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4.2 CORROSION OF CARBON STEEL'UNDER WASTE DISPOSAL CONDITIONS

G. Marsh
United Kingdom Atomic Energy Authority

Harwell, Oxfordshire, U.K.

Since the United Kingdom government has decided on 50 years of above-ground
storage before waste disposal, most of our studies are generic in nature.
All the work I will describe has been done on carbon steel, a material we
chose for many of the same rsasons expressed by the people from Sandia at
the beginning of this meeting. Compared to ir.any of the other candidates
under consideration as potential container materials, the mechanism of
corrosion of carbon steel is well understood. Consequently, predictions on
long-term behaviour will be more easily justified on the basis of this
mechanistic knowledge.

Figure 1 shows a potential-pH diagram for the iron-water system at 25°C.
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FIGURE 1: Potential-pH Diagram for the Fe/H20 System at 25°C

Since the environment we are interested in (granitic groundwaters) can have
a pH in the region 5 to 10, we are considering the corrosion of iron in the
region where either ferrous hydroxide (Fe(0H)2) or magnetite (Fe3O4) is the
expected corrosion product under anaerobic conditions, and ferric hydroxide
(Fe(0H)3) or heamatite (Fe2O3) are expected under aerobic conditions.
However, granitic groundwaters can contain substantial amounts of species
such as Cl" (10-10,000 ppm), SO^" (10-10,000 ppm) and HCOJ/CO*' (10-
1000 ppm), and a simple knowledge of the thermodynamics is not sufficient
to predict what might happen in such waters. That kinetic factors will be
important is illustrated by the data of Figure 2, which shows the general
corrosion rate at two temperatures as a function of pH. These data were
recorded under anaerobic conditions and are taken from Uhllg's Corrosion
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FIGURE 2: General Corrosion Rate of Carbon Steel as a Function of pH Under
Anaerobic Conditions

Handbook. The average penetration rates plotted are calculated from
weight-loss measurements. Fortunately, the corrosion rate is approximately
independent of pH over the pH range of interest. The increase in corrosion
rate at low pH is associated with the increased availability of protons to
support the cathodic reaction, i.e., proton reduction. The decrease in
corrosion penetration at high pH was attributed to the increased rate of
precipitation of corrosion products on the steel surface, and to the
decreased availability of protons. The constancy in corrosion rate in the
plateau region was attributed to the pH-buffering effect of the ferrous
hydroxide corrosion product, which maintains the pH effectively constant at
the steel surface despite its variation in the bulk of the solution.

Figure 3 shows some electrochemical polarization data recorded on carbon
steel in a range of solutions containing HCO3/CO3" and Cl" concentrations
anticipated in granitic groundwaters. The results are presented in the
form of experimental potential-pH diagrams which help to delineate the
likely types of corrosion expected under various conditions. Figure 3(a)
shows that, in groundwaters with a low ionic strength and low HCO3/CO3"
concentrations, the only form of corrosion anticipated over the pH range of
interest is general (uniform) corrosion. Figures 3(b) to 3(d) show that,
for stronger groundwaters containing larger concentrations of HCOj/CO3", a
region of passivity encroaches on the diagram from the high-pH side. The
consequence of passivity is that, if the chloride concentration in the
groundwater increases, then passivity breakdown occurs, and a pitting
region is observed in the diagram. The relative sizes of the pitting and
passivity regions depend on the ratio of concentrations of Cl" and
HCO3/CO3". The size of the fully passive region decreases as this ratio
increases. The overall size of both regions increases as the total
carbonate concentration increases, Figures 3(b) through 3(d).



- 189 -

These considerations outline the corrosion modes we need to consider in
order to completely describe the corrosion behaviour of carbon steel.
These modes are:

(i) General or uniform corrosion under both aerobic and anaerobic
conditions;

(ii) The rate of passive corrosion;

(iii) Localized attack in the form of pitting or crevice corrosion;

(iv) Environmentally assisted cracking (i.e., hydrogen embrittlement,
stress corrosion cracking).
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FIGURE 3: Experimentally Determined Potential-pH Diagrams Indicating the
Conditions Under Which Carbon Steel is Subject to General
Corrosion and Localized Attack at 50°C

By studying these various processes we hope to be able to predict the metal
thickness required to give us container lifetimes in the required range of
500 to 1000 years.

When considering general (uniform) corrosion, we have made our approach
conservative by assuming that corrosion occurs from a bare metal surface.
In other words, we did not take into account any retardation of the
corrosion process due to the presence of surface films of corrosion
products. When corrosion is occurring, the rate of the anodic reaction
must be equal to, and opposite in sign to, the rate of the cathodic
reaction. In electrochemical terms, this defines the corrosion current,

1CORR " *ANODIC 1CATHODIC' (1)

According to the principles of electrochemical corrosion, the anodic cur-
rent will be related to the overpotential (tj) driving the anodic reaction
by a Butler-Volmer equation,

1ANODIC ~ 1o ANODIC exp (2)
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where, io is the exchange current for the anodic reaction, and the
overpotential (tj) is the difference between the corrosion potential and the
equilibrium potential for the anodic reaction.

