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6.3 DEVELOPMENT OF A CONTAINER FAILURE FUNCTION FOR COPPER

F. King and C D . Litke
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinava, Manitoba, Canada

What I would like to present is a simple approach to the modeling of
failure rates for a copper container under Canadian waste disposal
conditions. The advantage of a simple, obviously conservative approach is
that the level of sophistication of the modeling does not outrun the
quality of the input data. The test for such an approach is whether
conservatism can be maintained along with the simplicity.

Yesterday's and today's discussions indicated that two forms of corrosion
must be considered:

(i) Uniform Corrosion. Yesterday, I discussed our experimental
results indicating that the corrosion rate under vault conditions
will be controlled by the rate of transport of copper corrosion
products away from the container surface. This conclusion was
based on rotating disk electrode experiments and on compacted
buffer tests.

(ii) Pitting. The general opinion at this meeting appears to be that
pitting of copper is unimportant. However, since there are a
limited number of observations of pitting, it is difficult to
definitively rule out the possibility that pitting could occur
under vault conditions. Consequently, in order to maintain the
conservatism of our approach, we have included this process in
our model. Because we have no real experimental basis for
modeling pitting, we can include it in our model by adopting a
pitting factor. A reasonable factor would be 5, based on the
Swedish findings [1]. This factor would be multiplied by the
uniform corrosion penetration to obtain the maximum depth of
penetration.

With these two processes in mind, I would like to outline a simple approach
to predicting container lifetimes:

(a) Instant Failures

As with titanium, we need to take into account the short-term
failures due to fabrication defects not detected during the
container inspection process. The number of defective containers
will be somewhere in the range of 1 in 103 to 1 in 104 [2].
These containers are considered to fail instantly.

(b) Sorption by Buffer Material

It is not immediately clear what effect the clay/bentonite buffer
will exert on the corrosion of copper. The most aggressive
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possibility is that the clay acts like a sponge and sorbs
dissolved copper up to its cation exchange capacity. If we
assume that this copper is sorbed irreversibly, then we can
calculate the total amount of copper sorbed from the cation
exchange capacity and a knowledge of the total amount of clay in
the borehole in which the container is placed. If we assume that
such a sorption process occurs very quickly, then we can convert
the total amount sorbed into a sorption allowance. For the
Canadian reference vault design this allowance would be 3 mm.
Using a sorption allowance in this manner is equivalent to
assuming an instantaneous loss of 3 mm of the container wall
thickness.

(c) Uniform Corrosion

Having made this allowance for sorption by the buffer, we assume
that steady-state conditions are achieved for uniform corrosion.
The situation is shown schematically in Figure 1. A linear
concentration gradient is assumed to be established across the
buffer packed around the container. In our reference design this
will be ~ 25 cm thick. If we accept, on the basis of our
experimental program, that transport of dissolved copper down
this gradient is rate-controlling, then in order to calculate the
transport rate (and, hence, the corrosion rate) we need to know
the concentrations of dissolved copper at the metal/buffer and
buffer/rock interfaces.
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FIGURE 1: Schematic Representation of the Uniform Corrosion Model

At the buffer/rock interface we assume that the concentration of dissolved
copper (cm) is zero; i.e., as soon as copper arrives at this interface, it
is immediately swept away by groundwater flow through the rock. Obviously,
this is the worst possible case and is equivalent to placing the container
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in a badly fractured zone of the rock, with free-flowing groundwater. In
reality, in unfractured rock, the groundwater flow rate will be much lower
and the concentration of copper at the buffer/rock interface will be
greater than zero at steady state.

At the container/buffer interface we assume a constant concentration of
dissolved copper ( O , equivalent to the solubility of cuprous chloride
(CuCl) in 1.0 mol«L' potassium chloride solution. This value is
10"4 mol'cm"3, or 10"1 mol*!/1. This is a very high value and is equivalent
to assuming that a layer of CuCl will always be present on the copper
surface. Lifetimes calculated using this value will be conservative.

