.g., H, H2) could increase the rates of
hydrogen absorption, leading eventually to radiation-induced
hydriding.

In general, materials thai are protected by adherent passive films, such as
the titanium alloys, should not be affected significantly by the products
of water radiolysis (Glass 1981). The passive film would prevent accelera-
tion of the corrosion reaction and act as a barrier to hydrogen absorption.
Also, acid generation due to the radiolysis of N2 under oxic conditions has
been shown to be insignificant (Johnson et al. 1994b, Section 3.4.2).

(a) General Corrosion

A very minor, generally negligible, impact of irradiation on the general
corrosion rate of both Ti-2 and Ti-12 has been observed in most exposure
environments (Braithwaite and Holecke 1980, Molecke et al. 1982, Kim and
Oriani 1987a, Ikeda et al. 1990b). The one exception appears to be a
combination of high dose rates (105 Gy-h'1) and high temperature (>200°C),
when some increase in the general corrosion rate of Ti-2 was observed
(Braithwaite and Molecke 1980, Molecke et al. 1982).
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(b) Radiation-Induced Hydriding

Since the rates of general corrosion are not significantly affected by
radiation, ve would not expect a significant increase in the absorption of
hydrogen produced by corrosion. This is borne out by the results of Ikeda
et al. (1990b), Westerman et al. (1982), ilolecke et ,1. (1982) and Kim and
Oriani (1987a,b). The possibility of direct absorption of hydrogen
produced by water radiolysis appears to be remote, and only for Ti-12 at
high dose rates (104 Gy.h"1) and high temperatures (250°C) is there any
evidence for such a process (Westerman et al. 1982).

Unfortunately, the data on hydrogen absorption by both grades of titanium
are sparse and somewhat contradictory, and in the absence of detailed
studies it is difficult to draw any firm conclusions, except, perhaps, that
the rate of hydrogen absorption increases substantially for dose rates
greater than ~103 Gy.h"1. At the low dose rates (~50 Gy-h"1; Section 4.4),
salinities and temperatures anticipated in a Canadian disposal vault, it is
unlikely that the impact of radiation would lead to significant hydrogen
absorption. The effect of gamma radiation on hydrogen absorption has been
discussed more fully elsewhere (Shoesmith et al. 1992b, King et al., in
preparation).

(c) Crevice Corrosion

There appear to be two possible effects of radiation on crevice corrosion,
one detrimental, one beneficial:

The production of oxidizing species outside the crevice could
increase the oxidant concentration, leading to an increase in the
rate of crevice propagation.

The production of oxidizing species inside the crevice could
inhibit crevice corrosion by forming oxides on the internal
crevice surfaces, thereby preventing the maintenance of the
occluded cell necessary for crevice propagation.

The experimental results of Ikeda and Clarke (1986) and Ikeda et al.
(1990a,b) with Ti-2 suggest the second effect is dominant. Although
information is sparse, in situations where corrosion was actively
propagating, the presence of radiation (at dose rates a4 Gy-h"1) appeared
to decrease the propagation rate or induce repassivation of the crevice
before all the oxidant was consumed. This behaviour is in contrast with
observations in the absence of radiation when repassivation was not
observed until all the oxygen was consumed (Figure 6b).

7. CONTAINER LIFETIME MODEL

Three potential modes of failure are considered in the model: (1) failures
caused by undetected initial defects; (2) failures resulting from crevice
corrosion at different temperatures; and (3) failures caused by HIC.
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7.1 FAILURES CAUSED BY INITIAL DEFECTS

There is a low probability that some containers placed in a vault would
have critical defects (Nuttall 1983). These defects would be either
detectable faults missed by the inspection procedure, or undetectably small
faults located so as to lead to premature container failure. Failure would
occur when the full wall thickness was penetrated. Subsequently, irrespec-
tive of the size of the penetration, the container is assumed to offer no
further projection against the ingress of water and subsequent leaching of
the fuel. A variety of defects, depending on their type (crack, void,
inclusion, etc.), position (weld, sidewall), and size,2 can be expected.
Some of these defects would lead to rapid failure, whereas others would
require some time to grow before perforation occurred.

The probability of critical defects being present has been estimated from a
statistical analysis of failures of other mass-produced products, such as
pressure vessels and CANDU reactor pressure tubes. On the basis of these
analyses, Doubt (1984, 1985) has estimated that between 1 in 10" and 1 in
103 containers would contain defects capable of causing early failures.

At present, there is little information upon which to base a prediction of
failure times for such defects. However, containers with the largest
critical defects vould be expected to fail almost immediately, whereas
those with smaller defects should require some time before failure. It has
been assumed' that these failures follow a simple ramped distribution with
the largest number of defected containers failing at t = 0 and all failures
being complete after a short period of time.

To take into account the small number of containers in some vault sectors,
the actual number failing prematurely in a given sector was determined by
sampling from the binomial distribution for N trials, each with a probabi-
lity, p, of failure, where N is the number of containers in each sector and
p is sampled from a lognormal distribution. The lognormal distribution for
p was chosen to have a geometric mean of 2.0 x 10'4 failures per year and a
geometric standard deviation of 1.5. The distribution was truncated at a
lower value of 10'4 failures per year and an upper value of 10"3 failures
per year to reflect the information compiled by Doubt (1984, 1985).

7.2 FAILURES RESULTING FROM CREVICE CORROSION

Unless the period of crevice propagation (Figure 21) can be limited as
described in Section 6.4.4, crevice corrosion remains the most probable
failure mechanism, especially for Ti-2, the reference container material
for the case study. Unfortunately, the detailed crevice corrosion models
published by Oldfield and Sutton (1978a,b, 1980) and by Sharland and Tasker
(1988) and Sharland et al. (1989) are difficult to apply to titanium under
waste vault conditions for two reasons:

they require that the crevice geometry be specified, an
impossible task under vault conditions where geometries could be
irregular and would vary from crevice to crevice; and

2The inspection procedure is expected to be capable of detecting defects in
diffusion bonds as small as 0.127 mm in width (Maak and Moles 1986).



- 34 -

they require a good quantitative understanding of the high-
temperature hydrolysis and complexation of dissolved titanium
species, information not currently available.

In the model presented here, it is assumed that crevice corrosion initiates
on all containers as soon as the vault is closed. The rate of crevice
propagation is controlled by the rate of oxygen reduction on passive
surfaces surrounding the creviced area (Figures 5 and 11), a reaction that
exhibits an Arrhenius relationship with temperature over the whole range of
vault temperatures (Figure 10). It is also assumed that, despite the
evolution of redox conditions and temperature within the vault, repassiva-
tion does not occur (Figure 6a) and crevice corrosion propagates
indefinitely. This assumption guarantees that the predicted failure is
either by crevice corrosion or by HIC as a consequence of hydrogen
absorption during crevice corrosion.

Failure by crevice propagation is assumed to occur when the depth of the
general corrosion front within a creviced area exceeds the corrosion allow-
ance of 4.2 mm (Figure 14b). When this occurs it is assumed that the area
of the container surface subjected to crevice corrosion is unsupported by
packed particulate and large enough that the breaching of the container
wall occurs mechanically. Once this failure has occurred, the container
provides no further protection against ingress of water and subsequent
leaching of the fuel.

The crevice propagation rates listed in Table 6 are used in the model.
Calculated on the basis of. weight change measurements, they are consistent
with the definition of failure described above (Section 6.3.2 and Figure 14
(b)). Their use can be considered conservative for a number of reasons:

1. They were measured on commercially available Ti-2 containing
-0.02 wt.% iron as an impurity. This is the material most
susceptible to rapid crevice corrosion.

2. They were measured in solutions containing -1.5 mol-L"1 NaCl, a
concentration well in excess of the concentration expected in the
reference disposal vault (Table 2) and at which the crevice
propagation rate would be at a maximum.

3. They represent the propagation rate expected for an oxygen
concentration in solution of -0.02 to 0.03 fig'g'1

(Section 6.3.2), which is assumed not to diminish over the
lifetimes of the containers; i.e., the expected repassivation of
crevices after the initial oxidizing period, conservatively
estimated to be no more than 300 a (Johnson et al. 1994b, Section
3.4.2), is assumed not to occur.

Since the expected change in temperature over the lifetime of the vault is
fairly accurately known, and because the rate of crevice corrosion is a
strong function of temperature, the effect of temperature on crevice propa-
gation rates has been accounted for in the model. Each container would
possess a distinct temperature-time profile. To simplify the analysis of
temperature effects and to allow us to specify failure rates according to
sectors within the vault (Figure 2), the containers have been assigned to
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one of three categories according to the general characteristics of their
cooling behaviour. To facilitate calculations of crevice corrosion rates
and, hence, container failure times, the temperature data for each category
has been averaged and the real temperature-time profiles approximated by
simple step functions.

For containers whose initial temperature remains high for a substantial
time, the real profiles are approximated by a two-level step function
(Figure 22a). Approximately 63% of containers, designated hot, are
included in this category and are located primarily in the centre of the
vault (see Figure 23). For the remaining containers, the real profiles are
represented by two single-step functions (Figures 22b and 22c). Containers
designated cool are located around the periphery of the vault
and those designated as cold are located on the extreme edges (Figure 23).
Approximately 34% of the containers are classified as cool, with the
remaining 3.3% designated cold. The fraction of containers in each of the
12 vault sectors (Figure 2) is given in Table 7. These fractions are taken
as constants (for a particular vault geometry) in the container failure
function (Section 7.5.4). A number of real profiles are shown for each
category in Figure 22a-c, and the locations of the corresponding containers
within the vault are indicated in Figure 23.

The temperature values and transition times that describe the step func-
tions are listed in Table 8. The second transition time for hot containers
and the transition times for cool and cold containers are the times at
which HIC, rather than crevice corrosion, is assumed to become the
predominant failure process. These times are the average times at which
the containers in that category cool to 30°C. The reasons for selecting
this temperature were given in Section 6.4.4 and are discussed further in
Section 7.3. The procedure for assigning containers to these categories
and the averaging procedure by which the values in Table 8 were obtained
are described in more detail in Appendix D. Since cold containers cool
rapidly, the average temperature to define the step function in Figure 22c
is calculated at 100 a, as opposed to at 500 a for cool and hot containers.
As a consequence of this averaging at shorter times, the cold containers
have a higher average temperature than the cool containers (Table 8).

