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3.3 CORROSION OF COPPER UNDER CANADIAN NUCLEAR
FUEL WASTE DISPOSAL CONDITIONS

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

Uhiteshell Nuclear Research Establishment
Pinawa, Manitoba, Canada

In this presentation I will discuss the work we have done on the corrosion
of copper under Canadian nuclear fuel waste disposal conditions. All the
results vere obtained using pure copper (oxygen-free electronic, UNS
C10100). The groundwater in a Canadian waste vault is expected to be
saline, with chloride concentrations in the range 0.1 to 1.0 mol'L"1. The
copper nuclear fuel waste container would be packed in a sand/clay buffer,
and the maximum temperature on the copper surface is expected to be
~ 100°C. To keep our experiments conservative, we have performed tests up
to 150°C. Initially, the radiation fields in the vault will be in the
region of 500 rad'h" (5 Gy'h" ), and redox conditions will be oxidizing
because of oxygen trapped in the buffer and backfill. Eventually,
conditions will become less oxidizing as the oxygen is consumed. Although
it is unlikely that significant amounts of sulphide will be present, we
cannot rule out its presence completely, and hence, we must assess the
possibility of pitting.

The minimum design lifetime for a container is ~ 500 years. After such a
time, the gamma-radiation fields will have dropped to a low level. It
would be useful, however, to have a container which could last 10 years,
when the temperature in the vault will have fallen to ambient.

We have considered only two forms of corrosion: uniform corrosion and
pitting. Most of our work has been on uniform corrosion. Less work has
been done on pitting and the possibility of pitting cannot be entirely
ruled out. When we come to discuss our copper container failure model, we
will assume a conservative pitting factor based on a survey of the relevant
literature. Other forms of corrosion, such as crevice corrosion and stress
corrosion cracking, are very unlikely with copper in these environments.
We draw this conclusion partly on the basis of historical experience and
partly as a consequence of the results of our long-term immersion tests-
Processes such as corrosion fatigue, galvanic corrosion and dealloying need
not be considered, either because the environmental conditions required for
this type of corrosion will not be present or because pure copper does not
suffer from this form of attack.

Although I do not intend to present data on pitting in this talk, I would
like to briefly discuss pitting before moving on to uniform corrosion. We
believe there is a possibility of pitting in sulphide solutions, in fact,
we have observed pitting under such conditions.

WERME That must be because you have high chloride concentrations.
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Yes, we have a chloride concentration of 1.0 mol'L

Consequently, you will be forming copper chloride
complexes.

Yes.

Would you expect to form copper chloride complexes and get
pitting at lower chloride concentrations?

I don't know. We have performed our experiments in the
concentration range 0.1 to 1.0 mol«L" , with the great
majority of experiments at the higher concentration.
Certainly under our conditions we cannot definitely rule
out the possibility of pitting.

What is the pH in your experiment? Do you not have to have
a pH in the region 3 to 4 in order to get copper chloride
complexes?

No. Copper chloride complexes can form in neutral
solutions.

In order to shift conditions out of the stability field for
copper by complexing with chloride, you would have to have
acidic conditions, wouldn't you? Isn't that the conclusion
you would reach from studying the relevant potential-pH
diagram?

That may be so under the anoxic conditions considered when
constructing the potential-pH diagram. In our experiments
oxygen is present.

Since we have to concede that we cannot, at this point, rule out the
possibility of pitting, I would like to pose a number of questions which
would have to be answered before we could determine the susceptibility of
copper to pitting under Canadian waste vault conditions:

(i) Will sulphide be present in our disposal vault and, if so, at
what concentration?

(ii) Is there a sulphide concentration below which pitting does not
occur?

(iii) If pitting does occur, will the pits propagate to significant
depths or will they eventually overlap and smear out into uneven
uniform attack?

(iv) Are there any other species present in the vault environment
which might cause pitting?
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(v) Can we allow for pitting by adopting an empirical pitting factor?

(vi) If we can account for pitting by using a pitting factor, what
value should we use?

