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CORROSION PAR FISSURATION DU TITANE EN MILIEU DE

DÉCHETS DE COMBUSTIBLE NUCLÉAIRE

par

B.M. Ikeda, M.G. Bailey, C F . Clarke et D.U. Shoesmith

RÉSUME

Le présent rapport décrit notre programme d'essais pour étudier
la corrosion locale du titane de nuance 2 ASTM (Grade 2). Il décrit en
particulier l'étude de la corrosion par fissuration du titane, processus
conduisant très probablement à la rupture des conteneurs de déchets nuclé-
aires construits à partir de ce métal. On y examine en détail les méca-
nismes fondamentaux de la corrosion par fissuration. Ensuite, on y décrit
le programme de travaux en laboratoire ainsi que les divers essais d'immer-
sion exécutés dans des conditions d'irradiation. On a exécuté les essais
dans des solutions de NaCI (généralement 1,6% en poids) et dans une eau
souterraine factice à une température de 100 ou 150°C.

On y présente un mécanisme de corrosion du titane qu'on justifie
expérimentalement à l'aide d'une méthode électrochimique. Au cours de la
phase d'amorçage, la réaction de fissuration est réglée par la vitesse du
processus anodique. À mesure qu'il y a consommation d'oxygène lors de la
phase de propagation, le réglage passe à la phase cathodique. La corrosion
par fissuration finit par s'arrêter lorsque la concentration d'oxygène
descend à une faible valeur. On peut réamorcer la propagation des fissures
en ajoutant de l'oxygène.

On y présente les résultats préliminaires de l'effet de la varia-
tion de la teneur en fer du titane. Une variation de la teneur en fer de
0,02% en poids à 0,13% en poids conduit à la passivation (par opposition à
la propagation) des fissures. On y examine brièvement les effets de l'ir-
radiation y, de la température et de la concentration d'oxygène. Bien
qu'il faille considérer nos conclusions provisoires, les effets de l'irra-
diation y semblent être favorables. On y présente également certaines
vitesses de corrosion par fissuration provenant d'essais d'immersion à plus
long terme. En général, les vitesses sont très faibles.
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CREVICE CORROSION OF TITANIUM UNDER

NUCLEAR FUEL WASTE CONDITIONS

by

B.M. Ikeda, M.G. Bailey, C.F. Clarke and D.W. Shoesmith

ABSTRACT

This report describes our experimental program to investigate the
localized corrosion of ASTM Grade-2 titanium. In particular, it describes
the study of the crevice corrosion of titanium, the process most likely to
lead to the failure of nuclear waste containers constructed from this
material. The basic mechanisms of crevice corrosion are discussed in
detail. This is followed by a description of our laboratory program and
the various immersion tests being performed under irradiated conditions.
Experiments and tests were performed in NaCl solutions (generally 1.6 wt.%)
and in simulated groundwater at 100 or 150°C.

A mechanism for crevice corrosion of titanium is presented and
justified experimentally using an electrochemical approach. During the
initiation stage, the crevice reaction is controlled by the kinetics of the
anodic process. As oxygen is consumed in the propagation step, control
switches to the cathodic step. Crevice corrosion eventually stops when the
oxygen concentration falls to a low value. Propagation of the crevice can
be restarted by the addition of oxygen.

Our preliminary results on the effect of varying the iron content
of the titanium are presented. An increase in iron content from 0.02 wt.%
to 0.13 vt.% leads to passivation, as opposed to propagation, of the
crevice. The effects of y-irradiation, temperature, and oxygen
concentration are also briefly discussed. Although our conclusions must be
considered tentative, the effects of y-irradiation appear to be beneficial.
Some crevice corrosion rates from longer-term immersion tests are also
presented. Generally the rates are very low.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, it is
proposed that used fuel be packaged in durable, corrosion-resistant
containers and buried 500 to 1000 m deep in a crystalline rock formation of
the Canadian Shield [1]. The rate of container failure is an important
parameter in determining the rate of radionuclide release to the
environment. One of the candidate materials under study is titanium [2J.

The containers will be designed to withstand temperatures up to
at least 100°C and hydrostatic pressures of 10 MPa. When choosing the
chemical conditions for corrosion studies, the following points must be
considered: the surface of the container will be in contact with a buffer
material, a 1:1 mixture of silica sand and sodium bentonite (a swelling
clay); the groundwater in contact with the container could approach
saturation with chloride [3]; and gamma radiation will be present during
most of the design life (500 to 1000 years) of the container.

In an attempt to develop a model for corrosion performance that
can be used to predict the container durability over a 500-year period, we
are

(1) studying the fundamental aspects of the most probable corrosion
failure mode; and

(2) measuring corrosion rates under anticipated disposal conditions.

Measured uniform corrosion rates are low, and previous
calculations have shown that very long (~ 104 a) container lifetimes can be
attained even for a wall thickness of ~ 4 mm [4J. Consequently, it is
anticipated that if early failure of titanium containers occurs, it will be
by a localized corrosion process.

Three modes of non-uniform corrosion are known to occur with
titanium: pitting, environmentally assisted cracking, and crevice
corrosion. Pitting has been shown to occur only under conditions more
oxidizing than those anticipated in a disposal environment [5,6J, and is
not expected to be important. Titanium is susceptible to hydride
formation, and this could lead to cracking [7,8]. Our studies of hydriding
under electrochemical conditions indicate that embrittlement can occur only
when titanium is cathodically polarized to potentials unachievable under
vault conditions; i.e., to potentials much more negative than the corrosion
potential. Even under these aggressive conditions Grade-2 titanium did not
crack. Moreover, the results suggest that hydrogen entry into titanium
will be significant only when active conditions are achieved in a
propagating crevice. The hydride cracking of titanium is not discussed
here. Crevice corrosion is considered to be the most likely corrosion
failure mode for titanium [9,10,11], and under conditions similar to those
anticipated in a Canadian waste disposal vault, crevice corrosion has been
observed [12,13,14].
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In this report we will summarize our studies on the crevice
corrosion of Grade-2 titanium. The report includes

(1) a brief discussion of the fundamental principles behind crevice
corrosion;

(2) a description of our experimental approach to the study of such
processes; and

(3) the presentation and discussion of some of the results obtained.