The crevice corrosion rate as a function of temperature was estimated from
the measured value at 100°C (Table 6) multiplied by the fraction
(I C) T/(I C) 1 O O. C (Table 9). This fraction is the ratio of the steady-state
crevice current, measured on a metal/PTFE specimen at temperature T, to the
same current measured at 100°C on the same specimen in the same experiment.
The measured rate at 100°C, calculated by averaging the weight change over
a three-month exposure period, is equivalent to measuring the propagation
rate at an 02 concentration of -0.02 /ig-g'

1 that remains constant over the
lifetime of the container (Section 6.3.2). Implicit in the use of this
ratio to calculate rates as a function of temperature is the assumption
that the mechanism of crevice corrosion does not change with 02
concentration.
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TABLE 7

FRACTION OF HOT.

Sector Number

AFRACA(Ol)
AFRACA(O2)
AFRACA(03)
AFRACA(04)
AFRACA(O5)
AFRACA(O6)
AFRACA(O7)
AFRACA(08)
AFRACA(09)
AFRACA(IO)
AFRACA(ll)
AFRACA(12)

AFRACE(Ol)
AFRACE(02)
AFRACE(03)
AFRACE(04)
AFRACE(05)
AFRACE(06)
AFRACE(07)
AFRACE(08)
AFRACE(O9)
AFRACE(IO)
AFRACE(ll)
AFRACE(12)

AFRACR(Ol)
AFRACR(02)
AFRACR(03)
AFRACR(04)
AFRACR(05)
AFRACR(06)
AFRACR(07)
AFRACR(O8)
AFRACR(09)
AFRACR(IO)
AFRACR(ll)
AFRACR(12)

COOL. AND COLD CONTAINERS IN EACH SECTOR

IN THE DISPOSAL VAULT

Fraction

COOL Containers

0.68811
0.13531
0.12185
0.16422
0.29852
0.16422
0.30361
0.56608
0.30361
0.88683
0.86686
0.88683

COLD Containers

0.09866
0.00000
0.00000
0.00352
0.00000
0.00352
0.01054
0.00000
0.01054
0.11317
0.13314
0.11317

HOT Containers

0.21323
0.86469
0.87815
0.83226
0.70148
0.83226
0.68585
0.43392
0.68585
0.00000
0.00000
0.00000

Distribution Type

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant
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TABLE 8
AVERAGE TEMPERATURES AND TRANSITION TIMES

Container Temperature a Transition Time a
Designation (°C) (°C) (a) (a)

Hot

Cool
Cold

EXTRAPOLATED

88.
61.
47.
49.

CREVICE

,1
,1
,7
,1

7.42
3.18
3.94
3.91

TABLE 9

CORROSION RATES

105.5
18 410
12 638
4 000

AS A FUNCTION

30.3
1810
3060
2510

OF TEMPERATURE

<°C) (Ic)T/(Ic)ioo°c

95.52
88.10
80.68
64.28
61.10
57.92
53.01
51.64
49.10
47.70
45.19
43.76

0.856
0.649
0.486
0.245
0.213
0.185
0.147
0.138
0.122
0.114
0.101
0.094

8.56
6.49
4.86
2.45
2.13
1.85
1.47
1.38
1.22
1.14
1.01
0.94

Analyzing the corrosion rates as a function of temperature in this manner
makes it easy to determine the rate for a single temperature. However, in
the model it is necessary to distribute the crevice corrosion rates accord-
ing to the normal distributions of temperatures used to define the profiles
in Figures 22a-c. However, the rate is related to temperature non-linearly
by an Arrhenius relationship. Hence, the conversion of a normal
distribution of temperatures using this relationship produces skewed rather
than a normal distribution of rates. This conversion has been done
approximately by taking the ±\a values of the temperature values in Table 8
and calculating the corresponding rates and then determining a linearized
mean-rate value. Because of the non-linear dependence of rate on
temperature these mean rates correspond to slightly higher temperatures
than those of Table 8, making this procedure conservative. These
temperatures (linearized mean temperatures) and the corresponding corrosion
rates are given on the right-hand side of Table 10. The step functions in
Figure 22a-c are constructed using the linearized mean temperatures.
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TABLE 10

LINEARIZED '

Container
Designation

Hot

Cool
Cold

rEMPERATURES AND CORRESPONDING CREVICE CORROSION RATES

Mean
Temp.
(°C)

88.1
61.1
47.7
49.1

Value:

Standard
Deviation

(°C) 1

7.42
3.18
3.94
3.91

s from Table

Rate

6.49
2.13
1.14
1.22

8

Linear
Temp.

) (°C)

89.0
61.2
48.1
49.4

Values

Standard
Deviation
(/Ltm-a"1 )

1.85
0.30
0.22
0.23

Mean
Rate

(/zm.a-i)

6.71
2.14
1.16
1.24

after linearization

FAILURES CAUSED BY HYDROGEN-INDUCED CRACKING7.3

In the model, containers that have not already failed by crevice corrosion
fail by HIC once their surface temperature falls to ^30°C. This condition
assumes that the cracking behaviour of Ti-2 parallels that of the more
susceptible a//} alloys, and that the correct combination of stress and
hydrogen content is present when this temperature is achieved. It is also
assumed that cracking, once initiated, is unpredictably rapid. Conse-
quently, once the right conditions of stress, hydrogen concentration and
temperature exist, HIC is effectively instantaneous.

According to the step functions of Figures 22a-c,

residual hot containers start to fail by HIC at t = tr2,

residual cool containers start to fail by HIC at t = tr3, and

residual cold containers start to fail by HIC at t = tr4,

where tr2, tr3 and tr4 are the respective times at which the step functions
achieve a temperature of 30°C.

Obviously, it is unrealistic to view crevice corrosion as "switching off"
and HIC as "switching on" at times tr2, tr3 and tr4. In reality, a gradual
switch from one failure mechanism to the second would occur. Such a
gradual switch can be considered accounted for in the averaging of the
transition times tr2 to tLr4 At these times the crevice corrosion rates
would be seriously overestimated by using the step functions of
Figures 22a-c for the hot and cool containers. Consequently, it is assumed
that the decrease in crevice corrosion rate due to the cooling of the
containers makes it reasonable to assume that failure by HIC would replace
failure by crevice corrosion somewhere in the vicinity of these transition
times. For hot and cool containers, failure of individual containers by
HIC is assumed to occur rapidly for T <, 30°C, with these failures spread
out over tr ± a (for tr2 and t r 3 ) . This time period represents the
distribution of times over which these containers cool to 30°C.
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For cold containers it is assumed that failures by HIC would occur over a
wide range of times representative of the actual distribution of times to
cool to 30°C, i.e., tr4 ± a.

7.4 SUMMARY OF ASSUMPTIONS IN THE MODEL

1. A small number of containers contain undetected defects leading
to early failure.

2. Crevice corrosion initiates instantaneously on all containers.

3. The reference container material is a low-iron-content Ti-2, the
material most susceptible to crevice corrosion.

4. There is always sufficient oxygen available for crevice corrosion
to propagate indefinitely without repassivation.

5. The rate of crevice propagation decreases as the temperature of
the containers decreases.

6. Failure by crevice corrosion occurs when the depth of the general
corrosion front within the creviced area exceeds the corrosion
allowance.

7. Containers that do not fail by crevice corrosion fail by HIC once
their temperature falls to

8. The required combination of stress intensity and hydrogen content
for HIC to occur is present when T £ 30°C.

9. Once HIC starts, failure is instantaneous.

10. Once failure has occurred, the container provides no further
protection against ingress of water and subsequent leaching of
the fuel.

7.5 MATHEMATICAL SPECIFICATION OF THE MODEL

A more detailed mathematical specification of the model than the one
presented below is given in Appendix E.

7.5.1 Initial Defects

Failures caused by the presence of undetected defects are not considered to
be temperature- and, hence, sector-dependent. Consequently, the number of
containers failing prematurely in a given sector of the vault would be
proportional to the total number of containers in that sector.

This early failure rate, ff(t), is given by

ff (t) = £ i [l - -U (3)
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for 0 <. t <, tF . (4)

In Equation (3), lr is the fraction of containers that fail, and tF is the
period over which the failures occur, and

ff(t) = 0 (5)

for t < 0 and t £ tF (6)

i.e., no failures occur until the vault is closed (t = 0), and all failures
are complete after a period (t = tF) of 50 a.

7.5.2 Crevice Corrosion

The failure rate resulting from crevice corrosion must be computed for each
of the three groups of containers within the vault, i.e., hot, cold and
cool. As discussed in Section 7.2, the containers are assumed to crevice
corrode at a rate determined by the temperature profile of the container.
These temperatures, and hence the rates, have been approximated by the step
functions of Figures 22a-c. Within each step of these three functions, the
crevice corrosion rate is constant for a given container, but normally
distributed from container to container, according to the distribution in
container temperatures. This distribution accounts for the real variations
in container temperatures with position within the vault.

Our experimental crevice corrosion rate, measured at 100°C, is normally
distributed about a mean value of 10 /xm.a-1 with a standard deviation of
±5 /Lim.a-1. In the calculation of container lifetimes presented in this
chapter, the mean value is used. In the case study (Goodwin et al. 1994),
a value of rate at 100°C is sampled from the normal distribution of rates
around, and including, this mean value (/i) truncated at an upper limit of
H + 3a (25 /xm.a-1 at 100°C (Table 6)) and a lower limit of 0.01 /zm-a"1.
The truncation at the upper limit avoids the inclusion of unrealistically
high rates. The truncation at lower rates avoids the sampling of negative
rates. The value of 0.01 jim.a-1 is the upper limit of expected general
corrosion rates at 100°C (Ikeda and Clarke 1986).

Using this mean value of experimental crevice corrosion rate, we can then
calculate the distribution of rates according to the distribution of
container temperatures as defined by the step functions of Figures 22a-c.
The container failure rate within each sector of the vault can then be
computed knowing the fraction of hot, cool and cold containers in each
sector. In this chapter, predictions are given for the whole vault, not
sector by sector.

Hot containers are subject to a temperature profile approximated by the
two-step function in Figure 22a. The total number of hot containers that
fail by crevice corrosion (expressed as a fraction) is given by the sum of
the number that fail in each temperature regime (Tx and T 2 ) . For the first
temperature interval of duration trl> the crevice corrosion rate, r^, is
characterized by a mean value, /xrl, and a standard deviation, ar1 , deter-
mined by the standard deviation in the mean temperature. The container
failure rate, f{j(t), expressed as the fraction failing per unit time is
given by
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w*(l - (7)

where wx is the container corrosion allowance, and Px is a normalization
factor to account for the truncation of the distribution function for
r$| £ 0. This factor is required since negative crevice corrosion rates are
physically meaningless. The term (1 - IF) takes account of the premature
failures due to pre-existing defects, and is the fraction of containers
remaining after these early failures are complete.

