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TITANIUM UNDER CANADIAN NUCLEAR WASTE VAULT CONDITIONS

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

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba, Canada

In this presentation, I intend to present our results on the corrosion of
titanium Grades-2 and -12 under Canadian nuclear waste vault conditions.
As you are well aware from the preceding presentations by Molecke and
Sorensen, titanium is a passive metal protected from corrosion by a thin
surface oxide film. If this film remains intact, corrosion is expected to
be uniform and to occur at very low rates. If the passive film is broken,
then titanium becomes susceptible to localized corrosion processes, of
which the most likely are crevice corrosion and hydrogen embrittlement. If
a process such as crevice corrosion does occur, the rate is expected to be
much higher than the uniform corrosion rale. Since measured pitting
potentials for titanium are inevitably very high (R.W. Schutz and D.E.
Thomas, in Metals Handbook, Ninth Edition, Vol. 13, Corrosion; ASM
International, Metals Park, Ohio (198?) p. 669), pitting is a highly
unlikely localized corrosion process ai;d we have spent little time studying
it.

Since localized corrosion processes are likely to be the fastest possible
failure modes for titanium containers, we have been studying predominantly
the crevice corrosion and hydrogen embrittlement of titanium Crades-2 and
-12 under the saline conditions anticipated in a Canadian nuclear waste
vault. The objectives of our experimental program are:

(i) The development of a good mechanistic understanding of the
processes of crevice corrosion and hydrogen embrittlement.

(ii) The development of experimental criteria to determine the
conditions under which titanium is susceptible to crevice
corrosion and/or hydrogen embrittlement.

(iii) The measurement of a sufficiently large catalogue of long-term
corrosion rates to justify our mechanistic conclusions.

Bearing these objectives in mind, our experimental approach can be broken
down into three categories:

(a) Short-term electrochemical experiments lasting from a few hours
to a few weeks. The purpose of these experiments is: (i) to
determine corrosion mechanisms; (ii) to determine the
susceptibility of titanium to crevice corrosion under a variety
of conditions; (iii) to determine the extent of hydrogen uptake
under controlled conditions.
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(b) Medium-term corrosion tests lasting from a few weeks to a few
months. These tests are intended to add justification to the
corrosion mechanisms indicated in short-term experiments, and to
enable us to study the impact of parameters such as radiation
fields.

(c) Long-term immersion tests lasting from a few months to a few
years. These tests will provide rates for uniform corrosion,
crevice corrosion, and hydrogen pick-up.

CREVICE CORROSION

Mechanism

Since initiation events for processes such as crevice corrosion are
commonly unpredictable, any experimental approach based on the study of
initiation is probably doomed to failure from the beginning. Consequently,
we have arranged our experiment to force initiation to occur, thereby
allowing us to study the much more predictable propagation step. This is,
of course, a conservative approach.

We are using an electrochemical technique to study the crevice corrosion of
titanium. The cell assembly used is shown schematically in Figure 1. Two
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FIGURE 1: Schematic Showing the Experimental Arrangement Used to Measure
the Coupled Current and Potential During a Crevice Corrosion
Experiment

artificial crevices were formed by bolting together two pieces of titanium
separated by a Teflon spacer. The assembly was put together under solution
to ensure that the creviced surfaces (Ti/Teflon) were wet from the
beginning of the experiment. This assembly was then connected through a
potentiostat, used as a zero resistance ammeter, to a titanium cathode of
very large surface area. This arrangement satisfied the requirement of a
small anode area coupled to a large cathode area in order to sustain



- 47 -

localized corrosion. Since both the creviced electrode and the cathode
were made out of the same material, there was no galvanic driving force
present. The arrangement simply guaranteed the separation in chemical
conditions required to drive the crevice reaction. The coupled current was
measured using the zero-resistance ammeter, and the crevice potential was
simultaneously monitored using a Ag/AgCl(0.1 mol'L" KC1) reference
electrode and a high input-impedance voltmeter. The electrode assembly was
placed inside a Teflon-lined titanium autoclave, as described previously
(P. McKay and D.B. Mitton, Corrosion, 41(1), 52 (1985)).