The cathodic current is the sum of two components,
1CATH0DIC = 1H20

 + 102 (3)

where iu _, is the current due to water reduction, and i. is the current dueH20 0 2

to the reduction of dissolved oxygen. We assume:

(i) the rate of oxygen reduction will be under diffusion control,

\ \ T* (4)
where D. is the diffusion coefficient of oxygen in the

corrosion medium and dc/dx is the oxygen concentration gradient
at the steel surface;

(ii) The reduction of water will be under activation control, i.e.,
controlled by the kinetics of the surface electrochemical
reaction,

P' / R T}
where i_ u n is the exchange current for the water reductionu tut)
reaction.

To analyze the corrosion kinetics in this manner we need to determine the
electrochemical parameters governing Equations (2) and (5). We obtained
these values by performing standard electrochemical polarization
measurements. Figure 4 is an example of this kind of measurement, showing
the anodic and cathodic polarization curves obtained with forged carbon
steel in a 3.5% NaCl solution at pH 7 and ambient temperature. Such a
chloride concentration represents the upper limit for expected chloride
levels in granitic groundwaters. We chose to use NaCl solutions to avoid
the formation of the calcareous deposits obtained when attempting to record
the cathodic polarization curve in synthetic granitic groundwaters. From
plots of the type shown in Figure 4, we can obtain:

(a) the Tafel slopes which are equivalent to the exponential terms in
Equations (2) and (5);

(b) the exchange current densities, io, for both reactions, given by
the pre-exponential terms in Equations (2) and (5), which are
obtained by extrapolating the straight lines in the Tafel
regions.

Generally, we obtained data which fitted the Butler-Volmer relationship as
shown in Figure 4. However, the results obtained from experiment to
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FIGURE 4: An Example of ths Anodic and Cathodic Polarization Curves
Obtained with Forged Carbon Steel in 3.5% NaCl Solutions.
Results shown are for ambient temperature and pH 7.

experiment were variable. Figure 5 shows a plot of the reaction
coefficient, »7(1-/J) (i.e., the exponential term in the Butler-Volmer

£-•0.7

z
o
u.u.
Illo

0.6

0.5

o 0.4
a
o

TEMPERATURE »C

20 SO 9 0 pH RANGE
• A. m 4 lo 7
o A a 7 to 10

10
-10

10-9 10,-8 10'.-7 10'- 6

EXCHANGE CURRENT DENSITV ( A . m " ' )-2 i
10.-3
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Reaction on Carbon Steel in 3.5% NaCl Solution
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equation, Equation (5)), for the water reduction reaction against the
pre-exponential term, i.e., the exchange current density, i . The data

from a large number of experiments, Figure 5, shows that, when we obtained
a large Tafel slope (i.e., a small cathodic reaction coefficient), our
extrapolation yielded a larger exchange current density. This behaviour
suggests there is an interaction of errors in our estimation of the slopes
and intercepts of plots such as those in Figure 4. Consequently, we had to
do one of two things: use an alternative technique to obtain more accurate
data, or accept the scatter in our data and use a statistical approach to
analyze it. We decided to us a statistical approach, whereby we calculated
a mean cathodic reaction coefficient from all the data of Figure 5 and then
used the relationship for the line in this figure to estimate the mean
exchange current density. This was done for the three temperatures shown,
20°C, 50°C and 90°C. We found that the kinetics of the water reduction did
not change over the pH range, 4 < pH < 10. All the data lay on the linear
relationships shown in Figure 5. These results are consistent with the
data of Figure 2. If we include on our plots some of the data for water
reduction already published in the literature they fit on our relationship
rather well. It would appear that other experimenters have also
experienced similar problems with the interaction of errors.

SHOESMITH When applying Equations (2) and (5) what values have you
assumed for the charge passed in a unit reaction?

MARSH The values were 2 for the anodic reaction (2) and 1 for the
cathodic reaction (5).

KING Is the data used in Figure 5 obtained in deaerated
solutions?

MARSH Yes.

When we repeated this analysis for the anodic reaction, we experienced a
similar problem with data scatter, Figure 6. Again data published by
others fit nicely onto our curves. Using a similar statistical approach
to that employed for the water reduction, we can calculate the mean
reaction coefficient and the mean exchange current for the anodic reaction.

Before our analysis can be considered complete we must estimate the
contribution of oxygen reduction to the overall cathodic current. We
assumed above, Equation (4), that oxygen reduction would be controlled by
the diffusion of oxygen to the steel surface through the surrounding
backfill. We have performed a series of calculations to predict what
contribution oxygen reduction will make to the overall cathodic reaction.
Figure 7 shows the corrosion rate of carbon steel at 90°C supported by both
water reduction and oxygen reduction. If the rate is calculated assuming
oxygen is transported through a bentonite backfill of 10-mm thickness, then
the corrosion rate is maintained at a level ~ 5% higher than that
calculated assuming only water reduction is supporting the corrosion. For
backfill thickness > 100 mm, the corrosion rate is maintained above this
value for about 200 days before oxygen depletion, due to its slow mass
transport to the steel surface, causes the corrosion rate to fall to the
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level expected in the presence of water reduction alone. Consequently, for
bentonite backfill thicknesses 1 100 mm, corrosion due to oxygen reduction
is a transitory effect and is minor enough to be neglected.
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If we neglect the effects of oxygen reduction, then our model for the
general corrosion of carbon steel becomes very simple. We equate the
kinetics of steel dissolution to the kinetics of water reduction to satisfy
Equation (1) above. Table 1 shows some of the corrosion rates calculated
using this model and compares them to experimentally determined values. In
this table we have given not only the rest potentials and corrosion rates
calculated from the mean anodic and cathodic parameters, but also those
obtained taking into account the standard deviations from these values. We
calculated the mean value plus one standard deviation, and the mean value