For crevice corrosion in temperature interval T2 (Figure 22a), two
distributions must be considered. The containers have a distribution in
thicknesses, p(w), resulting from corrosion whilst at Tx, as well as a
distribution of corrosion rates (r^) at temperature T2, p(t,w), where

v = v* - rjtrl . (8)

The corrosion rate has a normal distribution of values about a mean value,
Ht2, with a standard deviation, ar2, determined by the standard deviation
in T2. The container failure rate during the second temperature period,
ff(t), is obtained by combining these two distributions and integrating
over the total range of container thicknesses (i.e., from w = 0 to w = w x ) ,

fvx

= P(t,w)p(w) dw . (9)

This rate must be multiplied by the normalization factor (1 - IF)(P1P3)-
1

to eliminate negative corrosion rates and to account for previous failures
caused by defects and crevice corrosion in the first temperature interval,
T^. The term P3 is the area under the normally distributed second con-
tainer failure rate from t = 0 to t = ». At the end of temperature
interval T2 (i.e., at t = t r 2 ) , it is assumed that crevice corrosion stops
completely and HIC begins (see Section 7.3).

Containers designated cool and cold would be subject to temperature
profiles approximated by single-step functions (Figures 22b and 22c).
Hence, the container failure rates due to crevice corrosion in these
regions (at T3, T4) are determined by an identical procedure to that
employed for containers at temperature Tx.

7.5.3 Hydrogen-Induced Cracking

Containers that do not fail by crevice corrosion are assumed to fail by HIC
once the vault cools to ^30°C; i.e., for times greater than tr2, tr3 and
tr4 for hot, cool and cold containers respectively (Figures 22a-c). These
failure rates (fjj(t)) are assumed to have a triangular distribution. The
width of the distribution varies depending in which region of the vault the
containers are located. For hot and cool containers, the distribution is
assumed to be narrow since significant hydrogen absorption is assumed to
occur during the crevice corrosion periods.
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The initial HIC failure rate (i.e., at t = tr2, tr3, tr4) is equated to the
failure rate resulting from crevice corrosion at the transition times. The
peak of the triangular distribution is arbitrarily chosen so that there are
equal areas on either side of the peak. The total area under this distri-
bution (AT) must be chosen so that the total area under all distributions
is equal to one. This last condition guarantees that all containers that
do not fail prematurely because of defects or subsequently by crevice
corrosion, fail from HIC. Hence, for hot containers

1 = A1 + AN + Ap + AT (10)

or

AT = 1 - fg(t) dt fg(t) dt (11)
Lr2

where A1 is the area under the distribution of initial failures and AN and
Ap are the areas under the distributions of failures by crevice corrosion
in the first and second temperature regions respectively. A similar
expression, but with only a single temperature region for crevice
corrosion, can be derived for cool containers.

For cold containers, the average time for the temperature to pass through
30°C is chosen as the apex of the triangular distribution. The starting
point for the distribution is chosen as the time when the fastest-cooling
container cools to 30°C, i.e., as the time for the first failure by HIC.
The final time is chosen to maintain the symmetry of the triangular distri-
bution. Prior to achieving a temperature of 30°C (defined by the real
temperature profile), cold containers crevice-corrode at a rate determined
by the temperature T4 (Figure 22c).

7.5.4 Failures from All Causes

The total container failure rate, f£(t), for sector k of the vault is the
sum of the failure rates resulting from initial defects, crevice corrosion,
and HIC.

For hot containers in sector k of the vault,

fg(t) = Ag[ff(t) + fg(t) + fg(t - trl) + fg(t - tt2)] . (12)

For cool containers in sector k of the vault,

fg<t> = Afc[fC(t) + fg(t) + f§(t - tr3)] . (13)

For cold containers in sector k of the vault,

fg(t) = Ag[f?(t) + fg(t) + fg(t - tr4)] • (14)
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In the above equations A£, A£ and Ag are the fractions of hot, cool and
cold containers in sector k of the vault respectively (Table 7), and

Aj< + A£ + Aj= = 1 . (15)

The arguments (t - t r i ) , where i = 1,. . .,4 are used because the failure
rate distributions are specified for time beginning at t = 0.

The container failure rate for region k of the vault is the sum of
Equations (12) to (14). The total failure rate for the whole vault is the
sum of the rates, weighted by the fractional sector area, for all sectors
(k = 1 to 12) of the vault.

7.6 PREDICTION OF CONTAINER LIFETIMES

7.6.1 Reference Case

Table 11 summarizes the parameters, the reference values used to predict
container failure rates and times, and the forms of the parameter distribu-
tions used in SYVAC. Figure 24 shows the total container failure rate and
the failure rates for the individual container groupings, hot, cool and
cold. Figures 25a-b show the corresponding cumulative fractions failed as
a function of time and log(time) in the vault. These rates and fractions
are for the total vault and do not discriminate between failures in the
various vault sectors. The full SYVAC analysis computes the failure rate
per vault sector, a procedure necessary in order to couple radionuclide
release rates to the geosphere transport model.

The predictions of Figures 24 and 25a-b show that, apart from the few early
failures resulting from initial defects (-0.05% of the total, visible
in the logarithmic plot, Figure 25b), only 1.1% of the cold containers
(0.037% of the total number of containers) fail during the first 500 a. By
1000 a, 1.8% of the cold containers (0.06% of the total) fail. None of the
cool containers fail, and only 0.002% of the hot containers fail by crevice
corrosion. The total percentage of containers predicted to fail during the
1000-a period is -0.1%.

7.6.2 Failure of Cold Containers

The first containers predicted to fail are the cold containers, located in
the farthest corners of the vault (Figure 23). These failures appear as an
extremely shallow triangular peak in the plot of failure rate in Figure 24,
and as a very shallow slope on the leading edge of the plot of cumulative
fraction failed versus time in Figure 25b (plotted on a logarithmic scale).
Failures start at 300 a, the time when the first container cools to 30°C,
and are complete after 7700 a. Since the crevice corrosion rate is very
low at T4 (= 49.4°C; rate = 1.24 jum-a"

1, Table 10), the 3.3% of containers
designated as cold all fail by HIC.

The assumption that failure by HIC would not occur until the temperature
falls to ^30°C is based on the observation that cracking is inevitably a
low-temperature phenomenon (Section 6.4.1). However, the hydrogen
absorption required before HIC can occur would be very slow, if it occurred
at all, at the temperatures experienced by cold containers. Hence, it does



TABLE 11

PARAMETER VALUES USED IN THE CASE STUDY FOR THE PREDICTION

OF FAILURE TIMES FOR Ti-2 CONTAINERS

Parameter Symbol and Units Value Distribution Upper Lower
Type Bound Bound

(a) Fraction of containers that fail IF

prematurely because of defects

(b) Time period during which containers tF
fail prematurely because of defects

(c) Mean corrosion rate (rj) of ficl
containers designated hot during
the first temperature period, Tx

(d) Standard deviation of the corrosion CTC1
rate during the first temperature
period, T1

(e) The average time when the temperature trl

for containers designated hot drops
below 72°C

(f) Mean corrosion rate (r^) of nr2
containers designated hot during
the second temperature period, T2

5 x

(a) 50

6.71
±3.36*

1.85

(a) 105.5

.a-1) 2.14
±1.07*

lognormal 1 x 10"3 1 x 10"'

constant

normal

constant

constant

normal

12.3 0.01

3.05 0.01

continued...



TABLE 11 (continued)

Parameter Symbol and Units Value Distribution Upper Lower
Type Bound Bound

't2

Lr2

(g) Standard deviation of the corrosion
rate during the second temperature
period, T2

(h) The average time when the temperature
for containers designated hot drops
below 30°C

(i) The length of time containers
designated as hot take to fail by
hyd rogen-induced cracking

(j) Fraction of the total number of AR

containers designated as hot

(k) Mean corrosion rate (r^) of
containers designated cool during
the temperature period T3

(1) Standard deviation of the corrosion
rate during the temperature period T3

(m) The average time when the temperature
for containers designated cool
drops below 30°C

(n) The length of time containers t3 - tr
designated as cool take to fail by
hydrogen-induced cracking

'r3

Lr3

0.30

(a) 18 410

(a) 2 860

0.626*

constant

constant

constant

(ftm-a*1 )

(/xm-a-1)

(a)

(a)

1.
±0.

0.

12

2

16
58*

22

638

940

normal

constant

constant

constant

1.82 0.01

continued...



TABLE 11 (concluded)

Parameter Symbol and Units Value Distribution Upper Lower
Type Bound Bound

(o) Fraction of total number of
containers designated as cool

(p) Mean corrosion rate (r^) of
containers designated cold during
the temperature period T4

(q) Standard deviation of the corrosion
rate during the temperature period T 4

(r) The earliest time when the
temperature for containers designated
cold drops below 30°C

(s) The length of time containers
designated as cold take to fail by
hydrogen-induced cracking

(t) Fraction of total number of
containers designated as cold

AE

(/urn. a"1)

-a"1)

(a)

(a)

0.341'

1.24
±0.62*

0.23

300

7 400

0.033*

normal

constant

constant

constant

1.93 0.01

* The value used in the case study is 2 x 10-4, the geometric mean of the bounding values

** Geometric Standard Deviation

* This value is the mean (fj) plus or minus the standard deviation (CT) of a series of measured
values. In the case study a value is sampled from the range is. + 3a (e.g., 16.8 /um»a-1) and a
lower limit of 0.01 /im-a*1 (uniform corrosion rate).

** This number is the fraction of all the containers within the vault. For the case study this
fraction is defined for each of the sectors vithin the vault. See Table 7.
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not make sense that the coldest containers crack earliest. Their predicted
early failure is a direct consequence of the conservative assumption that
HIC occurs as soon as the temperature falls to 30°C. A more realistic
prediction of failure by HIC cannot be made until a more complete under-
standing of the effects of a combination of stress and hydrogen content,
and a knowledge of the hydrogen absorption rate as a function of tempera-
ture, are available.

Since the predicted surface temperature of most of these cold containers
never exceeds 70°C, the initiation of crevice corrosion is highly unlikely.
Consequently, they should survive for very long times before finally
failing either by general corrosion or by HIC as a consequence of hydrogen
absorbed during general corrosion (Figure 21).

7.6.3 Failure of Hot and Cool Containers

For the majority of containers (the 62.6% designated hot and the 34.1%
designated cool), predicted failure is by crevice corrosion, commencing
around 1200 a. The distributions of failure rates for hot and cool con-
tainers are distinct (Figure 24), and skewed to longer times. From
Figure 24 it is clear that the majority of hot containers are predicted to
fail between 1200 and 2500 a, and the majority of cool containers between
2500 and 6000 a, leading to the two distinct plateaus in the plot of the
cumulative fraction failed in Figures 25a-b. No hot or cool containers
survive long enough to cool to 30°C, where they would fail by HIC.