2. FUNDAMENTAL PRINCIPLES OF CORROSION PROCESSES

The aqueous corrosion behaviour of a metal can be classified as
being immune, active or passive. If the environmental conditions are such
that the metal is thermodynamically stable, it is said to be immune to
corrosion. If the stable phase in the system is a dissolved metal ion, the
metal is said to be in the active condition and corrodes. If a stable
solid phase forms a coherent and protective layer on the metal surface,
then the metal is said to be passive, and the rate of corrosion is
dependent on the properties of the passive film. In the passive state, the
film provides a kinetic barrier that protects the underlying metal and
limits the rate of further corrosion. However, localized breaks in this
layer will expose the underlying reactive metal and can lead to rapid
corrosion, particularly if an aggressive local chemistry can be maintained.

As the redox potential, which depends on the nature of both the
solution and the metal surface, changes from reducing to more oxidizing,
the corrosion behaviour changes from immune to active and finally to
passive. This variation in corrosion conditions can be imposed on the
metal electrochemically, by instrumentally varying the potential of a metal
electrode. In addition, the current necessary to maintain the electro-
chemical potential of the electrode can be measured and is proportional to
the rate of the reaction occurring at the electrode surface, i.e., the
corrosion reaction. A polarization curve is a plot of this current as a
function of the applied potential, and reflects the variation in the
corrosion rate with redox conditions.

Titanium is a thermodynamically reactive metal that is unstable
in water as shown in the Pourbaix diagrams of Figure 1. These diagrams
show the stability zones for various solids and soluble species as a
function of redox potential and pH. The solid lines separate the zones of
stability of the various solids, and the dashed lines separate the
stability zones for soluble metal cations. The dot-dashed line shows the
lower limit for the stability of water. At potentials below this line
water will be reduced by titanium to produce hydrogen.

Figure 1A shows that titanium metal is unstable in water over the
entire pH range, and the only stable oxide is TiO2 (rutile). The
thermodynamic driving force for titanium corrosion (e.g., AEe at pH = 2,
Figure 1A) is very large. Fortunately, corrosion is prevented by the oxide
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(TiO2), which is stable even in strongly acidic solutions, and is known to
have excellent protective properties. For these reasons, titanium is known
as a passive metal.

Figure IB shows the stability zones for the various solids and
solution species, assuming the hydrated oxides, Ti(0H)3 and TiO2-H2O, are
formed, as opposed to the more stable Ti2O3 and TiO2. For this case, only
the oxide TiO2-H2O is stable in water and only for pH > 2.* Consequently,
if this oxide were present on titanium, passivation would not be observed
in acid solutions. As we will show later, this lack of passivation has
important implications for the propagation of crevice corrosion of
titanium.

Figure 2 shows a comparison of the thermodynamics and kinetics of
corrosion in terms of the potential-pH (Pourbaix) diagram, and a schematic
anodic polarization curve. If the potential resides in the immune region
of the Pourbaix diagram, no anodic current is observed. The current
increases as the potential crosses the boundary into the corrosion region
of Figure 2A, and decreases again as the boundary between the corrosive and
passive regions is crossed. Only the expected general shape of the anodic
polarization curve can be predicted from the potential-pH diagram. The
actual shape, current values, and the boundaries between immune, active,
and passive states depend on the mechanistic and kinetic details of the
metal corrosion process in the particular environment to which it is
exposed. None of these kinetic parameters can be predicted from the
thermodynamics of the system, summarized in the Pourbaix diagram.

The anodic polarization diagram indicates the practical potential
regions within which corrosion or passivity is to be expected. When we
state that titanium is a passive metal we mean that its corrosion potential
(measured against the appropriate reference electrode) resides in the
passive region (Figure 2B). Whether or not this is the case will be
determined by the properties of the oxide film, especially its stability in
the particular solution to which it is exposed. If the passive film is
ruptured or destroyed in some manner, then the reexposed metal can corrode.
Since passive film breakdown will occur at specific sites, metal
dissolution will be local and very rapid.

The difference between a passive and a locally corroding metal is
shown schematically in Figure 3. The rate of local metal dissolution at a
fault in the film is predicted by the current that would be obtained at
that passive potential if the passivation process had never occurred. This
is given by the extrapolation of the active region of the polarization
curve as shown schematically in Figure 4. Such an extrapolation is
illustrative not quantitative. Obviously the value of this current is very
large, and if the protective film is not reformed, rapid and deep corrosion
penetration can be achieved. From the titanium container point of view,
such local corrosion processes, of which crevice corrosion is the most
likely, could lead to premature failure of the container.

This statement is arbitrary, but appropriate for the present discussion,
since the solid/solution species boundaries are calculated for
concentrations of soluble species of 10~6 mol'L"1
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When the breakdown of a passive film occurs, the corrosion
potential will shift in a negative direction, since metal is reexposed. If
attack of the passive film is extensive and a significant area of metal is
exposed, then the corrosion potential will shift back into the active
region. This process is termed activation or, more correctly, reactiva-
tion, and is characterized by a negative shift in corrosion potential
(EC0RR) as shown in Figure 4. If the corrosion potential were to shift
from the active to the passive region the electrode would be said to have
passivated (Figure 4).

The factors that cause the breakdown of passive films
(initiation) and then allow local corrosion to continue without
repassivation (propagation) are complex and not well understood. Many
theories exist to explain how initiation and propagation of localized
corrosion processes, such as crevice corrosion, occur [15,16]. The
following is a possible sequence of events.