TABLE 1

COMPARISON OF GENERAL CORROSION RATES PREDICTED BY THE
MATHEMATICAL MODEL AND THOSE MEASURED EXPERIMENTALLY

Temp

20

20

20

20

50

50

50

50

90

90

90

90

Mathematical

Electrochemical
Kinetic Data

Used

Ma : Mc

Ma +<7 : Mc -0

Ma : Mc

Ma : Mc

Ma +a : Mc -a

Ma = Mc

Ma +0 : M. -0

Ma : Mc

Ma +0 : Mc -a

Model Predictions

Condition

Inactive

Inactive

Radiation

Radiation

Inactive

Inactive

Radiation

Radiation

Inactive

Inactive

Radiation

Radiation

Steady Rest
Potential
(mV vs SCE)

-801

-790

-776

-776

-814

-831

-808

-825

-793

-803

-790

-801

Experimental Results

Steady
Corrosion

Rate
(fim*al)

1

13

14

20

42

69

49

76

89.

208

96.

215.

.8

.4

.8

.4

2

3

2

3

9

9

9

Steady
Rest

Potential
(mV vs SCE)

-800

-790(rising)

-775(rising)

Steady
Corrosion
Rate

2.1-2.2

5.3-8.2

16.8-21.6

Ma = Mean anodic data
Mc = Mean cathodic data
a = Standard deviation
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minus one standard deviation, for both the anodic and cathodic reactions.
These calculations showed that the worst combination was the mean plus one
standard deviation for the anodic reaction combined with the mean minus one
deviation for the cathodic reaction. Such a combination covers 98% of the
population of the results that we obtained. This combination is also given
in the table.

If we take these worst-case combinations, then we see that our simple model
predicts a corrosion rate of ~ 13.4 /im'a"1 at 20°C, rising to 69 /im'a"1 at
50°C and 208 ftm'a'1 at 90°C. We have also attempted to take into account
the effects of radiation in our calculations. In this calculation we used
a radiation dose of 105 rad'h"1 and a G-value of 2.8 for the production of
oxidizing species. Such a G-value is conservative, our experiments
indicating that a value closer to 0.28 would be more appropriate.
Nonetheless, the effect of radiation is quite small, accounting for an
increase in corrosion rate of only about 7 (im»a~l.

The experimental corrosion rates also given in Table 1 were obtained over
an exposure period of 2 years. (We have some samples due to come off this
year, which have been exposed for 5 years). When we compare these
experimental values to the theoretical values, we find that our model over-
estimates the corrosion rate, but not drastically. However, at higher
temperatures this overestimation is much more significant. When we examine
the specimens exposed at the two higher temperatures we find that they are
black and shiny, indicating the formation of protective layers of magnetite
on the steel surface. The presence of such films undoubtedly accounts for
the discrepancies between measured and predicted corrosion rates, Table 1.
So far, we have not attempted to extend our model to take into account the
effects of protective film formation on the general corrosion rate.

If we accept the very conservative corrosion rate predictions of Table 1,
the required metal container thicknesses are not unreasonable. However, if
we use these values, we predict very high levels of hydrogen production.
Since such hydrogen levels are undesirable, we are attempting to refine our
approach to the prediction of corrosion rate.

SHOESMITH Can the magnetite film formed on the specimens exposed at
higher temperatures be considered a passive film? If so,
is there a greater possibility for pitting at these
temperatures?

MARSH The definition of a passive film is rather vague. I would
class the magnetite film as protective rather than passive.
It is not a film grown by the high field ion conduction
mechanism. Films grown via this process are generally
considered to be passive films. It is more of a barrier
layer which impedes metal dissolution.

SHOESMITH Did you observe a greater tendency to pit on the specimens
exposed at the higher temperatures?
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MARSH Yes, we did observe some pitting at 90°C. However, we
think this is due to the poor design of the experiment.
The experiments were performed in a tank with the metal
coupons on the bottom of the tank, and covered with a
bentonite layer ~ 10 cm thick. A layer of oxygenated water
lay on top of the bentonite. When we heated this tank we
set up a regular convective flow, with hot solution flowing
up the tank on the outsides, and cold water being drawn
down in the middle of the tank. We found that coupons
placed around the middle of the tank were pitted, whereas
those around the outside were not. We interpreted this
observation (of pitting) as due to the transport of oxygen
in the water flowing down through the bentonite in the
middle of the tank.

SHOESMITH Did the presence of radiation enhance the pitting?