By using a single-step function to represent the temperature profile for
the cool containers, the early high-temperature period lasting approxi-
mately 100 a (Figure 22b), when crevice corrosion would be proceeding at a
much faster rate, is ignored. By estimating the extra crevice penetration
that would occur at a temperature of 80°C over the first 100 a, it can be
shown that the cumulative fraction failed curve for the cool containers
shifts to shorter times by ~500 a. Such a shift would not affect the total
fraction of containers failed between 1000 a and 2000 a; i.e., ignoring the
early faster crevice corrosion period for cool containers does not threaten
the ability of Ti-2 to meet the minimum containment period of 500 a.

The distinct distributions for the failure of hot and cool containers are
caused by the separation of containers into the two distinct categories,
hot and cool, and to the temperature-averaging procedure used to calculate
the step functions in Figures 22a-c. More realistically, the distribution
of failures for hotter containers would be skewed to longer times and that
for cooler containers to shorter times, leading to a blurring of the
distinct distribution in Figure 24.

8. SUMMARY

A model predicting the failure of Ti-2 waste containers has been developed.
Two major corrosion failure modes are included in the model: failure by
crevice corrosion and failure by HIC. A small number of containers are
assumed to be defective and fail within 50 a of emplacement.
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A simple, experimentally justified model is proposed for crevice corrosion.
Crevice corrosion is assumed to initiate on all containers upon emplace-
ment, and the rate of propagation, the process eventually leading to
failure, is dependent on temperature and the concentration of oxygen. The
latter is assumed to be sufficient to maintain crevice corrosion until
failure. The temperature dependence of the propagation rates is determined
from an analysis of experimental rates and the temperature-time profiles of
the containers.

At the hydrogen contents realistically achievable under waste vault condi-
tions, HIC is assumed to be a low-temperature phenomenon that leads to
failure only at temperatures below 30°C.

On the basis of these assumptions, predictions of container failure times
have been made for reference vault conditions. According to these predic-
tions -96.7% of all containers fail by crevice corrosion, but only a small
number (0.1%) fail before 1000 a. The remaining 3.3% fail by HIC. These
latter containers are situated around the outer edges of the vault where
cooling is more rapid. Of this small number of failures by HIC, -1.8%
(0.037% of the total number of containers) fail before 1000 a, with the
earliest failure occurring after 300 a. All the containers in the vault
fail by -6000 a.
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between the left and right sides of the vault is due to the
asymmetry of the vault layout.
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FIGURE 25a: Model Predictions of the Fraction of Hot, Cool, Cold and
Total Containers Failed for the Parameter Values in Table 11
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FIGURE 25b: Model Predictions of the Fraction of Hot, Cool, Cold and
Total Containers Failed Plotted on a Logarithmic Scale to
Show the Fraction of Containers Failed Due to Undetected
Defects ,



- 90 -

APPENDIX A

PITTING OP Ti-2 IN 0.5 mol.L-1 SODIUM CHLORIDE AT 150°C

Titanium is classified as a material which is effectively immune to pitting
even in hot saline environments (Schutz and Thomas 1987). To test this
claim the pitting behaviour of Ti-2 was investigated in 0.5 mol^L'1 NaCl at
150°C. These conditions are considerably more aggressive than anticipated
under waste vault conditions (T £ 100°C; reference chloride concentration
~0.17 mollir1). Pitting scans were performed on planar electrodes in
pressure vessels in which the oxygen had been consumed by the propagation
of crevice corrosion on an artificially creviced electrode. To simulate
possible film damage by reduction or hydrogen absorption under non-
oxidizing conditions these planar electrodes were subjected to a range of
galvanostatic treatments prior to recording the pitting scan.

In these experiments a planar Ti-2 electrode was exposed to the above
conditions in a sealed pressure vessel containing an artificially creviced
Ti-2 electrode galvanically coupled to a large Ti-2 counter electrode
through a zero resistance ammeter. This arrangement was identical to the
one used to study the crevice corrosion of titanium (Ikeda et al. 1989).
Since the atmosphere in the sealed pressure vessel was initially aerated
the creviced electrode underwent crevice corrosion until the available
oxygen was consumed. This is clearly indicated by the rise and subsequent
fall in Ic shown in Figure Al and is consistent with the generally observed
crevice corrosion behaviour of Ti-2 (Bailey et al. 1994). When the oxygen
is exhausted the crevice repassivates. This is clearly indicated by the
loop in the crevice potential (Ec) as the current goes to zero. The
corrosion potential of the planar electrode (Ep) also falls to more
negative potentials when the oxygen is exhausted, consistent with previous
observations (Shoesmith et al. 1992).

Once the oxygen was consumed the planar electrode was subjected to the
potential program shown in Figure A2. The stage marked 1 in this figure
represents the open-circuit behaviour observed in the presence of the
actively propagating crevice. In stage 2, the electrode was subjected to a
galvanostatic treatment with applied cathodic currents in the range 10 to
2000 (ik. Under these conditions, the protective oxide on the electrode
surface would be disrupted to varying degrees depending on the current
applied. For a sufficiently large applied negative current the oxide film
will be at least partially reduced and could absorb hydrogen due to the
discharge of protons at the oxide/solution interface. The duration of this
galvanostatic treatment was 30 minutes, a time sufficient for a steady-
state potential to be achieved. For the larger values of applied current
this duration is probably sufficient for hydrogen to be absorbed through
the oxide into the substrate metal.

In stage 3, Figure A2, the electrode is allowed to relax on open-circuit.
If the applied galvanostatic current is not too large, the potential
recovery is fast and complete; i.e., Ep rises to the value it possessed
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before the galvanostatic treatment. Figure A3 shows the potential of the
planar electrode before and after galvanostatic treatment at -10 /iA. After
application of a large applied current, the recovery of the potentia.1 after
galvanostatic treatment is slower and incomplete. Figure A4 shows the
potential behaviour when the current applied is -2000 /iA. The difference
in potential in stage 1 between these two experiments reflects the
sensitivity of the planar electrode potential to residual traces of oxygen
present in the pressure vessel.

Finally, in stage 4, Figure A2, the electrode was subjected to a pitting
scan to determine whether the electrode was activated by this reductive
treatment and its susceptibility to pitting increased. Figure A5 shows the
positive and negative scan envelopes for a series of pitting scans
performed after a wide range of galvanostatic treatments including no
treatment at all. These scans were conducted at a scan rate of 0.2 mV-s'1.
A number of observations are worth making.

(i) No active to passive transition is observed confirming that the
reductive treatment did not cause any permanent activation of the
electrode.

(ii) The reverse scan always returns to a more positive Ep value than
that observed prior to the forward scan, an indication that the
forward scan caused a reinforcement of passivity by inducing
further oxide film growth.

(iii) Various galvanostatic treatments had no effect on the shape of
the scan, all of them falling within the envelopes drawn with no
identifiable trend with the value of applied current.

(iv) No evidence for a breakdown potential was observed for scans up
to an anodic limit of +2.4 V. Visual inspection of the electrode
on completion of the experiment showed no indication of pitting.

At a lower scan rate of 1.2 mV-min'1 (0.02 mV-s"1), a breakdown potential
was observed, E p i t in Figure A6. Only a small hysteresis loop was observed
on reversing the scan, the repassivation potential, E p r o t , being only
142 mV lower 'Ian E p i t. Visual inspection of the electrode on completion
of the experiment showed the presence of a small number of pits capped with
white oxide. Table Al lists E p i t and E P r o t values recorded for two
different Ti-2 materials in solutions containing two different chloride
concentrations. Material 1 is Ti-2 containing 0.02 wt.Z Fe with a coarse-
grained raicrostructure and material 2 is a fine-grained material with a
higher iron content (0.13 wt.%). The breakdown potential appears
unaffected by either composition and microstructure of the material or by
the salinity of the solution. There is a suggestion that the repassivation
potential is slightly lower at the higher chloride concentration. In all
cases, E P r o t is up to 1.5 V more positive than the maximum corrosion
potential of +0.5 V achieved on Ti-2 even under fully aerated conditions,
clearly indicating that the probability of pitting is negligible.

These results are consistent with those published by Watanabe et al. (1988)
who also showed that the breakdown potential on Ti-2 was independent of
chloride concentration but decreased with increasing iron content.
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TABLE Al

BREAKDOWN (Erit) AND REPASSIVATION (Errot) POTENTIALS RECORDED ON Tl-2

ELECTRODES IN 0.5 moLL'1 NaCl AT 150°C

Chloride E p i t E P r o t
Material Concentration

(mol-L-1) (raV vs. SHE) (mV vs. SHE)

1*
1
1

r*

0.5
5.0
5.0
5.0

2180
2294
2166
2200

2038
1828
-_
1940

* Coarse-grained microstructure (0.02 wt.% Fe)
** Fine-grained microstructure (0.13 wt.% Fe)

However, this effect of iron content disappeared as the temperature was
raised (to ~100°C), consistent with the results presented here which show
no discernible difference in pitting susceptibility when the iron content
was changed, Figure A7. This similarity in pitting behaviour for these two
Ti-2 materials should be contrasted to their crevice corrosion behaviour
which differs markedly (Ikeda et al. 1990).
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APPENDIX B

THE EFFECTS OF SPECIES PRESENT IN GROUNDWATER. CLAY. AND SAND
ON THE CREVICE CORROSION OF THE Ti-2 REFERENCE MATERIAL

B.I SPECIES PRESENT IN GROUNDWATER

While the most important parameters controlling the propagation of crevice
corrosion on Ti-2 will be temperature, oxygen concentration, and the
properties of the material, the composition of the groundwater is expected
to exert some effect. The influence of the major component of groundwater,
chloride, has been discussed in detail elsewhere (Bailey et al. 1994; Ikeda
et al. 1990, 1992). For the range of temperatures investigated (100°C to
150°C) the effect of chloride vas not major for concentrations from
0.052 mol.L-1 (1800 /ig-g"1) to 5.0 mol-L"1 (177 250 /zg-g"1).

Here, we compare the crevice corrosion behaviour of the reference Ti-2
material in sodium chloride solutions to that observed in a series of
groundwaters. The effects of specific groundwater species, buffer slurries
and species likely to be leached from clays and sand were also
investigated. Crevice currents (Ic) and crevice potentials (Ec) were
recorded using the galvanic-coupling technique previously described (Ikeda
et al. 1989). The total weight gain (W) on the specimens was determined by
weighing the specimens on completion of the crevice corrosion experiment.
The charge Q, due to oxygen reduction on surfaces external to the crevice,
was obtained by integration of the Ic-time plots. The maximum depth of
penetration was determined using the combination of metallographic and
image analysis techniques described in more detail elsewhere (Quinn et al.
1993).