(1) An aggressive anion present in the solution (Cl~ is particularly
aggressive) ion-exchanges with adsorbed water on the outside of
the passive film.

(2) This adsorbed anion exchanges places with oxide ions in the film
lattice.

(3) Because of the polarizability of the anion, metal anions are
pulled outwards through the film and dissolve.

(4) This process continues until the film is penetrated and local
corrosion is initiated. Penetration occurs at faults and weak
spots in the film.

(5) Once film breakdown has occurred, corrosion of the underlying
metal can proceed. This can lead to repassivation by further
oxide film growth. Howevei, if there is a significant change in
local chemical conditions within the fault, local corrosion can
propagate.

(6) Propagation occurs because of a rapid drop in pH in the fault.
This pH drop is caused by hydrolysis of the dissolving metal
cations. If this decrease in pH is sufficiently rapid,
repassivation will be prevented, and local corrosion will
continue. When the local corrosion process is propagating, the
chemistry within the crevice (or pit) is very different from that
in the bulk of the solution.

(7) Continued metal dissolution can be supported by two cathodic
processes: proton reduction within the acidified crevice, or
reduction of some cathodic reagent (generally oxygen) on the
remaining, oxide-covered surface.

(8) Proton reduction within the crevice can lead to the adsorption of
hydrogen into the metal and the subsequent formation of metal
hydrides. This could lead to embrittlement.
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Figure 5 is an attempt to represent schematically some of the
processes involved in the propagation of crevice corrosion. In the case of
crevice corrosion of titanium, the solid precipitated at the mouth of the
crevice [M(OH)2 in Figure 5] is TiO2-2H2O. This film does not protect the
metal under acidic conditions, as shown in Figure IB. However, it does act
as a transport barrier, thereby maintaining the necessary difference in
chemical conditions inside and outside the crevice.

From this brief description, it is clear that any one, or more,
of a number of factors can control the rate of crevice initiation and
propagation. These include the following:

the rate and extent of passive film attack, by aggressive anions
such as Cl" (initiation);

the rate of metal dissolution (anodic reaction);

the pH within the crevice (cathodic reaction);

the transport of Cl" ions into, and protons out of, the
propagating crevice (transport processes);

the precipitation of partially protective films at the mouth of
the crevice (transport processes); and

the rate of the cathodic reaction outside the crevice (cathodic
reaction).

For titanium waste containers, crevices can potentially form
between the container and the surrounding buffer material used to pack the
disposal borehole. This situation is shown schematically in Figure 6.
Crevice initiation will occur at sites at which external oxidants are
exhausted and the local chemistry has become sufficiently acidic to prevent
repassivation. As the crevice propagates, the conditions within the
crevice are maintained different from those outside it. In other words,
the location becomes an occluded region. Under these conditions, the
titanium in the occluded region will act as an anode, the corrosion of
which is driven by cathodic reactions occurring on the unoccluded container
surface.

3. EXPERIMENTAL

Experiments were performed with coupons of ASTM Grade-2 titanium
from two different batches. The chemical compositions of the two
materials, labelled F and C, are given in Table 1. The third column in
Table 1 lists the ASTM specifications for Grade-2 titanium. Both materials
F and C are within these specifications.

An experimental arrangement can be constructed such that a
creviced region anc an uncreviced region are coupled and the corrosion
current and potential measured. The creviced and uncreviced regions must
be of the same material, so that coupling of the two electrodes does not
result in a galvanic potential difference due to the presence of dissimilar
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materials. Such an experimental system is shown in Figure 7. An artifi-
cially creviced titanium electrode is connected to a titanium foil of large
surface area through a zero-resistance ammeter that measures the current (I)
flowing between the two electrodes. The corrosion potential (E) is
measured, relative to a reference electrode, using a voltmeter with a high
input-impedance.

TABLE 1

COMPOSITION OF TITANIUM SHEETS IN vt.%

Fe
Ni
Cr
Mn
Al
Mo
Si
C
0

Material F

0.13
0.012
0.0012
<0.0008
0.056
0.0032
0.09
0.10
0.02

Material C

0.024
<0.003
0.0026
<0.0008
0.048
<0.002
0.11
0.08
0.165

ASTM Grade-2

<0.3
_
_
_
_

_
<0.10
<0.25

At the working electrode (creviced electrode), the anodic
reaction occurs inside the creviced region. At the counter electrode, or
cathode, the reduction of oxygen from the bulk solution occurs. A second
cathodic reaction, the reduction of protons, can occur within the creviced
region. This situation is depicted schematically in Figure 8. The
electrons, released as a consequence of metal oxidation, are consumed by
oxygen reduction at the counter electrode, and are measured as a current
passing through the zero-resistance ammeter. The electrons consumed by
proton reduction in the crevice do not pass through the external circuit
and hence are not measured by the ammeter. Thus the measured current
represents only a portion of the total corrosion. The extent of corrosion
due to proton reduction inside the crevice can be estimated by measuring
weight change.

The creviced electrode is assembled from two titanium plates
(2.5 x 1.3 cm) sandwiching a thin plastic sheet (the crevice former). The
area of exposed metal within the crevice is ~ 6 cm2. A bolt through the
centre of the assembly holds the electrodes together, and a small threaded
hole in one end is used to make the electrical connection. The electrode
is assembled under the solution to be used, to ensure that the crevice is
wet from the start of the experiment. This eliminates any initiation
period for solution transport into the crevice. The cylindrical counter
electrode is a sheet of titanium shim material of ~ 390 cm2 surface area.
The reference electrode is an internal Ag/AgCl (0.1 mol-L"1 KC1) electrode.
This electrode has been shown to be stable over the temperatures and time
scales used [17]. The measured potential can be converted to the standard
hydrogen electrode (SHE) scale by means of the equation,
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E(V vs. SHE) = 0.23755 -(5.3783 x 10"4T)

-(2.3728 x 10-6T2) - 1.984 x 10"4 (T+273)log10(0.ly) (1)

where T is the temperature in °C and y is the mean molal activity
coefficient for KCl (y = 0.72 for 0.1 molal KC1, estimated at 150°C [17]).
All potentials in this report are quoted against the standard hydrogen
electrode at the experimental temperature, unless otherwise stated.