The third piece of information required to attempt a calculation of the
corrosion rate is the diffusion coefficient for cuprous species across the
clay buffer layer. On the basis of our buffer diffusion tests described
previously [3], we take a tentative value of 10" cm 's'1 for the diffusion
coefficient. It should be noted that we do not specify the nature of the
diffusing species.

Using these values, we can calculate the corrosion rate under steady-state
conditions from the simple expression

A

Corrosion Rate = — - Dhpl (1)

where Ac = co - <:„, as defined in Figure 1; Ax is the buffer thickness,
which is 25 cm in our reference vault design; AM is the atomic mass of
copper; and p is the density of copper. Using this expression to calculate
the rate, we can then calculate the penetration time, taking into account
the buffer sorption allowance and the pitting factor, from the equation

„ . „ . , , , . 2 (Container Thickness) - (Sorption Allowance)
Penetration Time = 3 (Corrosion Kate x Pitting Factor)

_ 1 (25 mm - 3 mm)
3 (Corrosion Rate x 5) ( '

A pitting factor of 5 can be considered a conservative value. The design
thickness of our copper container is 25 mm but only 2/3 of this wall
thickness is considered as a corrosion allowance. The remaining 1/3 of the
wall thickness can be considered the minimum required to maintain
mechanical integrity [4]. This accounts for the factor 2/3 in Equation (2).

If we accept these values, then we predict a container penetration time of
~ 3300 years. This value can be considered conservative because of the
high values for co (0.1 mol'L"

1) and the pitting factor (5) used in
Equation (2).

There are a number of advantages to such a treatment besides its obvious
mathematical simplicity:
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(i) The treatment is based on the known rate-determining step, which
gives us a justification for attempting long-term predictions;
and

(ii) Even though the rate of supply of oxygen may become rate-
controlling at long times, our model will still be on the
conservative side.

The major disadvantage of this model is that, at present, we have no firm
justification for our treatment of pitting.

It is possible that eventually a more sophisticated approach to modeling
copper corrosion will be required. However, the conceptual basis is
unlikely to change from that presented here.

(Note added in preparation: we have recently introduced some refinements to
the copper container failure model. The rate of uniform corrosion and the
extent of pitting attack are still calculated on the basis of the copper
transport rate-determining step and pitting factor, respectively. However,
instead of using Fick's 1st law to calculate the rate of transport of
copper at steady state, a more complicated convection-diffusion equation is
being used. This latter approach has already been used for other mass
transport processes within the vault. It may then be possible to include
the effects of retardation and precipitation in the failure model, if
necessary).

PRICE You have not considered the possibility that the initially
formed cuprous (Cu+) species will oxidize to cupric (Cu2+)
species at times much shorter than 3300 years. One would
expect these cupric species to be insoluble. Would this
not lead to faster corrosion?

KING

SARGENT

KING

We have considered the possibility of oxidation to the
cupric state. In fact, we have observed the formation of
insoluble cupric phases in our buffer tests at high
temperature. We are unsure of the nature of the species
being transported through our buffer in those tests. In
our laboratory experiments in 1.0 mol'L"1 sodium chloride,
we know the cuprous state is stabilized by complexation
with chloride. At high temperatures in synthetic
groundwaters in the presence of buffer, the situation is
obviously more complex.

What is the basis for assuming that the concentration of
copper at the container/buffer interface is 10"1 mol*!/1?

That value is the solubility of cuprous chloride in
1.0 mol'L"1 potassium chloride. Our rotating disk
electrode studies demonstrate that the transport of the
dissolved copper species away from the corroding copper
surface is rate-determining. Consequently, we know that
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INTERRANTE

KING

the rate of the reversible metal dissolution reaction is
fast and, hence, close to equilibrium. Therefore, the
concentration at the metal surface is given by a Nernstian
relationship. If we were to use our measured values for
the corrosion potential in such a relationship, then we
would predict a value of 10" mol*L~ for the concentration
of cuprous species at the electrode surface. Thus, the
value of 10 mol«L is very conservative.