Figure 2 compares the coupled currents observed for two different samples
of Grade-2 titanium (Ti-2) in aerated 0.27 mol'L"1 NaCl at 150°C as a
function of exposure time. In both cases, current flowed through the
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FIGURE 2: The Coupled Current for Artificially Creviced Grade-2 Titanium in
Aerated 0.27 mol'L"1 NaCl at 150°C. The scatter represents
results from several experiments: x Ti(0.13 wt.%Fe) four
experiments; + Ti(0.02 wt.%Fe) six experiments

external circuit, indicating that crevice corrosion occurred on both
materials. However, for a Ti-2 sample containing 0.02 wt.% Fe
(Ti(0.02 wt.% Fe)) the currents were much larger than for the Ti-2 sample
containing 0.13 wt.% Fe (Ti(0.13 wt.% Fe)). For both samples the currents
eventually fell to zero. The envelopes plotted show the range of values
obtained from a series of replicated experiments. The micrographs of
Figure 3, taken on cross sections of the creviced electrodes confirm that
the extent of crevice corrosion is much greater on the sample containing
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FIGURE 3: Micrographs of Cross Sections of Crevice-Corroded Grade-2
Titanium Specimens Showing the Different Extents of Corrosion for
the Low-Iron-Containing Material and the High-Iron-Containing
Material. The specimens were exposed to 0.6 mol«L" NaCl for 3 d
at 150°C.
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FIGURE 4: The Coupled Potential for Artificially Creviced Grade-2 Titanium
in Aerated 0.27 mol'L"1 NaCl at 150°C: x Ti(0.02 vt.ZFe) seven
experiments;* Ti(0.13 wt.%Fe) six experiments.
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only 0.02 wt.% iron. For Ti(0.13 wt.% Fe) only minor attack of the
titanium surface was observed, whereas for Ti(0.02 vt.% Fe) a substantial
layer of oxide was observed on the titanium surface.

Figure 4 compares the creviced potentials for the experiments of Figure 2.
Distinctly different behavior was observed for the two samples. For
Ti(0.02 vt.Z Fe) the potential fell to more negative values, indicating an
activation process, i.e., the removal of oxide from the titanium surface
within the crevice, yielding an active bare metal surface. For
Ti(0.13 wt.% Fe) the crevice potential initially moved in a negative
direction (not apparent in Figure 4 because of the condensed time scale),
indicating an initial activation (i.e., crevice initiation). However,
after a few hours the potential shifted to positive values. This shift to
positive values coincided with the fall in the coupled current, Figure 2,
indicating that the crevice had repassivated.

This difference in behavior between the two samples can be explained using
the schematics of the crevice process given in Figures 5, 6 and 7.
Initiation of the crevice corrosion process occurs when oxygen is depleted
within the crevice. When this depletion occurs, the oxide film within the
crevice is removed in the chloride solution and an occluded cell is
established with an active anode within the crevice supported by the
cathodic reaction occurring on the coupled titanium cathode. The reduction
of dissolved oxygen from the bulk of the solution on the titanium cathode
supports the active dissolution of titanium within the crevice, as shown in
Figure 5. Hydrolysis of dissolved metal cations within the crevice leads
to the formation of a tight deposit of hydrated titanium oxide (TiO2»2H2O)

Inside 2T14*
k

2H2O 4OFT

FIGURE 5: Schematic Showing the Various Reactions that Occur Within an
Active Crevice. Note the coupling to an external oxygen
reduction reaction as well as an internal hydrogen evolution
reaction.



- 50 -

and the production of protoiis. This drives the pH down within the crevice,
leading to proton reduction and further metal dissolution (see Figure 5).
The "overproduction" of protons within the crevice (indicated by the 4H in
the middle of the circle) and the slow transport losses of protons from the
crevice maintain acidic conditions in the occluded cell (creviced) region.
Hence, crevice corrosion is supported by two cathodic processes:

(i) oxygen reduction on the large cathode;

(ii) proton reduction within the crevice.

This last reaction is a short-circuited corrosion reaction which does not
yield a measurable current (i.e., the current does not flow through the
zero-resistance ammeter). The coupled current, Figure 2, is only a measure
of the crevice corrosion supported by the oxygen reduction process. A
point worth noting is that proton reduction within the crevice would be
expected to lead to hydrogen absorption by the active titanium, as
indicated in Figure 5.

When the supply of oxidant within the solution is exhausted, crevice
propagation ceases and the coupled current falls to zero, as observed for
Ti(0.02 wt.f Fe) in Figure 2. Under these conditions proton production
inside the crevice achieves a balance, as shown schematically in Figure 6.
Eventually, the pH within the crevice will rise because of the loss of
protons by transport out of the crevice and propagation will cease.