A pressure vessel containing a polymer lining was used for the
experiments (Figure 9). Pressure seals were used to feed the wire
connectors for the various electrodes through the pressure vessel lid.
Experiments were performed at 100 and 150°C with a sufficient overpressure
of inert gas to suppress boiling.

Experiments in the presence of a gamma radiation field were
performed in a small lead-shielded castle (Figure 10). The irradiation
source is 7.4 TBq [200 Ci (maximum)) of iridium-192, which provides a dose
rate of ~ 5 mGys"1 (2 x 104 rad-h"1). Further details are given in
Reference 18.

To determine both uniform and crevice corrosion rates under
simulated disposal conditions, a series of longer-term immersion tests are
being performed in either glass vials or pressure vessels placed in large,
cylindrical canisters constructed with thick concrete walls (to provide a
radiation shield), and fitted with a heater element (to provide temperature
control). Three distinct series of canister experiments are being
performed, as described below.

The first series of immersion tests were started in a canister
designated C-10, and ran from 1981 May to 1985 July, with one interim
examination during September and October of 1982. The corrosion samples
were exposed to various environments either in glass vials inside pressure
vessels, or in pressure vessels only. One set of samples was in the form
of metal tubes containing used CANDU®*elements. These tubes were arranged
so that the bottom section was immersed in a buffer slurry, the central
section in solution, and the top section in the gas phase above the
solution. A second set of samples was immersed in a buffer slurry, and a
third set was immersed in either a solution or a slurry of buffer material.
The tests were run at 100°C in either a granitic groundwater, WN-1, or a
saline groundwater, standard Canadian Shield saline solution (SCSSS). The
composition of WN-1 is given in Reference 19, and that of SCSSS in Table 2.
The buffer material used was Avonlea sodium bentonite and the sand was a 40-
to 60-mesh, pure silica sand. These tests are described in more detail in
Reference 19.

In the second series of canister experiments (designated passive,
since no electrochemical control or monitoring of the samples is
attempted), corrosion coupons are placed in titanium pressure vessels
fitted with a gas port to monitor the gas pressure and to allow sampling of
the gas phase. Some metal coupons are immersed in SCSSS [20]. Other
coupons are embedded in buffer material compacted to a dry density of
~ 1.5 Mg-nr3. In these latter experiments, the buffer material is

*CANada Deuterium Uranium. Registered in the U.S. Patent and Trademark
Office.
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compacted into polysulfone* pots with a carborundum frit at one end to
allow the transport of solution into the buffer material (Figure 11). The
pots are placed in the pressure vessels and submerged in ~ 250 cm3 of
solution. Six of these pressure vessels are placed in the large concrete
canister and arranged around a used CANDU®fuel bundle placed in the centre
of the canister to provide a radiation source similar in strength to that
expected in an actual disposal vault. The arrangement is shown in Figure
12. The positioning of only one pressure vessel is shown for clarity.

TABLE 2

CALCULATED TARGET CONCENTRATIONS IN SYNTHETIC SCSSS GROUNDWATER [20]

Ion

Na
K
Mg
Ca
Sr
Si
HCO3"|"
Cl
so4
N03

pH

mg

5

15

34

7.0

•L"1

050
50

200
000
20
15
10

260
790
50

±0.5

mol

2.2
1.3
8.2
3.7
2.3
5.4
1.6
9.7
8.2
8.1

•

X
X
X

X
X
X
X
X

X
X

L"1

io-1

io-3
io-3
10"1

10"4

10-4

io-<
10"1

lO"3

10"4

"|" actual concentration will depend on pH

The third series of tests are being performed in a canister de-
signed for electrochemical experiments of one to five months duration under
simulated disposal conditions. The electrochemical cells are constructed
within titanium pressure vessels and equipped with both an external and an
internal reference electrode. A series of cells is arranged around a used
fuel bundle in a similar manner to that described above. The arrangement
is shown in Figure 13. The experiments in this canister are termed
"interactive" since electrochemical control and monitoring of the corrosion
process is attempted.

A variety of different coupons were used to obtain corrosion
rates for various corrosion processes [21]: planar coupons to measure
uniform corrosion rates; single U-bend coupons to measure the
susceptibility to stress corrosion cracking; artificially creviced samples
to obtain crevice corrosion rates; and creviced U-bend coupons to determine
the interactions between crevice corrosion and environmentally assisted
cracking processes.

Polysulfone is a radiation resistant plastic
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4. RESULTS AND DISCUSSION

4.1 RESULTS OF GALVANIC EXPERIMENTS IN THE ABSENCE OF GAMMA RADIATION

Figure 14 shows typical results obtained for a galvanically
coupled experiment (as shown in Figure 7), for artificially creviced ASTM
Grade-2 titanium in aerated 1.6 wt.% NaCl at 150°C. The corrosion
potential decreases to more negative values over the first 12 hours and
then remains nearly constant at a potential just under -0.3 V. This
behaviour is expected for the activation of an initially passive electrode.
As the potential decreases the coupled current rises and passes through a
maximum at a potential of ~ -0.3 V. As the potential slowly decreases
below -0.3 V the coupled current decreases continuously.

During the initial stages, when the current is increasing, the
overall corrosion process is under anodic control, i.e., controlled by the
rate of the anodic reaction, the metal dissolution process. This is
demonstrated by applying a constant potential to the artificially creviced
electrode (Figure 15). The measured current is observed to increase with
time, and no current decrease is observed as with the galvanically coupled
system.