The compositions of the groundvaters studied are given in Table Bl, which
also contains the composition of the reference groundwater (WRA-500) for
comparison. These groundwaters were chosen for study since they represent
a range of compositions which bracket that of the reference groundwater.
The groundwater designated WN-12 has a low salinity in which the
concentration of species such as SO2- can be expected to exert some
influence on crevice corrosion behaviour. SCSSS is a groundwater typical
of the more saline waters encountered on the Canadian Shield, and M7-A is a
natural groundwater with a salinity only slightly greater than that in the
reference groundwater but with a much higher Ca2+ content.

Inspection of Table Bl suggests that the groundwater species most likely to
influence crevice corrosion, besides Cl', are Ca2+ and SO2/. The
hydrolyzable ion, Mg2+, could also exert a significant effect but
inevitably its concentration is low in waters found in the Canadian Shield.
The concentrations of Ca2+ and SO2/ could be enhanced by the leaching of
gypsum (CaS04) from the clay, although increases in Ca

2+ concentration are
expected to be regulated by their cation exchange with Na+ ions in the
sodium bentonite clay (Lemire and Garisto 1989). To investigate further
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species

Na
K
Ca
Mg
Si
Sr
Cl
S04
Fe
N03
HC03
pH

TABLE Bl

GROUNDWATER COMPOSITIONS

WN-12

803
5

526
31
5
7

1 840
390
0.02
1.4

7.8

(UX'Sf1 )

SCSSS

5050
50

15 000
16
15
20

34 260
790
0.1
50
10
7.0

M7-4

2 220
7

3 470
200
3
31

9 190
900
0.91

15
6.4

WRA-500

2 300
10

1 800
30
5
20

6 000
1 000

1
0
50
7.8

the influence of species leached into the groundwater by contact with clay/
sand mixtures, the influences on crevice corrosion of C0|" (from the
dissolution of calcite, CaC03) and silica (from sand) have also been inves-
tigated. Silica was added in the experiments by including crushed glass in
the pressure vessel. To simulate the direct effects of having clay present
some experiments were performed in the presence of sodium bentonite
slurries. All experiments were conducted at a temperature of 150°C, with
the exception of those performed in the presence of crushed glass.

Table B2 summarizes the weight gain (W) data and the charges due to oxygen
reduction (Q) for the experiments performed. The data can be grouped into
three distinct series: the WN-12, M7-4 and SCSSS series. Within each
series the Cl" concentrations are equal, or close, to those in the
groundwater itself.

B.I.I WN-12 SERIES

Figure Bl compares the values of Ic and Ec recorded in WN-12 groundwater
((Ic,EC)WN12) and a sodium chloride solution containing the same chloride
concentration ((Ic>Ec)NaC1). Figure B2 shows the first 90 minutes of each
experiment to emphasize the differences in behaviour in the two solutions.
The initiation of crevice corrosion occurs after about 2 h in both
instances but the values of Ic rapidly diverge with a more extensive
activation process occurring in the Cl" solution than in the groundwater.
Surprisingly, despite this divergence in values of Ic, the values of Ec do
not separate until *18 h by which time (Ic)NaCi » (IC)WNI2* T h e n o i s e i n

(E C) W N 1 2 (Figure Bl) can be attributed to an interference in the
performance of the reference electrode, presumably by species present in
the groundwater, since an identical noise pattern was observed in the
potential of an uncreviced electrode measured against the same reference
electrode.
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TABLE B2

WEIGHTS GAINED (V) AND CHARGES CONSUMED (Q) BY CREVICE CORROSION IN

GROUNDWATERS AND CHLORIDE SOLUTIONS CONTAINING SPECIFIC GROUNDWATER SPECIES

No.

(1)

(2)

(3)

(A)

(5)

(6)

(7)

(8)

(9)

(10)

(H)

(12)

(13)

(14)

Composition
(/xg.g-1) (

WN-12 GROUNDWATER

[C1-] = 1800

[C1-] = 1800
[Ca2+] = 679

[C1-] = 1800
[Ca2+] = 200

[C1-] = 1 800
[CO?/ ] = 500

WN-12 groundwater
(Table Bl)

[C1-] = 1800
[SO?/ ] = 180

[C1-] = 1800
[SO2-] = 240

[C1-] = 1800
[SO2/] = 500

[C1-] = 1800
[SO2/ = 1000

M7-4 GROUNDWATER

[C1-] = 9715

M7-4 groundwater
(Table Bl)

M7-4 groundwater
(Table Bl)

[C1-] = 9190
[Ca2+] = 3470

[C1-] = 9190
[SO2/] = 900

V
mg)

SERIES

701

611

361

323

281

274

-

162

63

SERIES

600

901

685

553

504

Q
(C)

1325

958

980

1 013

498

519

436

264

101

1059

1234

1140

1076

655
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TABLE B2 (continued)

WEIGHTS GAINED fW) AND CHARGES CONSUMED (Q^ BY CREVICE CORROSION IN

GROUNDWATERS AND CHLORIDE SOLUTIONS CONTAINING SPECIFIC GROUNDWATER SPECIES

No.

(15)

(16)

Composition
(Mg-g"1)

W
(mg)

SCSSS GROUNDWATER SERIES

[C1-] = 35 450

SCSSS groundwater
(Table Bl)

491

575

Q
(C)

1001

851

Subsequently, crevice corrosion propagates for much longer but at a lower
current in WN-12 than in Cl- solution. Repassivation occurs in both
solutions but for different reasons. In Cl- solution, repassivation
occurred after -550 h, as indicated by the peak in the potential (marked A
in Figure Bl), due to the consumption of available oxygen in the pressure
vessel. The low value of E H a C 1 once repassivation has occurred is
indicative of an oxygen-depleted system (Shoesmith et al. 1992). In WN-12
groundwater, crevice corrosion propagates for -1200 h before repassivation
occurs, and the shift in ( E C ) W N 1 2 indicates substantial amounts of oxygen
still remain in the pressure vessel. That crevice propagation is
suppressed in the groundwater compared to Cl" solution is confirmed by the
values of Q and W ((1) and (5), Table B2) which are significantly smaller
in the groundwater.

Figures B3 and B4 show the effects of increasing the S0^ concentration
relative to that of chloride ((6) to (9) in Table B2; the data for (8) is
not plotted to avoid confusion). The initiation of crevice corrosion
appears to be unaffected by the presence of S0|-. However, as the S 0 ^
concentration increases, Ic decreases ((Ic)i > (Ic)2

 > (Ic)3 > (Ic)4) and

Ec achieves more positive values during the crevice propagation period
(i.e., the time between initiation and repassivation). In all three
solutions containing S0^", repassivation occurs before the oxygen is
depleted. This is reflected in the values of Q and W (Table B2) which
decrease steadily as the S0|" concentration increases. As the SOj"
concentration approaches that of the Cl" the extent of propagation
(indicated by the value of W) becomes negligible ((9) in Table B2). The
value of Ec during propagation becomes more positive as S0^" concentration
is increased and is always more positive than that measured in WN-12
groundwater, Figure B2. Unfortunately, a malfunctioning reference
electrode prevented (E c) 4 from being measured beyond the first 125 h. The
value of (I C)WNI2 (Figure Bl) is in the range expected for a simple Cl"
solution containing the amount of S0^' present in WN-12 (390 Mg-g"1,
Table Bl).



- 105 -

Figures B5 and B6 show the effects on Ic and Ec of adding Ca
2+ (added as

CaCl2) to the Cl' solution containing an equivalent chloride concentration
to that in WN-12. When only a small concentration of Ca2+ is added
(200 /ig'g"1, (3) in Table B2) the rate and extent of crevice propagation is
suppressed somewhat as indicated by the values of Ic ((Ic)2 < (*c)i>
Figure B5) and the decreases in Q (from 1325 to 980), and W (from 701 to
361). These values are listed in experiments (1) and (3) in Table B2.
That residual oxygen is present in the pressure vessel when repassivation
occurs in the Ca2+-containing solution is indicated by the final positive
shift in (E c) 2 (Figure B6) as (Ic)2 (Figure B5) goes to zero.

If the Ca2+ concentration is increased to 679 /ig-g"1 ((2) in Table B2) the
propagation rate becomes significantly greater than that in sodium chloride
((Ic)3 > (Ic)]_i Figure B5) and the available oxygen is rapidly consumed;
i.e., (Ic)3 •* 0 after ~225 h. The low value of (E c) 3 once repassivation
has occurred (Figure B6) confirms the residual oxygen concentration in the
pressure vessel was low. The presence of Ca2+ does not affect the value of
Ec, Figure B6, in contrast to the effect of SO

2/, Figure B4. The values of
Ec are substantially more negative than in solutions containing SO2," or in
WN-12.

Figure B7 compares the value of Ic obtained in Cl- solution to that
obtained in a solution containing a similar amount of Cl" and 500 fig-g'1 of
added C0§", a possible leachant from the clay (by dissolution of ^alcite,
CaC03). Carbonate suppresses the propagation rate ((Ic)2 < (Ic)i) but
extends the period of propagation. The amount of charge consumed when C0§"
is present suggests propagation continued until oxygen was exhausted
(compare (4) and (1) in Table B2). However, the weight gain is
surprisingly low.

Figure B8 shows corrosion depth profiles obtained in Cl" solution, Cl" plus
CO?," solution, and WN-12 groundwater. The extent of crevice corrosion as a
function of depth is greater in Cl" than in the other two solutions,
consistent with the larger weight gain observed in this solution. In Cl"
and Cl" plus C0§- solutions ((1) and (2) in Figure B8), the crevices spread
beyond the confines of the originally creviced area and over the edge of
the specimen. This spreading over the edge accounts for the residual
degree of corrosion at the maximum depths. No such "edge effect" was
observed in the groundwater. Consequently, while the maximum penetration
depth in the groundwater can be considered a real value, the edge effects
make it difficult to determine a true maximum penetration depth in the
other two solutions.

The opposing effects of Ca2+ and SO2/ on crevice corrosion in WN-12
groundwater are well illustrated by these results. Even relatively small
concentrations of SO2" ([Cl-]/[S0|-] = 10, (6) in Table B2) are sufficient
to suppress the propagation rate and overall extent of crevice propagation.
The more positive values of Ec (compared to the value in Cl" alone)
achieved during crevice propagation, Figure B4, are approaching those
measured during the device corrosion of Ti-12 in Cl' solutions (Bailey et
al. 1994), a system for which only partial activation occurs. These values
are consistent with the behaviour of Ic which shows that, while the
initiation process is apparently unaffected, the subsequent more general
activation of the crevice is suppressed as the SO2, • concentration increases.