Inside
crevice

FIGURE 6: Schematic Showing the Various Reactions that Occur Within an
Active Crevice after All the External Oxidant Has Been Consumed

The crevice can be said to remain active, but is starved of the oxygen
required to propagate crevice corrosion. Propagation can be restarted by
adding more oxygen to the autoclave, as shown in Figure 8. The addition of
oxygen led to a surge in the coupled current and an increase in crevice
potential as active metal dissolution was accelerated. Both the current
and potential decreased again as the additional oxygen was used up. From
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FIGURE 7: Schematic Showing the Various Reactions that Occur Within a
Crevice which Can Repassivate Because of the Presence of Some
/J-Phase Component or TiFe Intermetallics
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FIGURE 8: The Effect of Oxygen Addition on the Coupled Current and
Potential of an Artificially Creviced Ti(0.02 wt. ZFe) Electrode
in Aerated 0.27 mol'L'1 NaCl at 150°C

these results we conclude that, for an active crevice, the extent of
propagation is determined by the supply of oxidant. This was confirmed
from weight-gain measurements on active crevices exposed to aerated or
nitrogen-degassed 2.0 mol'L"1 NaCl at 150°C. Thus, the weight gain
(Ti + TiO2*2H2O) in aerated solution was 461 mg, compared to only 41 mg in
nitrogen-degassed solutions.

For Ti(0.13 wt.% Fe) the crevice initiated but very quickly repassivated.
This can be attributed to the presence of an iron-stabilized /?-phase or
TiFe intermetailic precipitates, which can depolarize the proton reduction
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process within the crevice, thereby inducing crevice repassivation. This
process is shown schematically in Figure 7. Once repassivation had
occurred, crevice corrosion could not be restarted simply by adding oxygen,
as was the case for the active crevice situation described by Figures 5, 6
and 8. In fact, in this case the oxygen in the bulk, solution was not
depleted since little crevice corrosion occurred. For any further crevice
corrosion to occur, another initiation event would be required and
propagation would be prevented by repassivation.

Since very little corrosion occurred in this case, and the crevice is
quickly repassivated, we would expect very little hydrogen absorption. The
presence of /J-phase in this material was confirmed by metallographic
examination and by transmission electron microscopy. To confirm that it is
indeed the presence of the /J-phase that causes the Ti(0.13 wt.% Fe)
material to repassivate, we have heat treated this material to redistribute
the /?-phase more uniformly around the individual a-Ti grains. Figure 9
shows micrographs of the original microstructure and the microstructure
after heat treatment at 860°C for one hour. The original microstructure

93 . 5M 100M

initial material after heat treatment

FIGURE 9: Microstructure of Ti(0.13 wt.XFe) Before and After Heat Treatment
at 860°C for 1 h in Argon

was composed of a series of /?-phase stringers running throughout the
material and isolated precipitates of an FeTi intermetallic. Our TEM
results show that the iron content of the ^-phase was up to 10%. After
heat treatment the /J-phase was more evenly distributed around the a-Ti
grains, forming an envelope around the grains. Another way of varying the
microstructure is to vary the alloy's composition. Grade-12 titanium
(Ti-12) contains a small amount of Ni and Mo, stabilizing the formation of
the /J-phase. The alloy's microstructure is similar to the untreated
Ti(0.13 wt.% Fe) material, but has slightly more /?-phase.
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40

FIGURE 10: The Coupled Crevice Potential and Current for Artificially
Creviced Titanium in Aerated 0.27 mol'L"1 NaCl at 150°C.

solid line Ti(0.13 wt.%Fe) no heat treatment;
long dashed line Ti(0.13 wt.^Fe) heat treated;
short dashed line Ti Grade-12.

Figure 10 compares the crevice potentials and coupled currents for the
untreated and the heat treated Ti(0.13 wt.% Fe) material and Ti 12. An
initial current spike and a negative shift in potential were observed for
the heat-treated material, indicating that initiation of crevice corrosion
still occurred. However, the current rapidly fell to zero as the potential
shifted to positive values. Compared to the untreated material,
repassivation was much more rapid confirming, that the redistribution of
the /J-phase around the a-Ti grains had decreased the susceptibility of this
material to crevice propagation. Increasing the /?-phase content (Ti-12)
also results in rapid repassivation.