If cupric species are formed, then we would expect basic
cupric chloride [5], which has a solubility product of
10 , to precipitate. If we used this value and
calculated the surface concentration of dissolved cupric
ion in neutral, 1.0 mol'L"1 KC1, we would obtain a value of
10" mol*L" (10 mol'cm" ). This is a much lower value
than the one we have adopted in our prediction of the
penetration time. Hence, although we may be uncertain of
whether this concentration is determined by a solubility or
the corrosion potential under vault conditions, we are
erring significantly on the conservative side. A better
understanding of the real surface chemistry is obviously
required.

Would you explain your rationale for adopting a sorption
allowance?

The real function of the clay is still uncertain. It
behaves as an ion exchanger. We are assuming that the
copper ions in the solution are sorbed irreversibly by the
ion-exchange sites. If we assume that every exchange site
in the clay can sorb a copper cation, then we can calculate
the total amount of copper sorbable from the cation
exchange capacity of the clay (80 meq/100 g) and the weight
of clay packed around a container in a borehole. If we
assume that this copper is lost evenly by corrosion over
the whole container surface, then the total amount sorbed
by the clay is equivalent to the loss of 3 mm of container
wall thickness. The adoption of a sorption allowance is
equivalent to assuming this 3 mm of wall thickness is lost
instantaneously.

However, there is another school of thought that states
that the copper is not strongly sorbed by the clay.
Exchange between the copper in the pore water and the clay
occurs, but is not irreversible. Hence, the . Lay can be
considered as exerting a retarding factor on the transport
of copper through the clay. In these circumstances, it
will be better to treat the copper/clay interaction by the
use of a retardation factor. Such a treatment will involve
the solution of a much more complex diffusion/convection
/retardation set of equations.



- 280 -

INTERRANTE Is your treatment of the sorption process as irreversible
conservative?

KING

WERME

KING

Yes

Is CuClj the species which sorbs onto the clay?

We don't know. You would expect cupric species to be more
strongly sorbed than cuprous species.

WERME If the copper is in the anionic form, how do you know it
will sorb at all?

KING We have no evidence that it sorbs. All we know is that the
predominant species in bulk 1.0 mol*L NaCl solution is
CuClj. We are assuming that a similar species will
predominate in the buffer.

STAHL

KING

Where did you get your value for the diffusion coefficient
of copper in the clay?

The value of 10"7 cm2«s~l is from one of our buffer
diffusion tests. It is supported by values from the
literature.

STAHL

KING

SARGENT

Is the value conservative?

No, we consider it to be realistic.

It isn't clear to me why the value of 10 mol'L" is a
conservative value for the concentration of dissolved
copper species at the container/clay interface.

KING Since we are unsure of the boundary condition at the
container surface, we adopted the value of 10"1 mol'L"1,
which is the solubility limit for CuCl in 1.0 mol'L"1 KC1.
If we use calculations based on the Nernst equation for the
electrochemical reactions known to be occurring, then, at
the corrosion potentials we measure, we would expect
surface concentrations of dissolved copper in the range
10"4 to 10"6 mol'L'1. By adopting the maximum concentration
value achievable at the solubility limit, we have taken the
most conservative situation.

STAHL

KING

Your surface concentrations may be conservative, but your
diffusion coefficient value of 10" cm »s" is not.

No. It is a realistic value. However, we do know that it
is well below 10 cm »s" . We hope to determine a more
accurate value from our buffer diffusion tests now in
progress.
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STAHL

KING

STAHL

FORSLUND

KING

FORSLUND

KING

SHOESMITH

FORSLUND

SHOESMITH

FORSLUND

SHOESMITH

There may be some effect of water chemistry on the
diffusivity of copper.

That may be true. However, in the strong saline solutions
expected in a Canadian vault, the effect of chloride would
be expected to dominate the water chemistry.

That is something you must demonstrate for your arguments
to be convincing.