MARSH We did observe pitting when radiation was present.

SHOESMITH Was this pitting in the presence of radiation also

attributable to the convective transport of dissolved
oxidants to the coupons?

MARSH The radiation experiments were conducted in free-flowing
solutions without any bentonite present in a 60Co cell. In
this case, we observed pitting to depths of 1 to 1.5 mm
after exposure periods of up to 10,000 h. All the
indications are that, if some oxygen is present, then there
is a danger of pitting. Under truly anaerobic conditions,
we don't see pitting.

I would like to move on to localized corrosion now. Figure 8 shows a
potential-pH diagram constructed for the iron/water/carbonate system.
Superimposed upon this diagram is one of our experimental potential-pH
diagrams from Figure 3. Also shown, as a hatched area in Figure 8, are the
conditions, in terms of potential and pH, expected within pits. These
conditions have been reported in the literature from various experimental
studies performed within artificial pits. The conditions are in the pH
range 3 to 4 and in an active corrosion region. In order to sustain
pitting the potential on the passive surface adjacent to the pit must be
higher than the value within the pit. If the potential on the passive
surface is comparable to, or less than, the value within the pit, then
there is no potential gradient to drive the localized corrosion cell.
Consequently, one criterion for the propagation of localized corrosion is
that the potential of the bulk metal surface must be more positive than the
region associated with pitting. For such a situation to exist, the metal
must be in the passive state. The minimum requirement to maintain the
metal in the passive state is that the rate of transport (flux) of oxygen
to the metal surface must be greater than, or equal to, the rate of oxygen
consumption required to support the small leakage current through the
passive film, i.e.,
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(6)

where IPASs is the steady-state current flowing on the passive metal sur-
face.

We have attempted to solve this inequality for the case of a tunnel-type
repository of the Swedish KBS design, Figure 9. We assumed that the tunnel
shown in Figure 9, which will be backfilled with a mixture of bentonite and
coarse sand, has enough pore space filled with air to ace as a continuous
source of oxygen. Also, we assumed that the transport path for that oxygen
to reach the container surface is the half metre shown between the floor of
the tunnel and the top of the container. On the basis of these
assumptions, we solved the relevant transport equations to determine the
time required for the oxygen flux to fall below the level needed to sustain
the passive film, i.e., the time required before the inequality in (6) is
no longer valid.
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FIGURE 9: Schematic of a Tunnel-Type Repository of the Swedish KBS Design

GARISTO

MARSH

INTERRANTE

How can you have a criterion for a localized corrosion
process which is global?

If we are to get pitting, then we must have a small anode
supported by a cathodic reaction occurring on a large
cathode. For this situation to lead to pitting we must
have a potential gradient between the active pit and the
external cathodic surface. To establish this potential
gradient, the general cathodic surface must be passive.
This passivity, and hence the potential gradient driving
the pitting process, is maintained by the flux of oxygen to
the container surface. Since, because of the requirement
for a large cathode-to-anode surface area, most of the
container surface will be passive, the global criterion,
expressed by the inequality in (6), does establish the
conditions required to maintain pitting.

Earlier you stated that the backfill around the container
is impervious to oxygen. If this is the case, then I don't
see how the passive film on the container can be sustained
by oxygen transport through this impervious medium.
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Earlier, vhen we were discussing general corrosion, we were
calculating the ability of oxygen to sustain the general
corrosion reaction. This reaction is occurring on a bare
metal surface. The results of that calculation showed
that, over a period of ~ 200 days, the local oxygen
concentrations are depleted, and oxygen transport through
the backfill can only maintain a corrosion rate of
~ 1 /im'a"1 compared to an overall corrosion rate of 60 to
70 fim'a'1 sustained by water reduction. Consequently, for
that situation, we concluded that the extent of general
corrosion sustained by oxygen reduction is negligible.

The argument being used here for a localized corrosion
situation is different. Here, we are assuming that the
container is already passive when placed in the repository,
and consequently will be corroding at a very low rate given
by the passive current, IPASS- Under these circumstances,
oxygen transport will be significant for a much longer time
since its rate of consumption is much lower. Hence, the
aerobic conditions needed to sustain pitting are maintained
for a long time. What we are trying to calculate is the
time for which the flux of oxygen will be sufficient to
maintain passivity. Since passivity is a requirement for
pitting, this time also defines the time for which pitting
is possible.

Are you going to consider the oxygen present in both the
bentonite backfill and the bentonite/sand overlayer?

In order to perform the calculation, we have to establish a
set of boundary conditions. The bentonite backfill
immediately surrounding the container, Figure 9, will be
highly compacted and oxygen transport will be diffusion-
controlled. The tunnel above the container will be filled
with a mixture of bentonite and sand which may not be well
compacted. If we assume that the transport of air through
the tunnel is unimpeded, then we can assume that we have a
continuous supply of oxygen to the compacted bentonite
interface. This situation is probably unnecessarily
pessimistic but provides a convenient boundary condition.

Is the repository assumed to be flooded?
water displace the air?

Wouldn't the

That is one possible assumption. However, it is also
possible that the inflow of water from all sides could trap
an air bubble.