I am sure that many of these points will be addressed in some of the talks
following mine.

Almost all our effort has been dedicated to the study of uniform corrosion.
We began by measuring corrosion rates in synthetic groundwater at 100 and
150°C. Our first experiments were performed in bulk solution with a very
small copper surface area to solution volume ratio (SA:Vol). Exposure
times were very short, up to ~ 2 weeks. The corrosion rates measured in
these experiments were of the order of hundreds of fimma~ , although there
was evidence that the rates were decreasing with time, Figure 1. In our

100 200 300
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FIGURE 1: The Variation of the Corrosion Rate of Copper with Time in
Aerated SCSSS at 150°C (Short-Term Tests, Small SA:Vol Ratio)

next series of experiments, we reduced the solution volume to give us
SA:Vol ratios of 1 to 1, 1 to 10, and 1 to 100 cm* . The exposure period
was much longer (up to 8 months). The corrosion rates were much lower,
Figure 2, and again decreased with time. Also, as we can see from Figure
2, the SA:Vol ratio affected the corrosion rate. Longer term measurements
(> 1 year) in the presence of a clay slurry (SA:Vol » 1:1 cm'1)
or compacted buffer yielded corrosion rates of < 1 and 2-3 /im«a" ,
respectively. Our evidence that the corrosion rate depends on the SA:Vol
ratio suggests that a mass transport step is important in determining the
corrosion rate. This claim is supported by literature evidence on the
anodic dissolution of copper in chloride solutions [1-4] and on the
corrosion of brass condensers, the rate of which increases with solution
flow rate [5]. On the basis of these results, we designed a series of
experiments to determine which step in the overall corrosion process is
rate-determining. These experiments can be divided into two series:
rotating disk electrode (RDE) studies, and compacted buffer diffusion
studies.
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FIGURE 2: Variation of Corrosion Rate with SA:Vol Ratio in SCSSS at 100°C
in Long-Term Tests

The use of a rotating disk electrode allows us to control the mass
transport of species to and from the corroding copper surface. The rate of
mass transport is proportional to the square root of the rotation rate of
the disk (w1/2) under laminar flow conditions. These experiments were
conducted in NaCl solutions containing various concentrations of oxygen at
room temperature. The compacted buffer experiments determine how the
properties of the buffer affect the transport of species to and from the
corroding copper surface, under conditions more closely resembling those
expected in an actual waste vault. These studies are being performed in a
synthetic groundwater, SCSSS, the composition of which is given in Table 1.
Three temperatures, 50, 100 and 150°C, are being used as well as
a range of compacted buffer densities, in the presence and absence of
7-radiation fields.

Figure 3 shows a schematic representation of the overall corrosion process
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FIGURE 3: Schematic Representation of the Electrochemical Processes for
the Corrosion of Copper in Oxygen-Containing Chloride Solutions
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in oxygen-containing NaCl solutions. The corrosion process is composed of
two coupled electrochemical reactions, termed the anodic and cathodic
reactions. The anodic reaction is the dissolution of copper, shown here as
the formation of soluble cuprous species which are stabilized in 1.0 mol'L
chloride solutions by complexation to yield cuprous chloride species such
as CUCI2. Subsequent to dissolution and complexation, dissolved metal
species will be transported to the bulk solution, a process denoted by the
curly arrow in Figure 3. Since complexation reactions are generally fast,
the overall dissolution can be considered to be composed of two steps: a
surface kinetic step [Cu •+ (CUC1 2)SURF] and a transport step [(CUC1 2)SURF
( C U C 1 2 ) B U L K ] .