Why do you claim that your model is still conservative at
low oxygen, or oxidant, concentrations?

The results I presented yesterday showed that transport of
the anodic dissolution product away from the container
surface is rate-determining. However, as the concentration
of oxidants falls, eventually transport of oxidant to the
metal surface will become rate-limiting. This will take a
long time since the concentration of oxidant will be
maintained by the radiolytic decomposition of water. But
even when this happens, we assume that the rate-determining
step remains the transport of anodic product. Since this
step is no longer the slowest step, it is conservative to
assume that it is still rate-determining.

As the oxidant concentration changes, the chemistry will
change. At higher oxygen concentrations Cu
be stabilized.

II solids will

KING

In the strong saline solutions we have studied, we have
observed a predominance of cuprous chloride species even in
aarated solutions.

Are you claiming that under oxidizing conditions another
copper solid will be stabilized, and then this phase will
establish the surface concentration of dissolved copper?

Yes.

That is a possibility we need to consider.

If instead of sorption of copper by the buffer, you get a
precipitation reaction, how will this affect your model?

If dissolved cuprous species are oxidized and precipitated
as insoluble cupric solids, then this will be to our
advantage since it will be removing oxidants from the
buffer, and hence preventing their corrosive interaction
with the metal container.

By examination of our buffer experiments, it is clear that
we have cupric species present. So far, we have very
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SHOESMITH

MARSH

KING

MARSH

KING

limited data from our buffer tests. If for longer tests
the copper profile deviates from that expected for a simple
diffusion process, we may be able to say something about
the sorption or retardation process occurring in the
buffer. At present, we can say very little.

If anything happens to the corrosion product in the buffer,
such as precipitation, then the equilibrium established at
the metal surface could be disturbed. When this occurs,
and assuming it is fast, anodic transport may no longer be
rate-determining. The corrosion rate will then increase
until it becomes limited by the next slowest step in the
overall corrosion process. According to the results
presented yesterday by King [3], the next slowest step in
the overall sequence will be either the cathodic reduction
of oxygen, or the transport of oxygen to the cathodic site.

Such a change in the rate-determining step would mean that
we wouldn't have to consider the complexities of the anodic
dissolution reaction. Rate control by the kinetics of
oxygen reduction would not be surprising, since this
reaction is a notoriously slow reaction. If this reaction
was rate-controlling, then from the data presented by King
[3] we would expect the corrosion rate to increase by about
a factor of five. Eventually, of course, this reaction
would become controlled by the rate of transport of oxygen
to the container, as assumed in the Swedish model for
copper corrosion.

Your reaction scheme is cuprous chloride dissolution driven
by oxygen reduction. If so, then the pH at the container
surface will eventually build up since oxygen reduction
produces hydroxyl ions which are not consumed in the anodic
reaction. Eventually, this must lead to a change in the
thermodynamics.

We are not claiming that CuClj will be the only species in
our buffer experiments or under vault conditions. As I
discussed above, we do see the formation of basic cupric
chloride species, presumably due to the presence of
oxidant, and the formation of hydroxyl ions in the buffer.
Whatever the species in the buffer, our results so far
indicate that transport of copper species is rate-
determining.

Such complications are important in determining the
boundary condition at the container/buffer interface.
Consequently, they will have a significant impact on the
surface concentration of copper and thereby control the
corrosion rate.

I agree. The surface chemistry will be more complex than
we assumed in our model.
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GENERAL DISCUSSION

BREHM I have been doing some work for a program called
"Performance Assessment - Scientific Support". The purpose
of this program is to assess the value of data and whether
it is appropriate to use in models that will eventually be
submitted to Nuclear Regulatory Commission scrutiny.