We do not know how long the flooding would take. It may
require a few hundred years.

If we solve the inequality given in (6), we can predict the time for which
the oxygen flux is sufficient to maintain the metal in the passive state.
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Figure 10 shows this period plotted as a function of the passive leakage
current. The calculation was performed for a dose rate of 10 rad'h
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FIGURE 10: Passivation Period as a Function of Leakage Current and Oxygen
Diffusion Coefficient

using a G-value of 2.8 and three possible values for the diffusion
coefficient of oxygen in the compacted bentonite. From these plots we see
that the period of passivity increases as the leakage current gets smaller.
Curve C shows that, for a sufficiently large diffusion coefficient and a
passive leakage current below ~ 10"J A«m~ , passivity can be maintained
indefinitely. In other words, at a passive leakage current = 10" A»m~ ,
the steady-state flux of oxygen through the 0.5-m covering of compacted
bentonite, Figure 9, is sufficient to maintain passivity indefinitely for

D~
2

ure 9, s
= i.2 x 10 m #s , but can only maintain passivity for ~ 150 a at

Dn = 1.2 x 10
U2

"12

SHOESMITH Can you measure the passive leakage currents?

MARSH We have attempted some measurements. In Figure 10, the
values are assumed. In order to give estimates of required
container thickness, we have performed a literature survey
of leakage currents. However, we should be able to measure
them since they achieve steady-state values quite rapidly.

SHOESMITH Do you assume that the radiation dose is distributed
throughout a certain volume of the backfill?

MARSH No. The dose given is assumed to be the dose at the con-
tainer surface, and an attenuation factor is used to
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account for the decay of dose rate with distance from the
container.

Figure 11 shows the results of our calculations for a higher dose rate of
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FIGURE 11: Passivation Period as a Function of Leakage Current and Oxygen
Diffusion Coefficient

3.5 x 103 rad'h'1. This dose is a realistic estimate of that expected at
the surface of a carbon steel container 10 cm thick after 50 years of
storage. Our literature survey suggests that a reasonable value for the
passive leakage current is ~ 2 x 10" A»m" . If we accept a value

for D = 1.2 x 10"11 m2»s1 , then we expect passivity to be maintained for

about ?25 a. In other words, the container is not going to remain passive,
and hence susceptible to localized corrosion, for th-B full 1000 a of
required containment, but only for about 10 to 15% of this time. Hence, as
far as localized corrosion is concerned, the extrapolation required is much
more realistic than previously assumed. It is of the order of the
extrapolations made by corrosion scientists when dealing with other
engineered structures, which gives us some confidence in extrapolating our
own experimental data.

SHOESMITH Why do you consider a G-value of 2.8 to be conservative?
Yesterday, when we discussed the effect of radiation on
titanium, we concluded that for the special case of a large
surface area of metal to volume of solution ratio, such as
that achieved in a crevice, we might expect quite large G-
values. This would be caused by the very large surface
area of metal available to react with the oxidizing
radiolysis products. If such a situation is possible, how
can you assume a value of G = 2.8 is conservative?
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MARSH Our value of 2.8 is based on experimental experience. We
obtained such a value by comparing the corrosion rates of
carbon steel obtained in seawater under irradiated and
unirradiated conditions. These experiments lasted from
1,000 to 10,000 h. In the absence of radiation corrosion
rates in the region of 10 fimma were obtained compared to
~ 200 /im#a in the presence of irradiation (dose rate =
10 rad'h ). By attributing all the extra corrosion to
reaction with radiolytically produced oxidizing species, we
calculated a G-value of 2.8 on the basis of a mass balance.
We also performed a second set of experiments in granitic
water containing bentonite. The reasoning behind this
second set of experiments was that, in free solutions,
there would be about one hundred times the amount of water
to be irradiated than expected in reality. Also, as we
discussed yesterday, for the case of a titanium crevice, we
were concerned that experiments with a limited amount of
water might yield higher G-values because of the increased
rate of capture of radiolytically produced oxidizing
species by the metal surface. For these experiments, we
obtained a lower (G) value. However, when we made the
calculations presented here, we had completed only the
experiments in free seawater. Consequently, the results I
am presenting can be considered pessimistic.

Having established that the appropriate conditions for pitting are only
maintained for a relatively small fraction of the required container
lifetime, we set up experiments designed to measure the rate of localized
corrosion. To do this properly, we need to measure the distribution of pit
sizes obtained. From the data presented in Figure 3, we chose a solution
composition of 0.1 mol*L" NaHC03 + 1000 ppm Cl for the study of pitting.
Our carbon steel specimens were then polarized potentiostatically in the
potential range where pitting is expected. The apparatus used for these
studies is shown in Figure 12. After a set polarization period, the
specimens were removed from the cell, and the number of pits counted. The
surface was then ground down in small known increments and the number of
pits counted for each individual grinding. In this manner, we obtained a
distribution of pit depths. By doing such experiments for different
exposure periods we obtained the series of histograms shown in Figure 13
which show the pit depth distributions as a function of exposure time.
Since pitting is a statistical process, it is necessary to examine such pit
size distributions statistically in order to predict the rate of
penetration of a container by pitting. Consequently, we have attempted to
fit our results to a number of established statistical distribution
functions. In particular, we have looked at two functions:

(i) an unlimited exponential distribution function,

F(x) = 1 - exp[-b(x - x )] Q (7)
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FIGURE 12: Schematic of the Apparatus Used in Pit Grovth Experiments
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(ii) a basic limited distribution function,

r^

where x is the pit depth; and xo is a scaling factor that sets the
distribution in depth space. For the limited distribution, w is the
maximum pit depth; u is the minimum pit depth; and x is the measured pit
depth; and b and K are scaling factors.