- 106 -

The decrease in Ic and accompanying increase in Ec with increasing SO
2,-

concentration suggest that this ion is exerting a significant effect on the
chemistry at the active sites within the crevice. One possible explanation
is that complexation of TiIII/TiIV species by SOJ- within the crevice
prevents the hydrolysis of these species which is required if the pH is to
drop and general activation to occur (Kelly 1982). The presence of S0^- is
also known to accelerate the oxidation and reduction of T i 1 1 1 / ^ 1 7 species.
According to Kelly (1982) this reduces the critical TiIV concentration
required to drive autopassivation within the crevice by a factor of 10
compared to that required in chloride alone. This autopassivation process
couples the reduction of TiIV to Ti 1 1 1 with active metal dissolution (Ti° -»
Ti 1 1 1) and its acceleration in SO2, '-containing solutions would lead to a
more rapid suppression of crevice propagation.

The suppression of crevice propagation by CO?,- could be attributed to the
buffering of pH to higher values within the crevice. Carbonate does not
suppress crevice propagation to the extent achieved in SO2/ ((4) compared
to (8) in Table B2). Consequently, simple proton buffering does not appear
to be as effective as complexation and/or autopassivation in controlling
crevice propagation.

There is some suggestion that the addition of small concentrations of Ca2 +

may suppress crevice corrosion slightly (Figure B5, Table B2) but the
evidence is inconclusive. However, at higher concentrations of Ca2+, the
rate of propagation is definitely increased and the process continues until
all the oxygen is consumed. The minor effect of Ca2+ additions on Ec
during propagation (Figure B6) suggests that Ca2+ does not exert as
significant an effect on the chemistry at active sites within the crevice
as SO2;- does. At temperatures of 150°C, the hydrolysis of Ca2+ could help
to maintain acidic conditions at active sites within the crevice. Since
the redox activity is much higher at these sites than at passive sites
within the crevice, the measured Ec will reflect the potential at these
sites. According to the polarization curves published by Kelly (1982), the
current for metal dissolution is strongly dependent on potential but almost
independent of pH under active conditions. Consequently, large increases
in Ic due to a small enhancement in acidity would only be expected to
produce small changes in Ec as observed for Ca

2+ additions.

B.1.2 M7-4 SERIES

Figures B9 and BIO compare the Ic and Ec values obtained in the M7-4
groundwater and in a solution containing only the equivalent Cl'
concentration. The current obtained in the Cl" solution is much larger
than that obtained in the groundwater, and the value of Ec significantly
more negative. A second experiment shows that large values of Ic,
equivalent to those obtained in the Cl- solution, can also be achieved in
the groundwater, Figure Bll. The values of Q and W in Table B2 ((10),
(11), (12)) show that propagation is extensive. For one experiment in
groundwater the shift in ( E C ) H 7 4 (Figure BIO) to positive values as ( I C ) M 7 4
goes to zero (Figure B9) suggests some oxygen remained in the pressure
vessel at repassivation. The subsequent fall in (E C ) H 7 4 just before the
experiment was terminated suggests this residual oxygen concentration was,
in fact, quite small.
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Figure B12 shows depth profiles for these three experiments. The profiles
obtained after crevice corrosion in the Cl" solution and in the groundwater
solution for which a high Ic value was obtained are similar. For the Cl-
solution, crevice corrosion spread rapidly over the edge of the specimen
which accounts for the large residual "edge effect" at a penetration depth
of ~400 fim'. By contrast, crevice propagation in the groundwater is almost
all confined to the crevice (i.e., only a small "edge effect" is observed)
and penetrates to a maximum depth more tlm twice that achieved in Cl-.
For the second experiment conducted in the M7-4 groundwater, the maximum
penetration depth is even greater and corrosion is more generally
distributed as a function of depth. This more general distribution may be
a consequence of the breakup of the crevice corrosion process into discrete
separate events as suggested by the observation of a series of peaks in Ic
((I c) l f Figure Bll), compared to the single much larger peak obtained in
the other experiment conducted in groundwater ((Ic)2, Figure Bll). These
depth profiles clearly indicate that the presence of Ca2+ tends to prevent
the spreading of crevice corrosion, thereby leading to deeper penetrations
within the creviced area. The reasons for this are not presently
understood.

Figures B13 and B14 demonstrate that the opposing influences of Ca2+ and
SO2/ additions are the same for these more saline solutions as they vere
for the WN-12 series. The addition of Ca2+ at a concentration equivalent
to that in the M7-4 groundwater suppressed Ic with little effect on Ec, but
did not stop crevice corrosion propagating until all the available oxygen
was consumed ((13) Table B2). The addition of SO2/ to a concentration
equivalent to that in the groundwater suppressed both Ic (Figure B13) and
the extent of propagation (Q and W (14) Table B2). Also, as observed in
the WN-12 series Ec during propagation is much more positive when SO

2,- is
present, Figure B14. When the Ic, Ec values in these last two experiments
are compared to the values obtained in the M7-4 groundwater, Figures BIO
and Bll, it is clear that the influence of Ca2+ predominates over that of
SO2/ in the M7-4 groundwater. This is not surprising considering their
relative concentrations, Table Bl.

B.I.3 THE SCSSS SERIES

Figures B15 and B16 show the crevice corrosion behaviour in the SCSSS
groundwater and in a sodium chloride solution containing an equivalent Cl'
concentration. While the rate of crevice propagation is severely depressed
in the groundwater the extent of crevice propagation (W) is not
significantly different from that observed in the Cl- solution ((15) and
(16), Table B2). In SCSSS, some oxygen appears to remain unconsumed at the
time of passivation consistent with a slightly lower value of Q than in the
Cl- solution (Table B2). Despite the difference in propagation rate the
depth profiles, Figure B17, are very similar in the two solutions. For
depths beyond 150 fxm, the extent of corrosion is greater in the Cl"
solution and the "edge effect" at the maximum depth shows that crevice
corrosion has spread more widely. Confinement of corrosion to the crevice
is consistent with the high Ca2+ content of SCSSS but the influence of Ca2 +

on the shape of the profile is much less evident than in the less saline
H7-4 groundwater. It is possible that the tendency of Ca2+ to cause
localization of crevice propagation is offset by the much higher salinity
which would cause the activation of more sites thereby facilitating the
spreading of crevice propagation (Bailey et al. 1994).
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B.1.4 Comparison of the Crevice Corrosion Behaviour in the Three
Groundvaters

The crevice corrosion behaviour in the three groundwater series is compared
in Figures B18 and B19 which show, respectively, the total extents of
crevice corrosion (W) and the maximum depths of crevice penetration (P) as
a function of Cl" concentration. In each of these plots, the solid line is
drawn through values measured in pure sodium chloride solutions. This line
is a convenient set of reference points which facilitate the comparison of
values obtained in actual groundwaters, or in Cl" solutions containing
specific groundwater species. For the three groundwaters themselves, the
extent of crevice propagation (W) decreases in the order

M7-4 (11,12) > SCSSS (16) > WN-12 (5) (Bl)

where the number in brackets indicates the number in Table B2 and the
specific data point in Figure B18. The measured depths of penetration
decrease in the order

M7-4 (11,12) » WN-12 (5) > SCSSS (16) (B2)

where the numbers indicate the specific data point in Figure B18.

For WN-12,

The suppression of W and P in the groundwater can be attributed to the
dominance of S0|- in determining the crevice corrosion beiiaviour in the
groundwater. A possible explanation for the effect of SOJ " is that it
prevents the development of acidity by complexing dissolved TiIII/TiIV

species and accelerates the autopassivation process involving the coupling
of TiIV reduction with metal dissolution.

For M7-4,

"N.CI < W H 7 4 and PNaCl « PH74 (B4)

The enhancement of crevice corrosion in this groundwater appears to be
attributable to high Ca2+ concentration which inhibits the spreading of
crevice corrosion observed in the sodium chloride solution. While the high
temperature hydrolysis of Ca2+ may help to maintain low pH values at active
sites within the crevice it is difficult to see how this effect alone would
inhibit the spreading of crevice corrosion.

For SCSSS,

WNaCi 1 W s c s s s and PNaCl - P s c s s s. (B5)

Because of the high Ca2+ content of this groundwater and the very large
difference in the Ic values it is surprising that crevice corrosion is not
enhanced in this groundwater compared to the sodium chloride solution. The
most likely explanation would appear to be that the tendency of Ca2+ to
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cause local deep penetrations is offset by the more rapid initiation of
active sites due to the high salinity.

B.2 SPECIES LEACHED FROM CLAY

Figures B2C and B21 show the values of Ic and Ec recorded in a Cl* solution
(9900 lig-g'1) containing either 25 or 50 g of bentonite clay (in
approximately the same volume of solution), respectively. The plots of Ic
and Ec for this solution with no added bentonite are given as (Ic)Naci

 anc*
( E c ) N a C l in Figures B9 and BIO, respectively. The Ic values are lower in
the presence of bentonite, particularly so when 50 g are present, when Ic
falls to <100 iik and repassivation occurs while oxygen is still available
in the pressure vessel. Consistent with this lower current, Ec is more
positive in the presence of 50 g, as opposed to 25 g, of bentonitfc. The
suppression in the extent of crevice propagation can be appreciated by
comparing the values of Q, which decrease from 1059 C in the absence of
bentonite to -500 (25 g of bentonite) and 351 (50 g of bentonitt-). A
comparison of total weight gains due to crevice corrosion is difficult to
make since clay particles attached to the creviced electrodes distort the
measurements.

The major species dissolved into solution from the clay are Ca2+ and S0|-
presumably due to the leaching of gypsum (CaS04.2H2O). The Ca2+

concentration in solution changes from 200 to 277 ng-g'1 and the SO2,-
concentration from 390 to 540 yg-g"1 in going from an addition to the
solution of 25 to one of 50 g of bentonite clay. The observed suppression
in propagation rates and extents of propagation is consistent with the
relative concentrations of Ca2+ and SOjj-.