Since the chloride concentrations in the Canadian Shield groundwaters vary,
we have investigated the effect of chloride concentration on crevice
corrosion. The extent of crevice corrosion, based on weight-gain
measurements as a function of chloride concentration, is shown in Figure 11
for both the low- and high-iron-containing materials. For
Ti(0.02 wt.% Fe), the extent of crevice corrosion was high over the whole
concentration range (0.27 mol»L" < [Cl~] i 5 mol'L" ). The decrease in
weight gain at higher chloride concentrations may be attributable to a
decrease in 02 solubility at the higher ionic strengths. For
Ti(0.13 wt.% Fe), very little crevice corrosion was observed for
[Cl] < 1 mol'L'1 or for [Cl] > 3 mol'L"1. In the intermediate
concentration range, corrosion was as extensive as for the low-iron
material. Crevice potential measurements tell us that Ti(0.02 wt.% Fe) was
active over the whole concentration range, whereas Ti(0.13 wt.% Fe) was
active only for [Cl'] > 1 mol«L" . Below this concentration the crevice
repassivated. Consequently, we can claim that the increased iron content
has widened the region of crevice corrosion resistance, as indicated in
Figure 11.
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FIGURE 11: The Effect of Chloride Concentration on Crevice Corrosion of
Titanium at 150°C. The crevice corrosion is measured by weight
change. For Ti(0.13 wt.%Fe) repassivation of the crevice was
observed for chloride concentrations less than ~1 mol*L

<& Ti(0.02 vt.XFe) exposed for 165-188 h;
0 Ti(0.13 wt.XFe) exposed for 40-157 h.

-l
NaCl.

Table 1 shows some crevice corrosion rates measured on artificially
creviced Ti(0.02 wt.% Fe) coupons exposed to various brine solutions in the
presence and absence of irradiation. In this case the irradiation source
was a used CANDU * fuel bundle placed close to the immersion vessel. Two
observations are worth nofng: (i) the rate of crevice corrosion decreased
with exposure time, presumably because of consumption of oxidant; and (ii)
the presence of a radiation field did not accelerate crevice corrosion. In
fact, the opposite was observed: the crevice corrosion rate decreased.
This agrees with the results of our electrochemical experiments performed
in the presence of radiation fields. The presence of radiation led to a
decrease in the rate of crevice corrosion. At present, we have no firm
explanation for these observations. However, if we take 20 /im/a as the
crevice corrosion rate after 2304 h (~ 96 d) and assume this rate will not
decrease with further exposure, then we can predict that a 3-mm corrosion
allowance would last ~ 200 to 300 a. It is worth reemphasizing that these
results are for Ti(0.02 wt.% Fe) and that better corrosion performance
would be expected with Ti(0.13 wt.? Fe). Our assumption that the crevice
corrosion rate will not decrease for longer exposure periods is equivalent
to an assumption that the oxidant supply required to drive the propagation
reaction will be maintained indefinitely. This is obviously conservative
since the disposal vault is expected to become more reducing with time.

*CANada Deuterium Uranium
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TABLE 1

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 Gv/h

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

530/531

Condi tions

unirradiated
1.5 vt.%
NaCl

irradiated
5.9 vt.%
NaCl

irradiated
5.9 wt.Z
NaCl

irradiated
SCSSS slurry

Time
h

857

864

2304

23360

Crevice Corrosion Rate
g/(m »a) (fim'a'1)*

1000
270
1200
340
1100
910

98
300
230
130
120
180

26
31
47
30
71
74

38

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

8.5

*Average values quoted with the standard deviation as the error

Uniform Corrosion Rates

Table 2 lists uniform corrosion rates for Ti(0.12 vt.% Fe) measured in our
long-term immersion experiments for exposure periods up to a year. There
was no evidence for degradation of welds or for stress corrosion cracking
with U-bend samples. The rates were very low and appear to be independent
of temperature and exposure time. These results indicate that if a
container with a 3-mm corrosion allowance were to fail by uniform corrosion
its lifetime would be > 10 a.
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TABLE 2

UNIFORM CORROSION RATE DATA FOR PLANAR IMMERSION COUPONS EXPOSED TO
SCSSS SIMULATED GROUNDWATER AND 4.5 ± 0.5 Gy/h GAMMA RADIATION

Sample

No.