When the reaction is anodically controlled, the cathodic reaction
proceeds under nearly ideally polarized conditions, and the potential of
the overall system is determined by the current drawn by the anodic
reaction. If we assume anodic control, we can calculate the expected
potential-time behaviour from the observed galvanic (coupled) current and
an independently measured polarization curve for oxygen reduction. The
predicted behaviour is shown as the dotted line, A, in Figure 14.
Agreement between calculated (line A) and observed values is good for the
early time period. The divergence for the later time period indicates
that, except for the first few hours, the corrosion reaction is not under
anodic control.

The decrease in galvanic current observed at later times has been
attributed to depletion of oxygen at the cathode, and hence a switch of the
rate-controlling step to the cathodic reaction. This switch in rate-
controlling reaction with time is illustrated in Figure 16. Once the
current has fallen to a low value, the addition of further oxygen causes a
current surge, and a shift in potential to more positive values (Figure 17).
Subsequently, as the oxygen is again depleted, the galvanic current falls
and the potential returns to its value prior to oxygen addition. This
reversibility during oxygen addition/depletion cycles provides good
evidence that an irreversible process, such as passivation, has not
occurred. We conclude that the crevice is not passivated. It can be
considered as active but starved of oxygen.

The peak in the coupled current (Figure 14) occurred at
-0.30 ± 0.05 V in all experiments. Potentiostatic experiments (Figure 18)
show that, below this initial value of potential, the current eventually
decreases to a low value, whereas for potentials anodic to -0.3 V, the
current is maintained or increases. We conclude that, for potentials
< -0.3 V, the crevice propagation cannot be maintained because of
decreasing oxygen concentration.
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These results show that the external (i.e., outside the crevice)
oxygen concentration is crucial to the propagation of the crevice corrosion
process. This is illustrated in Figures 19A and B. The "short-circuit"
reaction within the crevice involves the dissolution of titanium metal as
Ti4+ (reaction 1, Figure 19A), the subsequent hydrolysis of these metal
ions leading to the precipitation of TiO2*2H2O at the mouth of the crevice
(reaction 3), and the production of protons within the crevice (reaction 2).
The reaction circle is completed by proton reduction (reaction 4). There
is no net production or consumption of protons in this reaction. However,
transport of protons out of the crevice (reaction 5) will disturb the
proton balance and cause an increase in pH within the crevice. Consequently
if this is the only reaction sequence sustaining crevice corrosion, then
the process should eventually terminate because of the rise in pH within
the crevice.

However, as shown in Figure 19B, the simultaneous support of
titanium dissolution by oxygen reduction outside the crevice (in our case,
on the large councer electrode) leads to the "overproduction" of protons
within the crevice. Consequently, it is the oxygen reduction reaction that
maintains the acidic conditions and drives the crevice corrosion process.
The rate of propagation will be determined by the relative rates of proton
production (reaction 2) and proton transport out of the crevice (reaction
5). The decrease in galvanic current at long reaction times (Figure 14)
can be attributed to rate control by either reaction (5) or reaction (6).
As oxygen is depleted, the rate of proton production will decrease and the
pH within the crevice will increase as protons are transported out of the
crevice. The extent and rate of propagation of the crevice is controlled
by the supply of oxidant external to the crevice and by the geometry of the
crevice, which in turn controls the proton transport rate.

In electrochemical terms, we can explain the behaviour by
reference to the diagrams in Figure 20. Figure 20B shows various points on
the galvanic current and potential curves, and Figure 20A shows a series of
schematic Evans diagrams for titanium dissolution coupled to uxygen
reduction. The anodic branch of the Evans diagrams (solid lines) is shown
as a function of pH, and the cathodic branch (dashed lines) is shown as a
function of the oxygen concentration.

The galvanic current will be given by the intersection of the
appropriate anodic and cathodic curves in the Evans diagram. Thus, for
times close to zero (points A, Figure 20) the current will be small and the
potential positive. This situation corresponds to the conditions within
the crevice immediately before initiation, when the titanium is effectively
oxide-covered (i.e. passive). As the crevice potential decreases and the
galvanic current increases (points A to B, Figure 20B) under anodic
control, the oxygen concentration remains effectively unchanged and the pH
within the crevice decreases. Consequently, the galvanic current increases
as it moves through the array of anodic curves on the Evans diagram (points
A to B, Figure 20A). This behaviour corresponds to an increase in area of
exposed metal within the crevice, and a depolarization of the anodic metal
dissolution reaction.

Vhen a substantial area of metal is exposed, the corrosion
potential moves through the passive to active transition (points B to C,
Figure 20A), and the reaction switches from anodic control to control by
either (i) the rate of cathodic reduction of oxygen, or (ii) the rate of
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proton transport out of the crevice. The galvanic current then decreases
as it moves through various cathodic curves (oxygen depletion) and anodic
curves (proton transport) (points C to D, Figure 20A). The current is now
in the active region, and as observed in Figure 18, small changes in
potential result in large changes in current. By points D, the crevice
propagation rate is slow because of a lack of oxygen to maintain the acidic
pH required for extensive crevice corrosion.

The increase in corrosion potential and galvanic current observed
when oxygen is added (Figure 17) can be readily explained by examination of
Figure 20A. As the oxygen concentration is increased, the crevice pH will
decrease, and the galvanic current will increase by tracking across the
various anodic and cathodic curves along the track D to C.

4.2 EFFECT OF GAMMA IRRADIATION

Gamma radiation, from the decay of the contained nuclear fuel
waste, will be present during the lifetime of the container. The direct
effect of this radiation on the metal is likely to be small. However,
radiolysis of the groundwater will lead to an increase in concentration of
oxidizing species such as OH-, H2O2 and 02*. In the light of the above
discussion, this increase could lead to an increase in the corrosion rate
of the titanium. To investigate this possibility, experiments were
performed at 150°C in the presence of gamma radiation fields in the range
of 1 to 200 Gyh" 1.