TABLE 1

COMPOSITION OF GROUNDWATER [STANDARD CANADIAN

SHIELD SALINE SOLUTION (SCSSSM

-1

Ion

Na+

K+

Mg2 +

Ca2 +

Sr2 +

Si
HCOi
Cl"
SO2,"
NO 3

Concentration (mol'L"1)

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

10-1

10-3

10-3

lO"1
10-4

10-4

10-4

lO"1

10-3

io-"

The accompanying cathodic reaction in oxygenated solutions will be the
electrochemical reduction of oxygen. Oxygen will be supplied to the copper
surface by a solution transport step, as indicated. As with the anodic
reaction, the overall cathodic reaction can be considered to be composed of
a transport step and a surface kinetic step. In order to determine which
of these four reactions controls the overall corrosion process, we need to
determine which step controls the individual anodic and cathodic reactions,
i.e., are they surface kinetic or transport controlled?

Figure 4 shows the corrosion potential (E CORR) measured in aerated
1.0 mol'L"1 NaCl at room temperature as a function of the rotation rate of
the copper RDE. All potentials were measured and are quoted against the
saturated calomel electrode (SCE). The decrease in E CORR as the rotation
rate increases indicates the anodic reaction is transport controlled,
whereas the cathodic reaction is kinetically controlled. The slope,
dEcoRR/dln u = -8.3 mV, is very close to the theoretical slope of
-8.5 mV calculated for this combination of controlling steps. This
theoretical value is calculated for an anodic reaction involving one
electron and a cathodic reaction involving one electron up to and including
the rate-determining step [4). This close agreement between measured and
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theoretical slopes supports our claim that the dissolution reaction
involves the formation of cuprous species.
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FIGURE 4: Variation of the Corrosion Potential of a Copper RDE with
Rotation Rate in Aerated 1 mol-dm"3 NaCl at 23°C

At the corrosion potential no measurable current flows. If we wish to
investigate the anodic and cathodic reactions in more detail, then it is
necessary to apply potentials positive to (anodic reaction) or negative to
(cathodic reaction) the corrosion potential (E C O R R). Figure 5 shows the
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FIGURE 5: Variation of the Anodic Current Density with Rotation Rate at
-3 .,Constant Potential for a Copper RDE in 1 mol»dm NaCl at 23°C
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reciprocal of the anodic current density (ia ) measured as a function of
electrode rotation rate (u) for a series of potentials positive to EC0RR.
A plot of i vs. ui 7 is known as a Levich plot and is the standard method
of separating surface kinetic effects from solution transport effects. For
a constant potential, the currents are dependent on the rotation rate,
confirming that the anodic dissolution reaction is, at least partially,
controlled by the mass transport step [i.e., (CuCl2)SURF+ (CuCl2)BULK]. If
the reaction were totally controlled by mass transport, then the
extrapolation of these plots to w 1/2 = 0 would pass through the origin,
i.e.. as the rotation rate approached an infinitely high value
(ui •* 0, ui •* °°, an experimentally unattainable condition), the anodic
dissolution current (ia) would achieve an infinite value
(ia -»• 0, ia •* °°). However, extrapolation of the plots of Figure 5 yields
measurable intercepts, demonstrating that there is a finite limit for the
surface reaction rate (Cu •+ CuClj). Consequently, we can say that the
anodic dissolution process is under mixed kinetic and transport control.
At high rotation rates, control will be predominantly by the surface
reaction, whereas, for low rotation rates, the anodic reaction will be
controlled mainly by the transport of CuClj species away from the electrode
surface. Under the low flow rate conditions expected in a waste vault, the
reaction will be transport controlled. These results are consistent with
the corrosion potential measurements of Figure 4.

If we perform a similar analysis for the cathodic reaction at potentials
negative to the corrosion potential, again we obtain a dependence of
current on rotation rate, Figure 6. At potentials around -450 mV, the
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FIGURE 6: Variation of the Cathodic Current Density with Rotation Rate at
Constant Potential for a Copper RDE in Aerated 1 mol'dra"3 NaCl
at 23°C
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. -lcurved relationship between i^ and w""'' suggests a complex mechanism for
the oxygen reduction process. This potential is close to the corrosion
potential of -350 mV and, hence, it is in the potential range of most
interest. At these potentials, it is possible that oxygen reduction to
hydrogen peroxide (2e process) is competing with reduction to OH" (4e
process). Such a competition is observed for oxygen reduction at some
metal electrodes [6]. At more negative potentials (-500 to -800 mV) we
obtain linear plots, Figure 6, demonstrating that the cathodic reaction is
also, at least partially, transport controlled. Again, finite current
intercepts are obtained, showing that, in this potential range, the
cathodic reaction is under joint kinetic and transport control. From the
slope of the curves we determine that four electrons are involved in the
reduction process, showing that reduction to OH" is occurring,