When we attempt to justify the choice of a material based
on its performance in various industrial applications, we
have a dilemma. Uniform corrosion failures in industry and
service are very rare, because it is easy to design against
such failures: you either increase the thickness or choose
another material. However, designing a waste container to
survive hundreds of years is not a normal problem. In
order to satisfy regulatory boards, a model will have to
take into consideration situations not normally considered
for simple industrial applications. The considerations
include the following:

(i) The effect of gradients (temperature, radiation, concentration).
Such gradients are unavoidable in a waste repository. The skin
temperature of the container will be high, depending on fuel
parameters, and will decrease with distance from the container.
The concentration of radiolysis products will be highest at the
container surface. Migration of these species into the
surrounding buffer will affect the local chemistry.

(ii) A model must be able to treat upset and worst-case conditions.
The discussion we have just had on copper is a good example of
this. In order to treat such situations, any model must be
applicable under the limiting conditions expected in a
repository.

(iii) A model must address a range of possible mechanisms. The
discussions at this workshop have attempted to do just this.

(iv) The effect of radiation. This particular variable is central to
the issue of nuclear waste containment and has not been
adequately addressed at this workshop. Questions we could ask
include:

(a) Is the only effect of radiation to increase the concentration of
oxidizing species, or can it also change the mechanism of
corrosion?

(b) Is there a threshold level for such a switch in mechanism?

When we were discussing the effects of radiation on the
crevice corrosion and hydrogen embrittlement of titanium,
we could not decide what the effect of radiation was. The
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data of Westerman suggest that crevice corrosion was
accelerated by radiation, whereas the data of Ikeda
indicate that radiation caused a crevice to repassivate.
It was suggested that at one dose rate radiation might
enhance the crevice corrosion of titanium, whereas at
another dose it may inhibit it.

Obviously, we do not have clear answers to many of these
issues.

INTERRANTE In many cases I do not believe that you can obtain answers
to such questions. Considering the time scales involved
for waste isolation, how will you know that the mechanism
you prove is operating initially will still be operating
after tens or hundreds of years? You will have to feel
very confident that you understand the fundamentals of the
processes involved before you can extrapolate with any
confidence. Not only do you need to have excellent kinetic
data, but you must have a good knowledge of the
uncertainties involved.

STAHL On that same point, how do we assess the value or
applicability of accelerated tests?

SHOESMITH We have two choices. Either we state that such long-term
predictions are impossible, or we accept that it is
possible to do enough physics, chemistry and metallurgy to
define the performance of our vault.

IVES I would think that the first of those two choices is the
most appropriate. The question of gradients is a good
example to discuss. When corrosion failures occur in
industry, they commonly occur in places where heat exchange
is occurring, i.e., where a temperature gradient is
present. The situation where the failure occurs is
generally one which was not considered possible by the
designer. Has anyone addressed the question of the
presence of hot spots on the containers? The container is
acting as a heat exchanger for the transfer of radioactive
decay heat from the waste to the surroundings. Surely the
behaviour in such situations will be extremely difficult to
predict. If you cannot predict such microdetails of the
operation, how can you justify your predictions?

SHOESMITH If we conclude that there is no hope of defining our vault
conditions in sufficient detail, then we cannot make
predictions. What we need to do is define the limiting
conditions beyond which it is unreasonable to go. Then we
have to justify the performance of our container within
those limits. Such a process will include the second-
guessing approach specified by Brehm. Beyond our
experimental and modeling approaches we can only use
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INTERRANTE

SHOESMITH

INTERRANTE

SHOESMITH

SORENSEN

natural analogues or historical artifacts to provide
operating experience.

If you choose a material that has a known susceptibility to
localized corrosion or has unstable microstructures, then
you are asking for trouble. Thermodynamically you can
predict the stable end-states. Predicting the approach to
these states will be extremely difficult. Even for
corrosion allowance materials such as carbon steel, this
workshop has discussed the possibility of pitting, hydrogen
embrittlement and stress corrosion cracking. These are all
unpredictable Iocali2ed corrosion problems. In order to
make a prediction you have to prove that there is no
susceptibility to such processes over the whole lifetime of
the vault.