Galvanic experiments with creviced Grade-2 specimens similar to
those described in Section 4.1., but in the presence of a gamma radiation
field of ~ 100 Gyh-1, show that if the radiation fields are present from
the start of the experiment, the coupled current exhibits a sharp maximum
(curve a, Figure 21), and the corrosion potential rapidly decreases to
values < -300 mV (curve a, Figure 22). The crevice initiation and
deactivation occurs more quickly in the presence of radiation. Weight
change measurements and visual examination of the creviced samples confirm
that corrosion occurred, but was less extensive than in the absence of
radiation.

If the radiation field is not introduced until after the current
maximum, the corrosion potential shifts negatively by only a few tens of
millivolts (Figure 22, curve b), but the galvanic current decreases by a
few hundred microamps (Figure 21, curve b). Once the potential is
< -300 mV (i.e. the crevice has gone to the active, but starved state),
switching the radiation field on or off has no detectable impact on either
the current or the potential.

Potentiostatic experiments show that the presence of a gamma
radiation field has no observable effect on the anodic kinetics of the
crevice corrosion process. This observation suggests that the major
influence is on the cathodic reaction. Confirmation of these observations
is required before mechanistic speculations are warranted.

There will, of course, be a corresponding increase in the concentration
of reducing species, H*, e~q and H2.
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A crevice corrosion experiment was also performed at 100°C in a
radiation field of 4.5 Gyh"1. Unfortunately, the oxygen content of the
pressure vessel within which the experiment was performed was not
accurately known, although it was initially charged with air at ambient
pressure. The radiation field was present from the beginning of the
experiment, and initiation of the crevice was observed, with the corrosion
potential falling below -300 mV (Figure 23). The galvanic current was
small and noisy and is not shown. Figure 23 shows that after approximately
two weeks the potential shifts in a positive direction, and achieves a
value of ~ +400 mV after 12 weeks. This indicates that passivation of the
crevice has occurred. The corrosion rate, obtained from the weight change
and averaged over the three-month exposure period, is ~ 10 urn-a"1. This is
lower than the rates measured in the absence of a radiation field over
shorter exposure periods. It is possible that the passivation observed at
100°C may not be induced by radiation. Further experiments, including
control experiments in the absence of radiation, are planned.

4.3 EFFECT OF ALLOYING CONSTITUENTS

Crevice corrosion experiments were performed with coupons of ASTM
Grade-2 titanium cut from two different batches. A comparison of their
behaviour under galvanically coupled conditions is shown in Figure 24. The
sample labelled C in Figure 24 was from the same batch of Grade-2 titanium
used for the experiments described in Sections 4.1 and 4.2, and shows very
similar behaviour. The sample labelled F, from a different batch, shows
distinctly different behaviour. The potential for this crevice initially
moves in a positive direction and the galvanic current is zero. After
~ 5 h the potential falls to ~ -50 mV and a galvanic current is observed,
showing that crevice corrosion did initiate. However, the potential again
shifts in a positive direction, and after hovering around ~ 0 mV (up to
~ 30 h), eventually moves further positive, achieving a value of > +200 mV
after 50 h. The galvanic current stabilizes at around 800 uA while the
potential is ~ 0 mV, and then decreases to zero as the potential becomes
more positive. This behaviour suggests that the crevice passivates for
times > 30 h.

Both visual examination and weight loss measurements confirm that
much less corrosion occurs on material F than on material C. This
difference in corrosion behaviour for the two materials can be seen in
Figure 25, which shows the two sections of a creviced electrode where the
left plate was manufactured from material F and the right plate from
material C.

The difference in behaviour of creviced electrodes formed from
the two materials is further demonstrated under potentiostatic conditions.
At a potential where material C shows rapid crevice corrosion, material F
also yields an initially increasing current, showing that crevice
initiation occurs (Figure 26). However the rapid current decay, for time
> 2 h, indicates an eventual passivation process. When the potential
applied to the creviced electrode of material F is increased, rapid
corrosion is observed for potentials > +200 mV. When the potential applied
to material F is decreased, in a stepwise fashion from +200 mV, a current
decrease is obtained only when the applied potential is below -300 mV
(Figure 27). This value is very similar to the critical potential for
crevice propagation for material C (see Section 4.1). From these results,
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we conclude that if crevice corrosion is initiated and propagation (as
opposed to passivation) occurs, then material F behaves in a similar manner
to material C.

Both materials meet the ASTM specifications as shown in Table 1.
However, material F has a greater iron content than material C.
Metallographic examination (Figure 28) shows that material F possesses a
much smaller grain size than material C. The grains in F are also
elongated. This elongation may be due to the mode of fabrication, which
might have involved more extensive cold-rolling to obtain the smaller plate
thickness (0.25 inches (nominal) for F compared to 0.5 inches for C). More
extensive examination of the two materials, using transmission electron
microscopy (TEM), showed a larger 0-phase content for F than for C. Energy
dispersive X-ray analysis showed that the P-phase is iron-rich, containing
up to 15 vt.% iron.

Figure 29 shows a section of the titanium-iron phase diagram for
iron contents < 0.08 at% (0.093 vt.%) [22]. In the temperature range
commonly used for processing titanium, 800 to 900°C, iron is soluble in
a-titanium at concentrations up to 0.05 at% (0.06 vt.%) (Figure 29). At
higher iron concentrations, a |5-phase FeTi intermetallic is precipitated.
This would explain why material F, which contains > 0.1 at£ (0.12 vt.%) Fe,
contains 0-phase iron-rich precipitates. Figure 28 shows that these
precipitates form along grain boundaries.