02 2H20 + 4e -* 40H"

and that hydrogen peroxide is not formed as a stable intermediate. At
potentials more negative than -900 mV, the extrapolated plot passes through
the origin, i.e., an infinite cathodic current would be obtained at an
infinite electrode rotation rate. At such negative potentials, the current
is totally transport-controlled. Unfortunately, the dilemma with our
results around -450 mV prevents us from resolving the mechanism of oxygen
reduction at potentials near the corrosion potential, and other experiments
are under way to clarify this point.

The next stage is to determine which reaction or transport step is
controlling the overall corrosion rate. Instead of plotting i*1 vs.
w" for a constant potential (E), we can plot log ia vs. E for a constant
value of electrode rotation rate (w). Such plots are Tafel plots. The

150

100 "

0.1 0.3

FIGURE 7: Variation of the Corrosion Current Density with Rotation Rate of
a Copper RDE in Aerated 1 mol'dm"3 NaCl at 23°C
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straight lines obtained were extrapolated to ECORR to yield a series of
values of the corrosion current density (iCORR)- These corrosion currents
are plotted, as (ICOBR)"1* against u'x/ in Figure 7. The dependence of
iC0RR on w confirms that the overall corrosion reaction is under joint
kinetic/transport control. Extrapolation of the line in Figure 7 to
u / = 0 yields a value for the maximum corrosion current achievable at
infinitely high transport rates.

From the above data we can conclude the following:

(i) The anodic reaction (at EC0RB) is under joint kinetic/transport
control.

(ii) The cathodic reaction (at ECORR) is probably under kinetic
control. (Our evidence for this claim is not totally conclusive.
However, the near flatness of the plot of i'c vs. U at
-450 mV, a potential within 100 mV of EC0RR, indicates the
reaction is close to kinetic control. In addition, the variation
of EC0ER with rotation rate indicates the cathodic reaction is
under kinetic control at EC0RR.)

(iii) The overall corrosion reaction is under joint kinetic/transport
control.

Thus we can conclude that the overall corrosion reaction is controlled by
the rate of the anodic reaction. (Note: a more detailed analysis of the
results after the meeting showed that the corrosion reaction may be under
joint anodic/cathodic control).

From our data we can obtain values for rate constants and diffusion
coefficients. These values enable us to calculate the maximum rates
attainable for the various steps involved in the corrosion process
(4 steps according to Figure 3). Ue have calculated these values for
aerated 1 mol'L" NaCl at a potential of -300 mV, which is close to EC0RR,
and an electrode rotation rate value of 860 rpm.

For the anodic reaction the maximum kinetic rate, which is achieved when
the transport rate is infinite, corresponds to the rate of the reaction

Cu + 2C1" I CuCl2 + e (1)

The maximum rate of this reaction is > 150 /jA»cm . At the other extreme,
if the rate of the interfacial reaction is infinite, the maximum rate of
the anodic transport step (at 860 rpm),

(CuCl^)SURF - (CuCi;,)BULK (2)

is 20 liA'cm' . The difference in these two values indicates why the anodic
reaction is predominantly under transport control, i.e., control by the
slowest of the two steps.
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The exact mechanism of the cathodic reaction at -300 mV is not clear. In
order to make the following calculations, we assume that the reaction is
the overall 4-electron reduction to OH",

02 + 2H2O + 4e •• 40H" (3)

If the rate of transport of oxygen is infinite, we can calculate the
maximum rate of this reaction to be 100 /iA»cm~ . Proceeding as we rHd for
the anodic transport step, we can calculate the maximum rate for the 02

transport step (at 860 rpm)