T-54
T-56
T-57
T-58
T-61
T-61
T-61
T-54
T-64
T-65
T-66

TV-3 2
TW-33
TW-34
TW-35
TW-28
TW-26
TW-29
TW-31
TW-25
TW-30
TW-27
TW-21
TW-23
TW-24
T-13
T-16
T-19
T-34
T-35
T-36

TW-06
TW-03

Sample

Type

coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
coupon
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
welded
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend
U-bend

Environment

solution

buffer slurry

solution

buffer

solution

solution

buffer

Temp

°C

100

150

150

100

150

150

Time

h

1168
6490

1168
2336
3504
2336
8769

8769

6490

8769

87869

Corrosion Rate

g/(m2»a)

0.37
0.171
0.196
0.306
0.059
0.029
0.033
0.004
0.239
0.311
0.232
0.263
0.070
0.387
0.695
0.483
0.063
0.142
0.228
0.047
0.249
0.000
0.023
0.083
0.068
0.111
0.129
0.136
0.270
0.305
0.277
0.780
0.702

fim/a

0.08
0.038*
0.043*
0.068*
0.013
0.007
0.007
0.001*
0.053
0.069
0.052
0.058
0.002
0.086
0.15
0.11
0.014*
0.031
0.051*
0.010
0.055
0.000
0.005*
0.018*
0.015*
0.018
0.029
0.030
0.060
0.068
0.061
0.40
0.16

indicates a weight loss

Crevice Corrosion of Grade-12 Titanium

Figure 10 compares the crevice potential and coupled currents for
Ti(0.13 vt.% Fe), heat-treated Ti(0.13 vt.% Fe) and Ti-12 in

-l0.27 mol«L' NaCl at 150°C. For all three materials, the potential
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initially shifted to negative values before eventually achieving positive
values. In all three cases an initial anodic current was observed,
confirming that crevice initiation occurred even for Ti-12, which is
commonly claimed to be "immune" to crevice corrosion under these conditions
of temperature and chloride concentration. However, for both the heat-
treated Ti(0.13 vt.% Fe) and the Ti-12, the currents rapidly decreased to
values close to zero as the crevices repassivated. Consequently, we can
claim that it is not the failure to initiate but the inability to propagate
which gives the two materials their resistance to crevice corrosion.

On-Going Program on Crevice Corrosion

Ue are continuing our studies on the effects of a number of parameters on
crevice corrosion:

(i) The effect of /?-phase stabilizers (Fe in Ti-2; Ni in Ti-12) on
initiation, and propagation or repassivation.

(ii) The effect of brine composition on the propagation rate. So far,
our studies have been confined to simple NaCl solutions whereas
the cation content of concentrated brines may have a significant
effect on resistance to crevice corrosion.

(iii) The effect of temperature over the range 80 - 150°C. Most of our
studies to date have been performed at 150°C, whereas waste
temperatures are not expected to exceed ~ 100°C.

(iv) These laboratory studies are supported by a wide range of
exposure and immersion tests under various conditions of
temperature and chloride concentration. The extent of crevice
penetration (if any) will be measured from these tests and the
results used to predict container lifetimes.

HYDROGEN EMBRITTLEMENT

The second potential failure mode for titanium is hydrogen embrittlement or
hydride cracking. Consequently, we have examined the tensile properties of
both Ti(0.13 wt.% Fe) and Ti-12 using the slow strain rate technique in hot
(up to 175°C) aqueous NaCl solutions (3.5 vt.%). These conditions
represent a severe overtest.

We found that neither Ti(0.13 vt.% Fe) nor Ti-12 failed by hydrogen
embrittlement in these solutions in the absence of an applied cathodic
potential. This is not surprising when we consider the susceptibility
diagram shown in Figure 12 (R.W. Schutz and D.E. Thomas, in Metals
Handbook, Ninth Edition, Vol. 13, Corrosion; ASM International, Metals
Park, Ohio (1987) p. 669) which shows that hydrogen pickup should only be a
problem in neutral chloride solutions at very high temperatures. However,
this figure is based on observed industrial failures and may not apply to
the present circumstances. In an attempt to force hydrogen pickup to
occur, we have performed slow strain rate experiments with cathodic
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FIGURE 12: Schematic Showing the Various Regions of Susceptibility of
Titanium to Crevice Corrosion and Hydrogen Pickup

potentials applied to the tensile specimens. Even under these conditions
failure of Ti(0.13 wt.% Fe) was always ductile, with no evidence for
brittle failure due to hydride formation. For Ti-12, however, a
significant loss of ductility and hydride cracking were observed providing:

(a) the applied potential was < -0.73 V (vs. S.H.E.), and

(b) the temperature was > 120°C.

The loss of ductility for potentials < -0.73 V is illustrated by the data
of Figure 13, which shows a decrease in the percent-reduction-in-area below

-900 -800 -700 -600 FCP

Applied potential/ m V vs. S.H.E.