We chose the unlimited function, Equation (7), because our previous work
suggested that this function fitted pit depth distributions. We were,
however, skeptical of this fit because such a function predicts there is a
small but finite probability of observing a pit of extreme depth (e.g., one
mile). This seems unreasonable! It is intuitive that there will be a
physical limit to the depth to which a pit can grow in a fixed period of
time. For this reason, we anticipated that a limited distribution
function, such as that given in Equation (8), would be more appropriate.

Figure 14 shows the variations in the correlation coefficients with assumed
limiting pit depth for both functions. These coefficients were obtained
from regression analyses of the pit depth distributions obtained in
0.1 mol'L"1 NaHC03 containing 1000 ppm Cl" at a potential of -200 mV and a
temperature of 90°C for various exposure periods. If we consider the data
for 500 h, we can see that for the limited distribution function (solid
line in Figure 14), the correlation coefficient improves as we assume a
larger maximum pit depth. It is obvious that if we had assumed a value of
infinity for the maximum pit depth, we would have obtained a correlation
coefficient equal to that obtained by using the unlimited function,
Equation (7). From Figure 14a we can say that the best fit was obtained by
fitting the data to the unlimited distribution function. The same is true
for all exposure periods up to 3000 h. However, for 5000 h, we obtain the
best fit with the limited function for a maximum pit depth of 2 mm.
However, for 10,000 h, the best fit is again obtained with the unlimited
function. Some recent data for 17,000 h, not shown in Figure 14, gives the
best fit with the limited function. Although our data are not yet
conclusive, they are implying that there may be a switch occurring at long
exposure times from an unlimited distribution function to a limited
distribution function. Obviously, experiments of longer duration are
required to justify this claim.

For the moment, we have to accept the best fit to the unlimited
distribution, and attempt to estimate the maximum pit depth as a function
of time, since it is this parameter which will determine how quickly a
container fails.

If we plot the scaling parameter, b, and the location parameter, xo, as a
function of test duration, we obtain the data plotted in Figure 15. The
scaling factor, b, falls with time, indicating a widening of the
distribution with increasing exposure time. In contrast, xo increases with
time. As xo increases with exposure time, the difference between maximum
and minimum pit depth decreases. We can explain, or visualize, these
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results as follows: the pitting front proceeding into the metal is being
followed by a general corrosion front which is catching up with more and
more pits as the exposure time increases.
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If we perform a regression analysis on these two parameters (I.e., b and
x0) and use the results of this analysis with the unlimited distribution
function (Equation (7)), we obtain a statistical equation which relates the
maximum pit depth, x, to time, t, the surface area of the container, A, the
density of pits, p, and the probability we are willing to accept for a pit
proceeding to a depth > x, PA(x):

x = Kit + .0.38 In f Afi_)
(9)
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In this equation, Î t indicates the increase in xo, the uniform (or
general) corrosion front, and K2t " indicates the spreading of the
distribution with time. Since the general corrosion front is proceeding

J3 6 -

UJ
i -

<

a.
i

2 -

- 0.05

o

O
O

10

TEST PERIOD ( Hours )

FIGURE 15: Logarithmic Plots of the Scale Parameter (b) and Location
Parameter (xo) for the Exponential Probability Density Functions
Fitted to the Pit Depth Data Obtained in 0.1 mol'L'1 NaHC03 +
1000 ppm Cl" at -200 mV and 90°C

linearly with tinu|, whereas the pitting process is proceeding with a time
dependency of t ' , the equation indicates that eventually the uniform
corrosion front will overtake the pits. The crossover time is predicted to
be ~ 100 years. We have yet to decide whether this situation is a
consequence of the way we have performed our tests. We have performed all
our tests under potentiostatic control, and it is possible that, under such
conditions, the uniform corrosion process is driven at a very fast rate.
For that reason, we are repeating some of our experiments under
galvanostatic control.

However, if for the time being we accept Equation (9), we can use it to
predict the maximum penetration depth expected in the 125 years anticipated
for pitting. To make such a prediction meaningful, it is necessary to
calculate this depth (x) for a surface equal in area to that of the
container and for an acceptable probability of any pit proceeding to a
greater depth than x. Taking t = 125 years, A = 4 m2, PA(x) = 10"

6, we
obtain a maximum penetration of 160 mm. This value will almost certainly
turn out to be pessimistic. For longer test times, I anticipate that the
distribution of pits will fit the limited distribution function (Equation
(7)) and that the penetration by pitting in 125 years will be less than
160 mm.
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KING How would you suggest we treat pitting on materials like
copper where we only observe an occasional pit? In that
case, there are not enough pits for the statistical
treatment you have used.