(02)BULK * (02)SURF (4)

to be 650 /iA'cnf . From these values it is obvious the cathodic reaction
is under kinetic control by Reaction (3)

For the overall process the slowest step is Reaction (2), the anodic
transport step. However, the maximum rate of the cathodic surface
reaction, Reaction (3), is only a factor of five faster. If the
concentration of oxygen in the bulk of solution decreases, the transport
rate of 02 to the copper surface will decrease and will eventually become
the cathodic rate-determining step. For a sufficiently low 02

concentration, 02 transport will become the rate-controlling step for the
overall corrosion reaction. Using our electrochemically determined rate
constants we can calculate the 0, concentration at which this switch in

- 9 1

rate control should occur. We obtain a value of ~ 5 x 10 mol»L"
(0.2 ppb). This value is too low to be achieved experimentally, precluding
the possibility of experiments under these conditions. We can estimate
whether this switch in rate control is likely to occur under waste vault
conditions by comparing our threshold 02 concentration with the
concentration of oxidants expected from water radiolysis. If we calculate
the steady-state H2O2 and 02 concentrations achieved when room temperature
water is irradiated at a dose rate of 5 Gy/h (500 rad/h), we obtain values
of 10"7 to 10' mol'L" for H202 and 10'

9 to 10'11 mol-L"1 for 02. The oxygen
concentration is in the range of our threshold value, but the H202

concentration is 1 to 2 orders of magnitude higher. At these concentra-
tions rate control by the cathodic transport process is unlikely.

Now, I would like to describe some experiments we have under way to test
whether our mechanistic conclusions in 1 mol'L" NaCl solutions are valid
under conditions more closely resembling those anticipated in a waste
vault. In these experiments we have a polysulfone tube with a copper disk
fitted into one end, separated from the bulk solution by a column of
compacted buffer. The solution being used is SCSSS with a chloride
concentration close to 1 mol»L~ (see Table 1). The column of buffer is
compacted to different clay densities (1.0, 1.2, 1.35 g»cm" ) in different
experiments. These experiments are being carried out at different
temperatures (50°C, 100°C, 150°C) in the presence and absence of gamma-
radiation fields for exposure times from two weeks to one year.

From these experiments we hope to determine whether the copper corrosion
rate, measured from weight change, varies with the clay density. As the
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density increases mass transport rates through the clay will decrease. If
such a correlation is observed then it will indicate the corrosion rate is
controlled by mass transport processes. At the conclusion of the exposure
period we will slice the compacted buffer into many slices and analyze each
slice for total copper concentration. The shape of the copper profile with
distance through the buffer will yield some indication of the nature of the
corrosion rate-determining step. A concentration decreasing with distance
from the copper surface would indicate rate control by transport of copper
species. This would confirm the conclusions reached in our electrochemical
experiments in 1 mol»L" NaCl. If the corrosion process is controlled by
some other reaction step, then we would expect a flat copper profile.

So far, we have results from one experiment lasting 16 days at 100°C. The
clay density was 1.2 g»cm"3. As shown in Figure 8, the total copper
concentration does decrease with distance from the copper surface,
suggesting that the transport of copper species through the buffer is rate
controlling. If we normalize the concentrations with respect to the
concentration of copper in the first slice, we obtain the points plotted in
Figure 9. The dashed lines show the profiles expected for a simple
diffusion process at̂  different values of the diffusion coefficient, ranging
from 10" to 5 x 10" cm -s"1. These profiles are calculated from the
expression

[Cu]

[Cu]x=0
1-erfp-l

° l.o
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Distance from Copper Surface/cm

FIGURE 8: Copper Concentration Profile in Compacted Buffer Material After
16 Days Immersion in SCSSS at 100°C
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FIGURE 9: Comparison of Experimental and Theoretical Concentration
Profiles

where [Cu]x is the copper concentration at a distance x from the corroding
surface; [Cu]x=0 is the concentration at the surface; D is the diffusion
coefficient; t is the duration of the experiment; and erf( ) denotes the
error function. The similar shape of the experimental and theoretical
lines suggests the slow step is the diffusion of copper through the buffer.
If we ignore the effects of sorption, the diffusion coefficient is about 2
x 10" cm »s* , indicating that diffusive transport within the buffer is
approximately two orders of magnitude slower than in solution. These
results are preliminary and we have many more profiles to measure. Our
results show, however, that a good mechanistic basis can be obtained for
copper. On the basis of this understanding the construction of a model for
the container failure process is possible.