FIGURE 13: The Effect of Applied Negative Potential on the Reduction in Area of
Ti-12. The experiments were performed in 0.6 mol'L"1 NaCl at 175°C:
A in air; o fast strain rate > 6 x 10" s ; • slow strain rate
k x 10"7 s"1
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this potential providing a slow enough strain rate is used. The effect of
temperature is illustrated in Figure 14 which shows a decrease in the true
fracture stress for temperatures > 120°C at an applied potential of -1.05 V
(vs. Ag/AgCl).
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FIGURE 14: The Effect of Temperature on the True Fracture Stress of Ti-12
-lin 0.6 mol»L" NaCl with an Applied Potential of

-1.05 V vs. Ag/AgCl: o in air; A fast strain rate 1 x 10
slow strain rate 4 x 10" s"

-6 -1

On the basis of these results Clarke et al. (C.F. Clarke, D. Hardie and
P. McKay; Corrosion Science, 26 (6), 425 (1986)) concluded that the
fracture process for Ti-12 depends on the breakdown of the protective oxide
at cathodic potentials and the subsequent penetration of brittle hydride
channels into the underlying metal. Extensive hydrogen pickup by oxide-
covered Ti-12, but especially Ti(0.13 wt.% Fe), appears very unlikely.
There are two possible ways to break the oxide film and hence, facilitate
hydrogen pickup:

(i) by the presence of stress/strain;

(ii) by film dissolution in an acidified active crevice.

The consequences of such film breakdown processes are noted in the block
diagram of Figure 15. As discussed above, breaking the film by
stress/strain only leads to significant hydrogen pickup with applied
negative potentials, and then only for Ti-12, not Ti-2. When film
breakdown is achieved in a crevice, potentials in the region of ~ -0.4 V
(vs. SHE) are attained. Since proton reduction is occurring on an active
titanium surface under these conditions, hydrogen pickup is to be expected.
As illustrated in Figure 15, it is also necessary to consider the
possibility that the crevice passivation process observed for
Ti(0.13 wt.% Fe) and Ti-12, Figure 10, may fail to occur if a sufficient
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FIGURE 15: Block Diagram Showing the Central Role of the Passive Film on
Titanium and the Consequences of Film Breakdown Under Various
Conditions. On the left of the diagram are mechanical film
rupture events, on the right are chemical effects.

rate of straining is maintained. A final possibility is that the
production of hydrogen by water radiolysis will lead to hydrogen pickup.

On-Going Program on Hydrogen Ingress

In an attempt to address some of the remaining issues with respect to
hydrogen pickup and embrittlement, we have a number of experiments in
progress, or planned:

(i) Load cycling at known stress levels is being used to extend the
time available for reaction in an attempt to determine whether
longer exposure periods will promote hydrogen pickup and
embrittlement at temperatures lower than 120°C.

(ii) The influence of creep strain on the extent of embrittlement
during stress cycling is being investigated to determine whether
there is a limiting stress level below which hydrogen ingress
does not occur and whether there is a minimum strain rate at
which repassivation fails to compete with metal exposure.

(iii) The influence of stress cycling at various stress levels on the
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extent of crevice corrosion is being studied to answer the
questions:

(a) Can the presence of stress prevent crevice repassivation for
Ti-12 and Ti(0.13 vt.% Fe)?

(b) How extensive is hydrogen pickup and hydride formation under
active crevice corrosion conditions?

(c) What are the effects of chloride concentration and temperature on
stressed crevices?

SUMMARY AND CONCLUSIONS

1. Propagation, not initiation, is important in establishing
susceptibility to crevice corrosion.

2. Increasing the iron content of Ti-2 from 0.02 to 0.13 wt.%
prevents crevice propagation by causing repassivation in
solutions containing up to 1.0 mol*!/1 NaCl at 150°C.

3. Crevice corrosion initiates on Ti-12, but repassivation is rapid.

4. The supply of oxidant is essential to maintain crevice
propagation.

5. Hydrogen embrittlement is unlikely unless oxide film breakdown
occurs and has not been observed in our work over a wide range of
testing conditions.

6. Film breakdown occurs under crevice conditions, and hydrogen
pickup is to be expected.

7. Film breakdown could occur if the strain or creep rate is fast
enough to complete with repassivation reactions. Such a
situation is highly unlikely.

DISCUSSION

WESTERMAN Did you say that radiation inhibits crevice corrosion?

IKEDA Yes.

UESTERMAN Radiation will promote the production of oxidizing
species in the system, which would tend to promote
crevice corrosion. Why doesn't it?