MARSH If you only have about 10 to 50 pits, then it would be more
appropriate to analyze them by using an extreme value
statistical approach, since each pit is really an extreme
result not a member of a broad population as observed for
carbon steel.

KING For copper, we tend to observe one or two pits on a
specimen, whereas on other specimens treated under the same
conditions, we don't observe any pits.

MARSH In that case, you have a binominal probability function
which will describe the situation where you observe pitting
on one specimen but not on another.

As well as the pit penetration depth of 160 mm in 125 years, we can also
calculate the uniform corrosion allowance required for a container to
survive the remaining 875 years, on the assumption that 1000 years of
containment is required. Using our general corrosion model for a
temperature of 50°C , we calculate a uniform corrosion allowance of 227 mm.
Again, this value must be considered a conservative value. With a more
refined analysis, I anticipate that smaller corrosion allowances will be
determined.

Before I conclude, I would like to make one or two comments about other
potential corrosion mechanisms that we considered but dismissed:

(a) Microbial Corrosion. Because of the lack of organic carbon and
the presence of high temperatures and radiation fields, we do not
think such processes will be significant.

(b) Stress Corrosion Cracking. Our view is that, since we cannot be
very precise about our exposure environment, we will be unable to
state unequivocably that this form of corrosion cannot occur.
The only way to avoid stress corrosion cracking is to stress-
relieve the container. Experiments performed at the University
of Newcastle-upon-Tyne indicate that, even in known severe stress
corrosion environments, the process is not observed. If we
stress-relieve to 50Z of the yield strength, then there should
not be a problem.

* This is a time-averaged value for a U.K.-designed repository with a
maximum temperature of 90°C decreasing to ambient temperature over
500 years.



- 208 -

KASS

MARSH

KASS

WERME

KASS

WERMF,

INTERRANTE

WERME

INTERRANTE

KASS

That is a highly optimistic assumption. What if you scrape
the container and cold work it as you place it in the
repository? It seems to me that to expect to design a
large container without some residual stresses above 50% of
the yield strength is unrealistic. There are other
procedures which could be similarly damaging. For
instance, you have to make a closure weld. When you
subsequently attempt to stress-relieve, the temperature
attained may be unacceptable for the fuel inside the
container.

An acceptable stress-relief temperature would be ~ 55O°C.
I don't see why that would be unacceptable for the fuel.

The limit for fuel in the United States is 350°C.

What is the reason for establishing such a criterion for
fuel temperature? Presumably it is set at that value to
avoid creep deformation of the irradiated Zircaloy
cladding. Do you know the creep strength of irradiated
Zircaloy?

At 550 to 600°C irradiated Zircaloy would creep
extensively.

It is my understanding that for a BWR rod, 600°C would be
permissible providing the temperature cycle was relatively
short, say, of an hour or two. Since Zircaloy has a fairly
high melting point, I think such temperatures would be
acceptable.

That consideration may not be the reason for choosing a
maximum permissible temperature of 350°C.

Is the reason for such a criterion the fear of creep
failure of Zircaloy?

There are probably other factors as well as creep. For
instance, what pressures would you achieve inside the
cladding when you heat it?

If you did heat the cladding to temperatures in the region
of 550°C, you would undoubtedly anneal out all the
irradiation defects in the Zircaloy cladding. Even over
such a short time you would develop a substantial pressure
and observe significant creep.

To return to the main point of this discussion, I think you
are being too optimistic to think that you can replace a
carbon steel container in a waste repository with no
residual yield stresses above 50% of the yield stress.
Carbon steel has a low yield stress to begin with, and just
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scraping it would be sufficient to introduce a significant
stress.

CROSTHWAITE I don't see why a small scrape on the surface would
endanger the underlying structure.

KASS It is possible that such a scrape could initiate localized
stress corrosion cracking, which may, or may not, propagate
into the bulk of the steel. There are many examples of
such effects in austenitic steels.

MAP^H Perhaps I should finish before we continue with the
questions.

(c) Hydrogen Embrittlenient. This is a process that we considered.
There will be a lot of hydrogen in the repository. We can deter-
mine the maximum fugacity of hydrogen at the container surface by
calculating the amount of hydrogen produced assuming the steel is
converted to magnetite via the reaction

3Fe 4H, (10)

SORENSEN

MARSH

For a temperature of 25°C, the partial pressure of hydrogen
required to bring this reaction to equilibrium is 736 atm. At
100°C, the equilibrium pressure is 1,365 atm. From the
literature we obtained equations relating the solubility of
hydrogen in iron to the partial pressure of hydrogen in the
atmosphere. Using these relationships, we calculated the
equilibrium concentrations of hydrogen in the carbon steel for
gas pressures of 736 and 1,365 atm, i.e.,

at 25°C max. H in iron = 9 x 10"3 wppm

at 100°C max. H in iron = 0.125 wppm

where the units wppm are weight parts per million. The extensive
literature on hydrogen embrittlement of iron shows that such
modest hydrogen concentrations would not cause significant
embrittlement of the steel. When embrittlement of steel is
observed in practice, it can usually be attributed to the
presence of sulphur in the environment. Under these
circumstances, we would have to calculate the yield of hydrogen
assuming the formation of iron sulphide, as opposed to magnetite
(Equation (10)). The calculated hydrogen pressures are then a
factor of ~ 10 larger. However, sulphide concentrations in
granitic groundwaters are generally too small for the formation
of iron sulphides to be significant.