B.3 ADDITION OF DISSOLVED SILICA

Figures B22 and B23 show the crevice corrosion behaviour of Ti-2 in a
sodium chloride solution at 100°C with and without the addition of crushed
glass, respectively. The glass acted as a source of dissolved silica,
thereby simulating, to some degree, the presence of sand in the waste
vault. In these experiments the electrodes were constructed from a Ti-2
material with somewhat different crevice corrosion properties to the
material used in the other experiments described in this report. The
crevice design was also different, a single specimen of Ti-2 being bolted
to a polysulphone crevice former. When crushed glass is present the time
of initiation is delayed, the propagation rate suppressed, and
repassivation induced after only 49 C of charge have passed. By
comparison, in the absence of glass, propagation continues at 2 to 3 times
the rate until 1219 C of charge have passed. The reasons why the presence
of dissolved silica suppresses crevice corrosion are not known at present.
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B.4 SUMMARY OF THE EFFECTS OF CLAY/SAND CONSTITUENTS ON CREVICE
CORROSION BEHAVIOUR

The leaching of calcite (CaCO3) from the clay would lead to an enhancement
in the concentration of C0§" in the groundwater contacting the container.
Since only one experiment was conducted with added C0§- ((4) in Table B2)
no firm interpretation of its effect on crevice corrosion is warranted.
The rate and extent of crevice propagation appeared to be decreased,
possibly due to buffering of the pH at active sites to higher values.

The presence of a clay slurry definitely led to a decrease in the extent
and rate of crevice propagation. Since the major species leached from the
clay were Ca2+ and SO^", it would appear that the crevice corrosion
behaviour was dominated by the influence of S0|".

In the presence of dissolved silica (added in the form of crushed glass)
all stages of the crevice corrosion behaviour (initiation, propagation,
repassivation) were affected. Initiation was inhibited, propagation
suppressed, and repassivation induced to occur rapidly. At present, no
explanation for the behaviour of dissolved silica is available.
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FIGURE B3: The Crevice Currents (Ic) Recorded on Artificially Creviced
Ti-2 Electrodes at 150°C in Sodium Chloride Solutions
([C1-] = 1800 Mg-g*1) Containing Various Amounts of Sulphate:
(1) [SO2-] = 0; (2) [S04

2-] = 180 /ig-g"1;
(3) [S04

2-] = 240 ng.g-i} (4) [S04
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FIGURE B4: The Crevice Potentials (Ec) Recorded for the Experiments
Described in Figure B3
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Ti-2 Electrodes at 150°C in Sodium Chloride Solutions
([Cl-] = 1800 fig'g'1) Containing Various Amounts of Calcium:
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FIGURE B6: The Crevice Potentials (Ec) Recorded for the Experiments
Described in Figure B5
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FIGURE B8: Percentage of the Creviced Area Corroded as a Function of the
Depth of Penetration After Crevice Corrosion at 150°C in
Various Solutions: (1) Sodium Chloride ([C1-] = 1800 Mg'g"1);
(2) Sodium Chloride ([Cl"] = 1800 /ig-g"1) Plus 500 ng-g"1 of
Carbonate; (3) WN-12 Groundwater
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FIGURE B9: The Crevice Currents (Ic) Recorded on Artificially Creviced
Ti-2 Electrodes at 150°C in a Sodium Chloride Solution
([C1-] = 9715 /ig.g"1) ((Ic)Naci)
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FIGURE BIO: The Crevice Potentials (Ec) Recorded for the Experiments
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FIGURE Bll: The Crevice Currents (Ic) Recorded on Artificially Creviced
Ti-2 Electrodes at 150°C in Two Separate Experiments in the
M7-4 Groundwater
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FIGURE B12: Percentage of the Creviced Area Corroded as a Function of the
Depth of Penetration After Crevice Corrosion at 150°C in
Various Solutions: (1) Sodium Chloride Solution
([Cl- = 9000 /ig-g-1); (2) M7-4 Groundwater (Experiment 2 in
Figure Bll); (3) M7-4 Groundwater (Experiment 1 in Figure Bll)
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FIGURE B13: Crevice Currents (Ic) Recorded on Artificially Creviced Ti-2
Electrodes at 150°C in a Sodium Chloride Solution
([C1-] = 9600 iig'g'1) Containing Various Species:
(1) Chloride Only; (2) Chloride Plus 3470 jug-g'1 of Ca2+;
(3) Chloride Plus 900 iig-g'1 of
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FIGURE B15: Crevice Currents (Ic) Recorded on Artificially Creviced Ti-2
Electrodes at 150°C in a Sodium Chloride solution
([C1-] = 35 450 Mg-g'1) ((Ic)Naci)
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FIGURE B21: Crevice Current (Ic) and Crevice Potential (Ec) Recorded on an
Artificially Creviced Ti-2 Electrode at 150°C in a Sodium
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FIGURE B23: Crevice Current (Ic) and Crevice Potential (Ec) Recorded on an
Artificially Creviced Ti-2 Electrode at 100°C in a Sodium
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APPENDIX C

EFFECT OF WELDING ON THE CREVICE CORROSION OF THE Ti-2 REFERENCE MATERIAL

The results of an experiment on a welded Ti-2 specimen, using the galvanic
coupling technique described in Section 6.3.2, in 0.27 mol.L"1 NaCl at
150°C are compared to the results of a similar experiment on an unwelded
specimen in Figures Cl and C2. The creviced specimen used in this
experiment was cut from a plate containing a single-grooved weld. This
specimen was TIG (tungsten-inert-gas) welded using an ERTi-2 weld rod which
conformed to the ASME code (ASHE-AWS-SFA-5.16). The maximum iron content
for this rod is specified to be 0.20%. Sections of the weld containing
weld filler, the heat affected zone (HAZ) surrounding the weld, and the
original plate material were contained within the area defined by the
artificial crevice former (inset, Figure Cl).

In both these experiments, the extent of crevice corrosion was large
(Q > 2000 C) since they were conducted in a 2-L pressure vessel containing
a large quantity of oxygen. The presence of the weld makes little
difference to the rate or the duration of crevice corrosion, Figure Cl.
The crevice potentials achieved during propagation are effectively
identical, Figure C2, and in both experiments repassivation (indicated by
the peak in E c, Figure C2) only occurs when the oxygen within the vessel is
totally consumed.

Figure C3 shows a depth profile measured in the crevice area on the welded
specimen. The maximum depth of penetration (~860 nm) is achieved on the
plate material. The maximum depths of penetration in the heat affected
zone (~650 pm) and in the weld itself (-230 /im) are much lower, clearly
indicating that these last areas, particularly the weld itself, are less
susceptible to crevice corrosion than the original plate material. This
may reflect the fact that the ERTi-2 weld rod used contained a
significantly higher iron content than the reference Ti-2 material.
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FIGURE Cl: Crevice Currents (Ic) recorded as a function of time on Ti-2
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FIGURE C2: Crevice Potentials (Ec) Recorded as a Function of Time on Ti-2
Plate Material ((EC)PLATE) and on a Ti-2 Specimen Containing a
Weld Cut ((IC)HELD) in 0.27 mol-L"

1 NaCl Solution at 150°C
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- 139 -

APPENDIX D

ANALYSIS OF CONTAINER TEMPERATURE PROFILES

Each container within the conceptual vault would possess a different
temperature profile (Section 5). However, the similarity in the shapes of
these profiles (Figure 3) means that the change in temperature for all
containers can be represented by a small number of similar cooling func-
tions. This categorization according to cooling behaviour has been
achieved by dividing the containers into three groups, based on the
calculated distribution in container temperatures after 500 a of cooling
(Figure Dl). A time of 500 a was chosen because it is in the slow cooling
period when container temperatures remain relatively constant and within
which containers spend the large majority of their time for temperatures
above ambient (see Figure 3). The shape of this distribution at 500 a
suggests three groupings of containers:

containers, designated hot, whose temperature remains above 54°C
at 500 a,

containers, designated cold, which have cooled to below 38.5CC by
500 a, and

containers, designated cool, with temperatures between 38.5°C and
54°C at 500 a.

The separation of containers into these three groups is evident in
Figure Dl, but the selection of 54°C and 38.5°C as the boundaries between
groups is somewhat arbitrary and some containers could be more appropri-
ately categorized. However, attempts to identify and move such containers
between categories has only a minor effect on the averaging procedure
described below.

For containers designated hot, the cooling profile is approximated by a
two-level step function, the first level corresponding to the early hot
period and the second level to the slow cooling period (Figure 22a).

To determine the temperature that defines the first level, the container
temperatures at 27 a, a time around which most containers are close to
their maximum temperature are averaged. This average temperature, and its
associated ±\a value (assuming a normal distribution), Tx ± CTT1, is then
attributed to all containers in this category. A similar temperature mean
(T2 ± crT2), calculated at 500 a, is attributed to all containers to define
the second level. The mean of these two average temperatures is taken as a
transition temperature between the first and second levels of the step
function. The mean time of this transition (t r l± crtl) is then determined
by taking the average of the times at which the containers cool to this
transition temperature. The same procedure is used to determine the final
transition, marking the change from crevice corrosion to hydrogen-induced
cracking (HIC) as the predominant failure mode. In this case, the
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transition temperature is taken as 30°C and the average time at which the
containers cool to 30°C (tr2 ± at2) is the transition time. The reasons
for selecting 30°C as the temperature for defining this final transition
time are given in Section 6.4.1.

Figure D2 summarizes the parameters defining the shape of the two-level
step function used to determine the effect of temperature on the crevice
corrosion of those containers designated as hot. A calculated temperature
profile for one of the hottest containers in the vault is shown to illus-
trate the conservatism entrenched in this averaging procedure.

Since cooling is more rapid for cool and cold containers than for hot
containers, the early hot period is ignored and the temperature profiles
approximated by single-step functions. The average temperature, calculated
at 500 a, defines the step function for cool containers. Since cold con-
tainers cool rapidly, the average temperature to define the step function
is calculated for 100 a. As a consequence of this averaging at shorter
times, the cold containers appear to be hotter than the cool containers.
The final transition time, marking the change from crevice corrosion to HIC
as the predominant failure mode, is obtained for both cool and cold
containers by determining the average time at which the containers cool to
30°C. For cold containers, this average time is used as the apex of the
triangular distribution used to describe HIC failure times.