CONCLUSIONS

1.

2.

3.

4.

The rate of uniform corrosion in aerated NaCl at room temperature
is limited by the rate of the anodic reaction.

The anodic reaction is controlled mainly by the rate of transport
of dissolved metal species away from the copper surface.

The rate of corrosion should become controlled by the transport
of 02 to the copper surface only at very low oxygen
concentrations.

-l
In the presence of gamma radiation (500 rad'h"1; 5 Gy»h"A) the
corrosion rate may never become cathodically transport limited.
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5. In compacted buffer material, the corrosion rate appears to be
limited by the rate of transport of copper species away from the
corroding surface.

6. Long-term predictions of container lifetime should be based on
the known rate-determining step for the overall corrosion
process.
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What vas the nature of the copper species in the buffer?

We have not determined the nature of the species. However,
we did get precipitation of copper at the interface between
the disk and the buffer. Based on analysis of other
experiments, we suspect this precipitate is basic cupric
chloride. At the moment, we don't know what the nature of
the diffusing species is. It is probably something more
complex than CuClj, the predominant species present in NaCl
solution. So far, all we have measured is the total
concentration in the buffer, which gives us an estimate of
the diffusion coefficient for the diffusing species.
Cupric species are certainly present.

Your room temperature analysis is based on one species, the
CuCl^ anion. Isn't the distribution of copper species more
complex than this? There will be other chloride and
oxychloride species present. Does their presence affect
your analysis at all?

We have not seen any evidence for oxychloride species.
From our polarization experiments we can determine the
number of electrons involved in the dissolution process.
We have only performed electrochemical experiments up to
-50 mV, whereas other experimenters have studied the anodic
dissolution of copper in chloride solutions to more
positive potentials. They observed that, if you allow the
potential to go beyond -50 mV, you obtain a cuprous
chloride layer on the copper surface, leading to a peak in
the polarization curve.

At more positive potentials (300 to 400 mV positive to
E C O R R ) , basic cupric chloride species are observed.
However, in 1 mol»L NaCl the dominant species is CuClj,
and perhaps CuClj". We will get a better idea of the
species present when we complete our studies at various
chloride concentrations. The slope of a plot of log i vs.
log[Cl ] will then tell us the number of chloride ions
involved in the complexation. In our experiments completed
so far at potentials around EC0ER and at potentials up to
200 to 300 mV positive of EC0RR, we have never seen basic
cupric chloride species.

Is there any evidence for reaction of the cuprous chloride
species with the montmorillonite in the buffer? Isn't it
unlikely that you will have a simple, straightforward
diffusion process? Won't the behaviour be complicated by
adsorption/desorption processes?
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Yes, the situation will probably be more complex than
presented here. In my presentation, I interpreted the
diffusion coefficient from this single preliminary
experiment as a simple diffusion coefficient. While we
await the results of other experiments now in progress, it
would be better to consider it as an effective diffusion
coefficient, which includes the effect of complicating
processes such as sorption. Eventually, we may be able to
refine our interpretation and account for sorption
processes by including a retardation factor as was done for
U02 [7J. Tomorrow, when I discuss our copper container
failure model, I will assume that the clay buffer simply
acts as a sponge, which, because of its cation exchange
capacity, soaks up a finite amount of copper.

I would like to ask a question about the early corrosion
rate measurements you made. Did you identify the corrosion
products on the copper surface and did you observe any
pitting?