IKEDA This isn't clear. Let me show you the results upon
which we are basing our conclusions. Bear in mind we
have a relatively low dose rate and, hence, the
radiolysis product concentrations are not very high.
Figure Dl shows the case where we have active crevice
corrosion. When the radiation field (~ 10 rad/h) was
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FIGURE Dl: The Effect of Radiation on the Coupled Potential for
Artificially Creviced Ti(0.03 wt.% Fe) in Aerated
1.0 Mol-L"1 NaCl at 150°C.

(dashed line) 7 radiation present from the start of the
experiment and removed at the dashed-line arrow.
(solid line) 7 radiation introduced at the solid-line
arrows.

introduced after 20 h (solid line, Figure Dl), the crevice
potential was driven to more negative values. Although not
shown, the coupled current decreased, indicating a decrease
in the rate of crevice propagation. Subsequently, removing
the field made little difference to either the crevice
potential or coupled current. If the radiation field was
present from the beginning (dashed line, Figure Dl)
activation was much more rapid and the accompanying current
spike was short and sharp. This behavior suggests that
radiation exerts a reducing effect. If we look at the
effect of radiation on the high-iron-containing material,
Ti (0.13 vt.% Fe), the effect on the potential was the
opposite, Figure D2. In the presence of radiation the
potential rapidly shifted to very positive values,
indicating an oxidizing effect, as you suggest. However, a
much lower coupled current was observed in the presence of
the field, indicating, again, that less crevice corrosion
occurs. Although the effect was different in each case,
for both situations the presence of a radiation field
stifled the propagation of the crevice.

WESTERMAN Your explanation seems reasonable. If you produce an
oxidizing species inside a crevice it would tend to
passivate the crevice. Yet, we see crevice corrosion
taking place in quite high radiation intensities.
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FIGURE D2: The Effect of Radiation on the Coupled Crevice Current and
Potential for a Repassivating Crevice Condition (on
Ti(0.13 wt.% Fe)).

(solid line) 7 radiation present throughout the
experiments
(dashed line) 7 radiation absent.

SHOESMITH I think the dose rate is what matters. If the dose rate is
high, then you produce a significant concentration of
oxidizing species outside the crevice. These species can
promote the propagation of the active crevice by reduction
at the external cathodic site. However, if the dose rate
is low, then the concentration of oxidizing species
produced outside the crevice will be insufficient to
accelerate propagation. However, inside the crevice, a
relatively low dose rate may still produce sufficient
oxidant to force repassivation, as observed in Figure D2.
Very little oxidant would be required within the crevice in
order for this to happen because the surface-area-to-
solution-volume ratio is very large. Oxidizing species
produced under such circumstances would very rapidly react
with the titanium surface. What the effect of radiation is
on the active crevice, Figure Dl, remains a mystery.

KASS I think there is some Japanese work on PWR systems
materials which supports that conclusion.

SHOESMITH We still cannot explain the effect of radiation on the
active situation, Figure Dl. It is hard to explain why the
potential shifts in an active direction and yet the current
decreases. The titanium surface would have to be
completely into the active region and the radiation field
affecting the c.athodic reaction.
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Are those experiments reproducible?

We have not done enough experiments to be sure. For the
Ti(0.13 wt.% Fe) case, Figure D2, we have done enough
experiments to know that irradiation always drives the
crevice passive. For the Ti(0.02 wt.% Fe) the results are
not always reproducible. The explanation of the radiation
effect offered above is very speculative.

You went through your experimental design very quickly. I
don't recall whether you discussed the impact of a weld.
Are you studying stress corrosion cracking of welds? The
initiation of a crack in a weld would effectively form a
crevice.

We have studied the stress corrosion cracking of titanium
using U-bend samples in our immersion tests. We have
studied a number of welded coupons in our crevice corrosion
experiments. If anything, they are less susceptible to
crevice corrosion than unwelded specimens. This is
consistent with our results on heat-treated materials,
which show that we obtain a more passive crevice with heat-
treated Ti (0.13 vt.Z Fe).

That effect would be important for the heat-affected zone.
What about the weld material itself?

We haven't studied welding in that amount of detail. We
have studied welded coupons in our crevice experiment and
seen no deterioration of any part of the weld. Our only
work related to stress corrosion cracking is immersion
tests on U-bend samples. With these samples we have seen
no evidence for SCC, only uniform corrosion.

Why do you think a crevice is going to form in these welds?