That is the crux of our approach to the corrosion of
titanium. We are trying to prove that the material is not
susceptible to, say, crevice corrosion over a much wider
range of conditions than we anticipate in the vault. We
are not simply attempting to prove that it is not
susceptible, but to prove that the material possesses the
fundamental ability to resist that form of corrosion. You
either have to concede that our approach is acceptable or
suggest ways to improve it.

Since titanium is susceptible to crevice corrosion, you are
asking for trouble by using it. In the long run you cannot
predict its behaviour.

Our experimental program is designed to demonstrate that
our material is not susceptible to crevice corrosion under
even the most aggressive conditions anticipated in a waste
vault, or, even if the material is susceptible, that the
extent of corrosion is limited. The unpredictable step in
localized corrosion is the initiation step, and it is often
assumed that if initiation does occur then propagation is
inevitable. We adopted the worst-case scenario and forced
initiation to occur. By so doing we were able to
demonstrate that under many conditions the crevice did not
propagate but repassivated. This is a property of the
material, not a function of the environment, and is not
likely to change with exposure time.

I would like to add a few comments to the discussion on the
delayed cracking of titanium Grade-12. I am in the process
of reviewing a document written on delayed hydrogen
failure. People at Sandia have been investigating the
cracking of hydrogen-charged Ti-12. They have observed a
drop in the fracture toughness with the addition of
hydrogen. They also did some constant-load long-time
tests. They found that the hydrogen-induced slow crack
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growth thresholds were not significantly lower than the
corresponding fracture toughness values. These results are
promising.

SCHULTZ The question of gradients was brought up by Brehm. These
are important points that have not received much
discussion. I have heard no discussion of the possibility
of voltage gradients. So far, the only voltage gradients
considered are local ones. Is it possible to have voltage
gradients outside the container?

SHOESMITH In the sense that we have electrochemical potential
gradients due to the movement of charged species, for
example, radiolysis products or corrosion products, away
from or to the container surface, I would agree with you.
However, since a vault will be placed in an insulating
medium well away from potentially conducting ore bodies, I
do not think we have any long-range voltage gradients in
our vault. In other words, I do not think we will couple
our container to a conductive ore body and generate a
voltage difference that will drive the corrosion of the
container. I do not think this situation, sometimes
encountered with buried pipes, will be a factor.

MARSH I would like to make a general comment on the question of
whether we have overlooked some vital corrosion process,
and the question of whether our predictions will be valid
since over vault lifetimes something totally unforeseen may
occur. We do not have a mechanistic model for identifying
potential processes.

The starting point for our program is the sum of present
knowledge. We start with the questions:

(i) What is known about the corrosion of these materials?

(ii) What corrosion processes threaten their long-term integrity?

What has worried me about this discussion is that, even if
we deal satisfactorily with all the known corrosion issues,
there are people who are saying that there may be some as
yet unknown process that will fail our container. If this
last point is accepted, then we may as well give up now.
If we accept that our knowledge base will always be
inadequate, then there is no point in proceeding any
further.

SHOESMITH I agree. If you do not think what we have said is
adequate, then you should offer us a realistic scenario of
what we still have to consider.

IVES This is an engineering problem and we are obliged to
attempt to solve it.
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MARSH

KING

MARSH

SHOESMITH

SARGENT

MARSH

SARGENT

SHOESMITH

The purpose of workshops like this one is to present our
analyses of the problem under consideration. First, we
state the nature of the problem and what we need to
research, and then we say how we are doing our research.
The comments we require are queries over our procedure,
doubts about our analyses, advice on problems we may have
overlooked. This kind of discussion will help us take our
research as far as is possible and, hopefully, help us to
achieve our objectives. If you are going to tell us that
our knowledge is inadequate to even define the problem,
then we have reached a total impasse.

If the last point of view is accepted, then we are reduced
to studying natural analogues.

Exactly. In that case we would consider only copper, which
is known to occur naturally, and possibly iron, which has
been around for approximately 2000 years.