For tests conducted in SCSSS we observed a wide range of
corrosion products on the copper surfaces. These products
included complicated mineral phases containing many of the
cations present in SCSSS. Although we did not succeed in
identifying all the phases we obtained a good idea of the
elemental composition of these films using the energy
dispersive X-ray analysis system attached to our scanning
electron microscope [8].

Were the films oxides or chlorides?

We have evidence for both. Our analyses showed the
presence of Cu2O, CuO and also basic cupric chloride.
These were the kind of films we obtained in tests conducted
in bulk solution. However, in the presence of compacted
buffer material all those films were absent. The copper is
absorbed by the clay buffer and we do not see the same
complexity in the surface films present. As far as pitting
is concerned, I would say we observed a rough, uneven
uniform corrosion underneath these deposits, not pitting,
Figure 10. When we had sulfide present at a level of 30 to
40 ppm in SCSSS solutions, we found sulfide films present
on the copper surface. Underneath this film we found what
appeared to be small pits, ~ 10 fim in diameter. Because of
these results, we are still concerned about the possibility
of pitting in sulfide-containing environments.
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FIGURE 10: Two Surface Profiles of a Cleaned Copper Surface Immersed in
Aerated SCSSS for 450 h Showing Uneven Nature of the Uniform
Corrosion

IVES

KING

IVES

I don't know why you are concerned about pitting with
copper. There are two ways you get localized attack of a
metal leading to pitting. One is if you have a local
inhomogeneity in the metal, such as a grain boundary, a
dislocation or an impurity inclusion, which acts as a site
for pit initiation. The second, more common kind of
pitting, occurs as a consequence of the breakdown of
passivating or otherwise protective films. I am not
convinced from today's discussion that you have passive
copper, and hence, the conditions required for pitting.
You say you have uneven, pockmarked surfaces, but I don't
think you are justified in classing this as pitting. I can
understand the concern over localized corrosion problems
with passive metals and alloys such as titanium, aluminum
and stainless steel, but not with copper. I don't see
pitting as a corrosion process that would lead to the
perforation of copper waste containers.

Certainly in neutral chloride solutions we do not get
passivation as observed on titanium, but in the presence of
sulfide, we do obtain a protective film. The corrosion
rates are lower but not that much lower: they are still in
the order of micrometres per year. It is difficult to
claim that the sulfide film is indeed passivating.

Your results show a series of localized points of attack
that spread laterally and overlap to give you an irregular
general corrosion, not pitting. There seems little chance
you will get a pit to propagate to a sufficient depth to
cause container failure.
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In our experiments that is the case, but Kim Lam has seen
distinct pits in sulfide-containing solutions. Even in his
case, the pits may smear out with time to yield uneven
uniform corrosion. Since we do not have the results to say
whether this smearing out will indeed occur, we are not in
a position to rule out the possibility of pitting.

I see no reason why these pi ̂  would continue to propagate.

Neither do we, but for the sake of maintaining a
conservative approach to our program, we are unwilling to
dismiss the possibility yet.

An initial pitting process on copper may very well
degenerate into surface roughness at longer times.
However, when you form a sulfide film, which is a good
electronic conductor, there is the possibility of
separating anodes and cathodes and propagating a pit.
Until we justify experimentally that pitting does
degenerate with time into rough uniform corrosion, we will
remain in doubt about its significance.

I don't think that situation will ever develop into a
stable occluded cell that will be self-sustaining.

You would need oxygen to maintain an occluded cell and I
don't see how you could have oxygen and sulfide present
together since they would react. In that case, you would
not have a cathodic reaction to sustain pitting. Also,
King has just demonstrated very convincingly that the rate-
controlling step is the transport of corrosion product away
from the electrode surface. Consequently, any localized
anode that dissolves more rapidly than its neighbour will
rapidly stifle itself and then the anodic dissolution will
even itself out.

I have no argument with that.

No matter how we rationalize the situation, we have seen
pitting which we need to explain by one argument or
another. We don't expect it to be a long-term problem, but
these observations are still unexplained.

King's experiments with copper in compacted buffer will,
hopefully, demonstrate what you (Marsh) suspect: that the
pitting of copper will not propagate. Until then we will
not rule out the possibility.