It is reasonable, based on practical experience, to assume
that there will be residual flaws in welds. You would have
to be extremely lucky in the fabrication process to have no
residual flaws. Such a flaw could form a crevice and under
the influence of residual stresses develop into a crack.

I would like to point out that, in our modelling of
container failure, we do assume that a certain proportion
of the containers will be either defective when they go
into the vault because the final inspection doesn't detect
such a fabrication flaw, or will contain partial flaws
(possibly in welds) which are assumed to fail quite soon
after emplacement. We expect only a small number of
containers to be affected in this manner, since the
inspection techniques are expected to be reasonably
sophisticated.

Even a minor flaw could be the site for the development of
a crevice. The simultaneous presence of residual stresses
would then cause a crack to develop.
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SHOESMITH At present we have insufficient data to reassure you.
However, our planned experiments to look for synergistic
effect between stress, strain and crevice corrosion should
address the problem. We think, such a situation is very
unlikely, however, and has not been observed to date in our
experiments.

GARISTO Do you expect the effect of radiation on Ti-12 to be
deleterious?

SHOESMITH Ti-12 repassivates, after initiation, just as
Ti(0.1 wt.% Fe) did. Consequently, I would expect the
effect of radiation for the two materials to be the same
i.e., I would expect passivation to be reinforced.

GARISTO What do you know about the geometry of the crevice? Is the
geometry important in determining whether repassivation
occurs?

SHOESMITH The micrographs presented by Ikeda show that the oxide
formed due to crevice corrosion leads to the establishment
of a very tight crevice. The artificial crevice we form
initially very rapidly becomes irrelevant. The crevice
that matters is the one formed by the redeposited hydrated
TiO2. This makes it very difficult to say anything about
the geometry, except that it is tight. The properties of
the material itself in conjunction with the properties of
the environment, not the crevice geometry, determine
whether repassivation occurs. As far as the effect of
radiation is concerned, it would be interesting to see if
larger dose rates would reinforce passivation in the same
manner that small ones do.

BREHM How tight is your crevice?

IKEDA If we look at one with the SEM we cannot see a crack.
Unfortunately, we are looking at the crevice after cooling
it down and drying it. We have no way of knowing what the
situation is at temperature or whether the oxide is porous.

INTERRANTE Obviously the effects of microstructure are important in
determining the susceptibility of titanium alloys to
crevice corrosion. Do these microstructures have any
metastability? If so how do you expect the structure of
the materials to change over the long exposure times in the
repository? If they change enough do you have any grounds
for interpreting the behavior of these materials over such
long exposure times?

SHOESMITH Our repository operating temperature is in the vicinity of
100°C. I think microstructural changes are unlikely at
such low temperatures. Temperatures > 700°C are required
to induce the microstructural changes we have been
discussing. There may be cause for concern at 250 to
300°C, the temperatures expected for a repository in tuff
or salt (WIPP).
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INTERRANTE Processes such as diffusion or grain-boundary migration are
alternative mechanisms for changing microstructure or
changing the distribution of chemistry. It is a question
that should be looked at.

SHOESMITH I am not sure how we would look at this question. Our
temperatures are very low as are the radiation fields
expected in our vault; we expect only a few hundred rads
per hour not 10 to 10 rad/h. Do we have enough energy in
the system to drive a restructuring of the material?

IVES In your discussion of your crevice you discussed only
positive ions inside the crevice. You show no negative
ions in your schematic representations. What role is the
chloride playing in your crevice process?

IKEDA Our schematic was only meant to show the essential steps
within the crevice. Chloride ions will, of course, be
transported into the crevice to maintain electroneutrality.
Their presence is essential for the crevice initiation.

IVES You present a model for an active crevice corrosion
situation and one for a crevice which repassivates. Does
the difference in the amount of chloride transported into
the crevice for each situation have any bearing on whether
activation or repassivation is observed?

SHOESMITH For the active crevice, more metal dissolution is
occurring. To maintain electroneutrality more chloride
will be transported into this crevice than into the
repassivating crevice. However, the chloride concentration
is initially ~0.3 mol'L"1. If the pH drops to 1 (i.e.,
10 mol*L" in protons), then a further 0.1 mol*L" of
chloride would be required for electroneutrality. This
isn't a massive chloride increase, i.e. ~ 25%. I don't
think the influence of chloride will be significant in
determining crevice behavior. Ikeda described the effect
of chloride on crevice behavior. To affect the behavior of
Ti(0.13 ut.% Fe), we needed chloride concentrations
> 1.0 mol»L~ . This is unlikely to be achieved by
transport into the crevice.