4.4 EFFECT OF TEMPERATURE AND OXYGEN

A limited number of experiments were performed as a function of
temperature. Figure 30 shows corrosion potentials measured on planar and
creviced samples of material C in 0.27 mcl-Lr1 NaCl at 95 and 150°C [14J.
At 150°C, the corrosion potential of the creviced sample falls to < -300 mV
(i.e., crevice corrosion initiates) in - 5 hours. At 95°C, crevice
initiation appears to occur after ~ 20 hours. However, low currents and
small weight changes indicate a very slow crevice corrosion process. There
is one literature report claiming that initiation can be observed at
temperatures as low as 40°C [13].

The effect of adding oxygen to a deactivated crevice was
described in Section 4.1 (see Figure 17). When our solutions are deaerated
from the beginning of the experiment, very little crevice corrosion is
observed. The coupled potential is negative (Figure 31), reflecting the
lack, of oxygen in the system. The galvanic current is very low (Figure 31), as
expected when little corrosion is occurring.

4.5 LONG-TERM IMMERSION TESTS

Crevice corrosion rates measured after various immersion tests
are given in Table 3. These rates were measured on artificially creviced
coupons of material C; i.e., the material most susceptible to crevice
propagation. The values quoted as averages are mean values with standard
deviations. It is apparent from Table 3 that the crevice corrosion rates
decrease with exposure time and in the presence oi a gamma radiation field.

Planar coupons embedded in compacted buffer did not suffer
extensive corrosion, suggesting that the buffer material did not form
occluded regions leading to crevice corrosion, as suggested by the
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schematic of Figure 6. However such a possibility cannot be ruled out
since the samples used in these studies were small, and hence the large-
surface-area cathode required to drive the crevice reaction was not
present. Also, the buffer material was not compacted to the high density
proposed for disposal conditions.

TABLE 3

CREVICE CORROSION DATA FOR GRADE-2 TITANIUM AT 100 ±5°C

USING ARTIFICIALLY CREVICED COUPONS. THE RADIATION

DOSE RATE FOR IRRADIATED COUPONS WAS 4.2 ±0.2 Gyh' 1

Sample
Number

158a
158b
158
159a
159b
159
average

71a
72a
71-72a
73a
74a
73-74a
average

71b
72b
71-72b
73b
74b
73-74b
average

Conditions

unirradiated
0.5 wt.2
NaCl

irradiated
5.9 vt.%
NaCl

irradiated
5.9 wt.Z
NaCl

Time
(h)

857

864

2304

Crevice Corrosion Rate
(g-nr^-a"1)

1000
270
1200
340
1100
910

98
300
230
130
120
180

26
31
47
30
71
74

(ym-a"1)

220
60
250
75
260
200

180 ±90*

22
67
52
28
16
41

38 ±19*

5.7
6.7
11
6.6
16
17

10 ±5*

* average + standard deviation

5. CONCLUSIONS

Using a galvanic coupling technique we have determined the
mechanism of crevice corrosion of Grade-2 titanium under conditions
simulating those anticipated in a waste vault. Initially, the reaction is
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under anodic control, since the rate is controlled by the limited area of
depassivated metal within the artificially creviced area. Eventually, the
crevice corrosion process becomes controlled cathodically as the oxygen
concentration in the autoclave is depleted.

The presence of gamma radiation appears to decrease the rate of
crevice corrosion. This is apparent from the results of both electro-
chemical experiments and longer-term immersion tests. There is some
evidence to suggest that radiation drives the repassivation of the crevice.
This may be due to the radiolytic production of oxidizing species within
the crevice itself. Until further evidence is available this conclusion is
tentative.

The extent of crevice propagation appears to be related to the
concentration of iron in the Grade-2 titanium. Thus a Grade-2 material
with a low iron content (~ 0.02 wt.%) crevice-corroded until the oxygen was
depleted, whereas a material with a higher iron content (0.13 wt.%)
repassivated before the oxygen was depleted. Thus the extent of crevice
corrosion is much lower for the material containing the higher iron
concentration. The presence of the iron stabilizes the 3-phase of titanium
within the predominantly a-phase titanium. Whether it is the presence of
iron or its ability to force P-phase formation that drives the material to
repassivate is at present unknown.

A decrease in temperature from 150 to 95'C decreases the amount
of crevice corrosion and delays its initiation. Although, at present, our
evidence is limited, it suggests that as the temperature decreases below
100°C, the initiation of crevice corrosion will become increasingly
difficult.

The rate of crevice corrosion is also determined by the oxygen
concentration, decreasing as the oxygen concentration decreases. Hence,
under vault conditions, the crevice corrosion rate would be expected to
decrease as the vault becomes reducing.

Our long-term immersion tests indicate that the initiation of
crevice corrosion under disposal vault conditions will be difficult. We
found no evidence for crevice corrosion on titanium samples in compacted
buffer, suggesting that the buffer material does not form occluded regions
on titanium. However, it remains to be proven whether such regions leading
to crevice initiation can form in the presence of more highly compacted
buffer. The crevice corrosion rates measured with metal/metal crevices
were very low, and even in this case there is doubt whether crevice
corrosion did in fact initiate.