We have spent the great majority of this workshop trying to
define our models and focus on the essential requirements
to justify them. Now we are throwing all that discussion
away and stating that we can only rely on broad, ill-
defined geochemical and historical analogies.

The most conservative position is to take no credit
whatsoever for the container.

If we chose to do that, then I would suggest that every
other barrier in the vault system could be destroyed by
similar arguments. We are attempting projections over 500
to 1000 years. For many of the other barriers the
extrapolations are orders of magnitude greater and, hence,
the objections would be orders of magnitude greater also.

The effects of radiation have only received rudimentary
consideration. Generally, the approach has been totally
empirical, and comparisons have been attempted between
incompatible systems. For instance, I don't think you can
compare the results of tests in large volumes of solution
to tests performed in packed buffers with limited amounts
of water present. In the first case the majority of the
deposited energy will be in the water, whereas in the
latter case significant amounts of energy will be deposited
in the solids. You need to ask yourself the question, "Is
there significant energy transfer from the solid to the
water?"

If you are suggesting that we need to undertake a much more
rigorous study of radiation effects, then I would agree
with you. However, the empirical approach is not totally
invalid. Such an approach at least gives you a measure of
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SARGENT

SHOESMITH

GARISTO

the sensitivity of your system to the variable being
studied. For instance, if we compare the corrosion rate in
the presence of the maximum radiation dose to the rate in
the absence of radiation, then at least we know the
magnitude of the effect. If the effect is significant you
have to study it in detail.

The point I am trying to make is that the effect of
radiation will be very dependent on what is present in the
total system. For instance, if you irradiate pure water
with no vapour phase present, there is no net decomposition
of water. However, if a significant air space is present,
substantial decomposition occurs. If impurities or trace
elements are introduced, then radiolysis yields can be
increased by orders of magnitude. Isn't it likely that the
effects of radiation will be magnified by the presence of
the container?

We suspect that you could be right, and yesterday Marsh and
I discussed what were the realistic G-values for the carbon
steel system. My argument was that, when you have a very
large metal surface area to solution volume ratio, you
might get very high G-values because the surface corrosion
reaction would act as a sink for oxidizing radiolysis
products. However, Marsh presented good evidence that,
although G-values were increased, the increase was not
major.

With titanium, we observed an apparently large effect of
radiation at relatively small doses. The crevice corrosion
process appeared to be shut down (i.e., repassivation
occurred) in the presence of radiation. However, the
surface area of exposed metal within the crevice is very
large compared with the volume of water within the crevice
and, hence, very little radiolysis product would be
required to cause repassivation. It is possible that major
increases in G-values could be obtained in this case.

One possibility not discussed in this workshop is that the
radiation energy could be collected by semiconducting
oxides and then relayed to the solution. This is
equivalent to the photoelectrochemical effect observed on
semiconducting oxides, including TiO2.

Many of these possibilities could be studied, but would
require a concentrated effort presently not available.

I am confused about the container/buffer boundary condition
used in King's copper model. Is the dissolution of copper
different to the dissolution of glass or U02 fuel? For
these last two materials we consider dissolution to be
totally irreversible, whereas for copper we assume that it
achieves equilibrium.
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SHOESMITH It is a totally different situation to that which exists
with glass. Glass could never achieve a reversible
situation since it is not thermodynamically stable under
any conditions. On the other hand, copper, and for that
matter U02, is thermodynamically stable under certain
conditions. When a solid is thermodynamically stable in a
given environment, it must pass the test of microscopic
reversibility, i.e., if you disturb the equilibrium
slightly, will it return to the equilibrium state? This is
the situation that exists with copper in contact with
1.0 mol'L"1 NaCl, except that there is a slow dribble of
dissolved copper away to the environment. This dribble is
slow enough that the further dissolution of copper is
sufficiently fast to maintain the equilibrium.

SHEHILT I am glad that we finally mentioned the chemical potential
in this workshop. That concept was developed by J. Villard
Gibbs and it is his birthday tomorrow.

SHOESMITH That seems an appropriate point to call it a day.
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