Both you (King) and Werme claim that the corrosion process
is mass-transport-controlled. Werme assumes that oxygen
transport is rate-determining. Does that make his model
more conservative than yours?
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KING It isn't easy to answer that, because the conditions in a
Swedish repository will not be the same as in a Canadian
vault. Also, the approaches are different. Because we are
attempting to predict the time at which containers will
fail, we need to use a kinetic approach as opposed to a
thermodynamic approach. The two main expected differences
are as follows:

(i) the Canadian vault will have much higher chloride concentrations,
which stabilize cuprous species;

(ii) the Canadian containers will not be self-shielding, so we must
consider the production of oxidizing radiolysis products near the
container surface.

I would say that our approach (Canadian) is more
conservative. As the oxygen concentration decreases, the
rate-controlling step may very well switch from the rate of
transport of copper species away from the corroding surface
to the rate of transport of oxygen to the surface.
However, in predicting the time to failure of the
container, we will continue to base our analysis on the
anodic transport step, thereby maintaining an element of
conservatism.

MARSH Werme says that any oxygen arriving at the container
surface will react. Doesn't this make the Swedish approach
the most conservative approach?

GARISTO It wasn't clear to me whether the Swedish model was based
on mass balance or whether mass transport of oxygen to the
container surface was an important step.

WERME What we assume is that all the oxidants transported to the
container at a groundwater flow rate set at 10" L»m* «a'
react with the copper, causing corrosion.

GARISTO Such a mass transport model does not take into account
oxidants formed next to the container by radiolysis.

WERME Such effects would only be important for a thin (1 cm)
container. We did not completely analyze the 1-cm-thick
container situation. I discussed that situation simply to
illustrate that as the thickness decreases, radiolysis
becomes more important. We only made a complete analysis
for the 10-cm case when radiolysis effects are negligible.

KING The initial Swedish approach had to show that the container
would last a million years.

WERME That was not a specified requirement for our analysis: it
was the conclusion drawn from it.
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What I am saying is that the time scale specified as a
requirement for the container is the factor that dictates
the approach used. If the time period under consideration
is a million years, then thermodynamic arguments are
applicable, and it is reasonable to equate the total amount
of corrosion to the total amount of oxidant. In our
program (Canadian), we desire containment for 500 to
1000 years, and hence, a kinetic approach is more
appropriate. However, when you (Sweden) try to introduce a
kinetic approach in an attempt to predict the depth of
corrosion with time, you adopt the assumption that oxygen
transport will be rate-limiting. What we (Canadians) have
shown is that, in 1 mol'L"1 sodium chloride, when cuprous
chloride complexes are stabilized, you need to reduce
oxygen concentrations to a very low level before oxygen
transport becomes rate-limiting. Since we have radiation
fields present we may never reach that stage.

By saying that all the oxygen that reaches the copper
surface reacts, we are assuming an infinite reaction rate.
In the Canadian approach, you retain the possibility that
your reaction can be kinetically controlled, i.e., the
reaction rate is not infinite. I would say, therefore,
that our (Sweden) calculations are more conservative.

Our experiments show that the cathodic reaction is
kinetically controlled at reasonable oxygen concentrations
because a sufficiently high flux of oxygen to the surface
can be maintained. As the oxygen concentration decreases,
the flux decreases and for sufficiently low values will
become rate-controlling. If we used this as the basis of
our model, then our approach would be equivalent to the
Swedish approach. By still taking the anodic transport
process as rate-determining even at these low oxygen
concentrations, our approach remains more conservative than
the Swedish one.

FORSLUND I disagree. In our approach, the anodic reaction is also
assumed to have an infinite rate.

KING Your approach is based on an assumption of the rate-
determining step. By experimentally demonstrating that
rate control is by anodic transport above a certain
conce 'ration of oxygen, we have justified our claim that
our approach is conservative if we assume this step is
still rate-determining, even when we know another step
(oxygen transport) is slower at very low oxygen
concentration.