The program of studies described in this report is continuing.
In particular, we have extended our electrochemical studies to cover a
wider range of chloride concentrations, temperatures and material
compositions. We are also undertaking a similar range of studies on
Grade-12 titanium (containing 0.3 wt.% Mo and 0.8 vt.% Ni). Our immersion
test program has also L-een expanded to include both Grade-2 and Grade-12
titanium exposed to a wider range of chloride concentrations and
temperatures.
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FIGURE 1: (A) Partial Potential-pH (Pourbaix) Diagram for the Titanium/
H20 System Constructed for the Stable Oxide Phases [23]

(B) Partial Potential-pH Diagram Constructed for the Metastable
Hydroxides and Hydrated Oxides [23]
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FIGURE 2: Schematic Comparison of the Thermodynamics and Kinetics of Corrosion
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FIGURE 3: Schematic Showing the Difference Between a Passive (A) and
Locally Corroding (B) Metal
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FIGURE 5: Schematic Representation of the Processes Occurring (or Which
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Crevice Site) on a Titanium Waste Container
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FIGURE 7: Schematic of the Experimental Arrangement Used to Study the Crevice Corrosion of Titanium Samples
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FIGURE 8: Schematic of the Experimental Arrangement Used to Study Crevice Corrosion, Showing Both the
Cathodic Reactions, Proton Reduction Inside and Oxygen Reduction Outside the Crevice, that Support
the Metal Dissolution Inside the Crevice
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FIGURE 9: Pressure Vessel Arrangement Used at Temperatures > 100°C

1. Titanium Rods for Electrical Contact Going Through Conax

Pressure Seals
2. Titanium Pressure Vessel and Connectors
3. Liner
4. Counter Electrode
5. Creviced Working Electrode
6. Ag/AgCl (0.1 mol-L"1 KC1) Reference Electrode
7. Silver Wire
8. Thermocouple Well
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FIGURE 10: Lead-Shielded Castle Used for Crevice Corrosion Experiments in
the Presence of Gamma Irradiation
(A) Radiography Camera Housing
(B) Irradiation Area
(C) External Reference Electrode Partially Shielded

Compartment
Dimensions are in mm.



FIGURE 11: Schematic of Polysulfone Pot used in Canister Experiments
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FIGURE 12: Schematic of the Passive Canister Arrangement. Dimensions are inmm.
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FIGURE 13: Schematic of the Interactive Canister Arrangement
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FIGURE 14: Galvanic Potential and Currents for Crevice Corrosion of Titanium in 0.27 mol-L"1 NaCl at 150°C.
Line A shows the theoretical potential calculated assuming the anodic reaction controls the rate
of the crevice reaction (see text).
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FIGURE 15: Potentiostatic Currents for a Creviced Titanium Electrode in
0.27 mol-L"1 NaCl at 150°C
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FIGURE 18: The Effect of Applied Potential on the Active Crevice Corrosion of an Artificially Creviced
Titanium Electrode in 1.0 mol-L"1 NaCl at 150°C. The crevice was activated by potentiostating
the sample at -0.240 V vs. SHE.
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FIGURE 19: Schematic Showing Possible Reaction Schemes for Propagating
Crevice Corrosion Under
(A) Oxygen-Starved Conditions
(B) Oxidizing Conditions.
Numbers in brackets refer to reaction numbers in the text.
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FIGURE 20: Schematic Diagrams for Corrosion of Titanium
(A) A Series of Evans Diagrams for Titanium Dissolution at

Different pH's (solid lines) and for Oxygen Reduction at
Different Oxygen Concentrations (dotted lines)

(B) Schematic of the Experimental Galvanic Current and
Potential from Figure 20A. The labelled dots correspond to
the dots in Figure 20A.
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FIGURE 21: Effect of Gamma Radiation on the Coupled Current for an Artificially Creviced Grade-2 Titanium
Electrode in 1.0 mol-L"1 NaCl at 150°C, Dose Rate ~ 100 Gyh" 1.
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FIGURE 22: Effect of Gamma Radiation on the Coupled Potential for an Artificially Creviced Grade-2 Titanium
Electrode in 1.0 mol-ir1 NaCl at 150°C, Dose Rate ~ 100 Gyh" 1.
Curve a, gamma radiation present from the start of the experiment
Curve b, gamma radiation added or removed at times indicated by the arrows.
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FIGURE 23: Effect of Gamma Radiation on the Coupled Potential of an Artificially Creviced Grade-2 Titanium
Electrode in 1.0 mol-L"1 NaCl at 100°C, Dose Rate - 4.5 Gyh" 1
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FIGURE 24: A Comparison of the Electrochemical Response for 2 Types of
Artificially Creviced Grade-2 Titanium Electrode in
0.27 mol-L-1 NaCl at 150°C
A Coupled Potential; Material F
o Coupled Potential; Material C
A Coupled Current; Material F
• Coupled Current; Material C



FIGURE 25: Photograph of Creviced Sections; Material F is on the Left and Material C on the Right
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FIGURE 26: Potentiostatic Currents for Artificially Creviced Grade-2
Titanium Immersed in 0.27 mol-L"1 NaCl at 150°C
o Material C, Applied Potential = - 0.20 V (vs. SHE)
• Material F, Applied Potential = - 0.15 V (vs. SHE)
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FIGURE 27: Potentiostatic Currents for an Artificially Creviced Grade-2
Titanium Coupon of Material F, Immersed in 1.0 mol'L"1 NaCl at
150°C. Electrode was activated at + 200 mV vs. SHE, then the
applied potential was decreased stepwise. The numbers on the
curves are the applied potentials. Also shown for comparison is
the curve for a creviced material C.
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FIGURE 28 :
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Kicrostructures of the Two Types of Grade-2 Titanium Used in this Study
(a) Material F Showing Elongated Grains, g-Phase Stringers (dark lines) and Some Precipitates

along Grain Boundaries
(b) Material C Showing Larger, Equiaxed Grains with Little |3-Phase
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FIGURE 29: Phase Diagram for Fe-Ti System at Low Iron Contents (taken from
Ref. 22)
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FIGURE 30: Corrosion Potentials for Planar and Artificially Creviced Grade-2 Titanium Electrodes at 95 and
150°C in Aerated 0.27 mol-L"1 NaCl
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FIGURE 31: The Galvanic Currents and Potentials for Artificially Creviced
Grade-2 Titanium (Material C) at 150°C in Deaerated
0.27 mol-L"1 NaCl
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