The temperatures and transition times calculated for the step functions
defining all three categories of container are given in Table 7. These
values are plotted in Figures 22a, 22b and 22c and compared with a number
of real profiles that define the range of profiles used in the averaging
procedure for each category of container. For containers designated cool
and cold, the lack of conservatism that arises from ignoring the initial
hot period is compensated for by the overestimate of the temperature during
the slow cooling period (Figures 22b and 22c).
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FIGURE Dl: Calculated Distribution of Container Temperatures 500 a After
Emplacement. This distribution is approximated by the three
normal distributions shown. Hot containers are defined as
those whose temperature remains above 54CC at 500 a; cold
containers are defined as those that have cooled to <38.5°C at
500 a; cool containers are defined as those with temperatures
in the range 54°C to 38.5°C at 500 a.
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FIGURE D2: Schematic Summarizing the Temperature and Time Parameters Used
to Define the Shape of the Two-Level Temperature Step Function
Used for Hot Containers. A calculated temperature profile for
one of the hottest containers is also shown.
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APPENDIX E

DEVELOPMENT OF A FUNCTION TO DESCRIBE CONTAINER FAILURES

E.I FAILURES DUE TO INITIAL DEFECTS

The failure rate due to initial defects in the containers (ff(t)) is
represented by a ramped distribution, Figure El, characterized by an early
failure fraction, IF, and a duration of failures, tF. The failure rate is
a maximum (fÇax) at the time of vault closure (t = 0) and falls to zero for
t = tF.

The rate is given by

where

fc(t) = -±±- 1 - -i- | for 0 <, t <. tF (El)
tF

IF = ~ f»axtF (E2)

and
ff(t> = 0 for t < 0, t ^ tF (E3)

i.e., no failures occur until the vault is closed (t = 0), and all failures
are complete after the period (t = t p).

E.2 FAILURES DUE TO CREVICE CORROSION

Containers designated "hot" are subject to a temperature profile
approximated by the two step functions in Figure 22a. For the first
temperature region (Tx) of duration trl, the probability (p(r^)) of a
container having a crevice corrosion rate, r$[, characterized by a mean
rate, nrl, and a standard deviation, a r l, is given by the equation for a
normal distribution,

p(r«) = for 0 <. r" £ » (E4)

and illustrated in Figure E2.

Since negative corrosion rates are physically impossible,

p(r») = 0 for r? < 0 (E5)
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and

i 1 + e r f (E6)
ti-

where Px is equal to one minus the area under the normally distributed
failure rate from -» to 0 (i.e., the area from 0 to »). Its inclusion in
Equation (E6) is necessary since the distribution is truncated at t = 0 but
the area under the curve defined by Equation (E4) must remain equal to one.

Since container failure occurs when corrosion has penetrated the full
corrosion allowance (wx), the time to failure (t) is given by

rjt = vx (E7)

The distribution in crevice corrosion rates will yield a distribution in
container failure times (p(t)), and

p(t)dt = p(r$j)

From Equation (E7)

P(t) = P(r")
dt

(r?)

(E8)

(E9)

Prom Equation (E4)

P(t) = expH-

12-

(E10)

Since a fraction, IF, of containers have already failed, a fraction 1 - IF

remain to fail, and the failure rate for the first temperature region is
given by

wx[i -
(Ell)

For crevice corrosion during the second temperature period (T2,
Figure 22a), the containers begin with a distribution of thicknesses, p(w),
established by corrosion during the first temperature interval. This
distribution in thicknesses (p(w)) is determined by the distribution in •
crevice corrosion rates during the first temperature period, i.e.,

p(w) dw (E12)
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and the thickness of a container at the start of the second temperature
interval is given by

w = wx - r^trl

From Equations (E4), (E12), (E13), p(w) can be expressed as

1 wx - v -
p(w) = expH-

(E13)

(E14)

where Pw is equal to one minus the area under the normally distributed
container thicknesses from -» to 0. Pw serves a similar function to Px.

The crevice corrosion rate at T2 possesses a normal distribution about a
mean value, nz2>

 w i th a standard deviation, ar2, and the probability of a
container possessing a thickness (w) at a time (t) is given by

vP,
p(t,w) =

1 w
-
t

(E15)

This distribution applies for the time interval, 0 ^ t s (tr2 - t r l ) ; i.e.,
for the duration of the second temperature interval (T2, Figure 22a), where
t = 0 is arbitrarily redefined as t = trl = 0. The term P2 is a
normalization factor given by Pu/Pi.

Combining these two probabilities, the failure rate during the second
temperature interval, f|(t), is given by

fw*
ff(t) = p(t,w)p(w)dw for 0 s t <, (tr2 - trl)

.0
(E16)

yielding

exp
[w* - /i r l t r l - fit2T}

2

e r fJ
f[Mr2/c7r2]arltrl + [v*-Mrltrl][ar27]/[arltrin

[arltrl ]M1/2
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erf-

27rP1P3{[ar27]2 + [ffrltrl]*} [ [ 2 [arj 2[ atlttl

-exp -
2(ar2T)2 2 larlj 2 [al2

(E17)

where r = t - trl (E18)

P3 is the area under the normally distributed second container failure rate
[p(r^)] from t = 0 to t = «, and is given by a similar expression to that
for Px; i.e.,

1
1 + erf (E19)

This procedure for determining fp(r) is outlined schematically in
Figure E3.

A number of problems exist;

t f?(t) at t = trl (E20)

i.e., the failure rate for containers at the end of the first temperature
region is not equal to the failure rate at the beginning of the second
temperature region. This non-fit in the plot of failure rate as a function
of time is due to the discontinuity in rates r$J and r§ caused by the
approximation of the temperature change to a step function.

A second problem arises when ve attempt to numerically evaluate Equation
(E17) for very short times (i.e., t -+ 0). However, for t = 0, Equation
(E17) reduces to

expH -
'r2J

(E21)

Equation (E21) is used to evaluate ff(t) over the short time interval when
Equation (E17) cannot be numerically evaluated. This small computational
error has an insignificant impact on our predictions of container failure
rates.
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At a time tr2 a second instantaneous drop in temperature occurs (from T2 to
T3 in Figure 22a), and

for t > tr2; fg(t) = 0 (E22)

where tr2 is taken to be the time at which crevice corrosion ceases and HIC
commences. The rates are made to match at this point, leading to a
discontinuity in the slope of the rates but not in the rates themselves.

For the crevice corrosion of "cool" containers, the temperature is
approximated by a single step function (Figure 22b). In the temperature
region T3, the crevice corrosion rate, r^, is normally distributed about a
mean value, /ir3, with a standard deviation, at3. The container failure
rate, fj}(t) is given by an expression similar to Equation (Ell).

For the crevice corrosion of "cold" containers, the container failure rate,
fg(t) (for r£, nti, ar4) in the temperature region T4 (Figure 22c) is
calculated in a similar manner.

E.3 FAILURES DUE TO ENVIRONMENT-INDUCED CRACKING

The failure rate due to HIC, fg, is assumed to have a triangular
distribution, Figure E4. The relationships for fg as a function of time
will be derived for the "hot" containers in a disposal room. The procedure
for the failure rate for "cool" and "cold" containers is the same.

For 0 s t' s tx

) = [f§2- fgx] ̂  + fgi (E23)

For tx <; t' <; t2

ft' - t,

= fgga " t2J

(E24)

For t' < 0, t > t2

fg(t') = 0 (E25)

For tr = 0

fg(t') = ff (E26)



- 148 -

where is the failure rate due to HIC at t Lr2 (with t' = t-tr2 '
equivalent to redefining tr2 = 0 ) ; f£2 (= A

1/^ - fgx) is the failure rate
due to HIC at t' = tij tx is the time of the apex of the failure rate
distribution, and t2 is the time at which the last container fails. To
achieve continuity of the failure rate function, fg(tf) is arbitrarily set

l ff h the case of "hot"equal to ff, the crevice corrosion rate, at t' =
containers and the crevice corrosion rates at tc3

"cold" containers, respectively, Equation (E26). For "cool" and "cold"

tr2 in
and r4 for "cool" and

containers, t1 t - tr3 and t' = t - t. respectively.

Since the peak of the triangular distribution is chosen so that there are
equal areas on either side of the peak,

AT

«Si

AH2 2W2

(E27)

where AT is the total area under the failure rate distribution for HIC.

If fgx is very small

ti ~ t2/2 (E28)

and - [fgg2
(E29)

The total area under the distribution of failure rates due to HIC, AT, must
be chosen so that the total area under all the failure rate distributions
is equal to one; i.e., for "hot containers

AT = 1 - r2["ff(t) + fg(t) + fg(t)]dt
0 L J

(E30)

The area, AT, is also the fraction of containers failing by HIC and is
given by

AT = _ J?

where IF is the fraction of containers failing early due to defects, and PR

is the fraction of containers failing due to crevice corrosion.

E.A FAILURES DUE TO ALL CAUSES

The failure rate due to all causes is the sum of the individual failure
rates. The total area under all distributions is equal to one. Hence, for
hot containers

1 = A1 + AN + Ap + AT (E32)
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1 = IF + I fg(t)dt + I fg(t)dt + fH
c(t)dt (E33)

where A1 is the area under the distribution of initial failures and AN and
Ap are the areas under the distributions of failures by crevice corrosion
in the first and second temperature regions and AT is the area under the
distribution of failures by HIC. These distributions are shown
schematically in Figure E5. This figure is arbitrarily scaled to allow the
shape of each distribution to be seen separately.
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FIGURE El: Schematic Showing the Ramped Distribution Used to Describe the
Failure Rate of Containers Due to the Presence of Initial
Defects
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FIGURE E2: Schematic Showing the Normal Distribution Used to Describe the
Probability of a Container Having a Specific Crevice Corrosion
Rate
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Normal Distribution in Corrosion
Rates According to the
Distribution in Temperatures

94-0321.5c

r , = 0

Corrosion Rate Sampled i
from Experimentally '
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Failure Rate as a Function of Time
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=J ' f-dt

FIGURE E3A: Schematic I l l u s t r a t ing the Procedure Used to I. .n-cmine the
Failure Rate of Containers as a Function of Tiin^ i'or Hot
Containers During the First Temperature Period (T1 in
Figure 22a) and for Cool and Cold Containers During the
Temperature Periods T3 (Figure 22b) and T4 if Figure 22c),
Respectively
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Distribution in Container
Thicknesses After Crevice
Corrosion at Temperature T1

Distribution of Rates According
to the Distribution in
Temperatures in Interval T2

p(w)

Distribution in Thickness-Dependent
Failure Times
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lr2

Container Failure Rate
as a Function of Time

Fraction Failed in the
Interval tri to tr2

= J fj.dt

I
54-0321 «

FIGURE E3B: Schematic Illustrating the Procedure Used to Determine the
Failure Rate of Containers as a Function of Time for Hot
Containers During the Secoond Temperature Period (T2 in
Figure 22a)
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FIGURE E4: Schematic Showing the Triangular Distribution Used to Describe
the Failure Rate of Containers Due to HIC
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FIGURE E5: Schematic Showing the Total Container Failure Rate for Hot Ti-2
Containers Expressed as a Sum of the Failure Rates Due to the
Individual Failure Processes (See Equation (E32)). The
individual failure distributions are arbitrarily scaled to
allow the shape of each distribution to be seen separately.
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