Is the pressure of sulphide in bentonite significant?

To some degree yes, but the levels are still too low to
cause substantial iron sulphide formation.
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SHOESMITH Is it simply a case of forming iron sulphides? Won't the
presence of small amounts of sulphide on the surface of the
steel inhibit the recombination of hydrogen atoms to yield
H2 gas, and, by so doing, force the entry of hydrogen into
the steel?

MARSH Yes, that is so. However, that is a kinetic phenomena and
will not change the thermodynamics. The total amount of
hydrogen produced due to the presence of sulphide will
still be insignificant. Hydrogen embrittlement of ductile
carbon steels is generally observed in the presence of sour
gases where there is lots of H2S gas available to form iron
sulphides. In such situations, you get very high
equilibrium pressures of hydrogen.

In conclusion, I still consider carbon steel a feasible container material
for granitic and argillaceous rock environments. It may be acceptable for
other environments providing the pH is in the region 4 < pH < 10. The
major uncertainty with this material is the buildup of H2 gas formed by
corrosion, and what effect this will have on the general performance of the
repository.

INTERRANTE

MARSH

Your pitting results were obtained in an aqueous
environment under potentiostatic conditions. Under such
conditions, transport processes will be quite rapid.
However, containers will eventually be packed in bentonite,
a medium with a distinctly different electrical
resistivity, and within which transport processes will be
much slower. How can you relate your results to this
significantly different situation? Surely, the
distribution of pit sizes as well as the maximum pit depths
will be different for the two cases.

Our approach has been deliberately pessimistic, and I would
not expect pitting to be any worse than observed in the ex-
periments described above. I don't think the propagation
of the pit will be very different in a bentonite
environment compared to the purely aqueous environment we
used. Pit propagation is controlled by transport processes
within the pit, processes which are independent of the
environment outside the pit. Consequently, there are no
grounds to claim that pit propagation will be more
extensive in bentonite than in the solutions we used.
However, you may be right in thinking that the distribution
in number and depth of pits will be different in bentonite.
Because the electrical conductivity of our solutions is
high, our system could support a much higher density of
pits. In bentonite/water mixtures the IR drop between
anode and cathode will be large. Under these
circumstances, we would expect a much smaller distribution
of pits. Hence, I feel confident in claiming that our
measured pitting rates are realistic, but that our pit
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distributions are pessimistic. We would not expect to see
so many pits under conditions more closely resembling those
expected in a repository.

Apart from the question of pit density, I would expect the
aspect ratio to change if you performed your measurements
in bentonite as opposed to aqueous solutions. To determine
this effect, you will have to study the problem under the
expected respository conditions.

Besides the work I have just described, we are trying to
develop a mathematical model of pit propagation. In this
model, we hope to determine how the rate of propagation is
affected by the various parameters associated with the
system. Although we do not expect this model to predict
actual pit depths, we hope that it will enable us to study
the effects of a whole range of parameters without having
to carry out an enormous experimental program. We hope to
use this model in support of the kind of experimental data
I have described above.

On the basis of your analyses, you would need a container
over 20 cm thick. Will such a thickness be acceptable, or
will you have to refine your estimates of pit propagation
rates?

I am sure we will have to refine our estimates. What I
have tried to describe today is our methodology. However,
the most interesting observation in this work is that the
general (uniform) corrosion front is catching up and
overtaking the propagating pits. This is really a large
number of pits broadening and coalescing into an apparent
uniform front.

In that case, you no longer have the small isolated anode
and large cathode required to propagate pits. Doesn't that
destroy the whole basis of your mechanism?

You have to remember that we have performed our studies
under very aggressive conditions. By using
potentiostatically controlled specimens, we have supplied
as much current as the specimen demands, whereas under
freely corroding conditions, the current would be
regulated. We need to perform studies under galvanostatic
conditions when the current supply will be limited and only
the "fittest" pits will survive.

I would like to mention some work done by J. Beavers at
Battelle. He studied the propagation of pits and measured
aspect ratios for carbon steel. He found that pits did not
propagate to great depths, and that the aspect ratios de-
creased with time.
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KASS We would like to consider carbon steel as an alternative to
the six main alloys ve studied earlier. However, if it is
necessary to allow many centimetres for the corrosion
allowance, then we are concerned about the process of
container fabrication. For a thick-walled container,
processes such as welding, non-destructive examination, and
stress-relieving will take a long time and be quite
difficult. It is difficult to be confident based on what
is known or is likely to be known about such practicalities
in the next five to ten years. Do you have any comments on
such processes? The second comment I would like to make is
on the stress corrosion studies of Beavers and Parkins.
They concluded that there are many ways in which stress
corrosion can occur, and that more extensive studies are
required. Given their conclusions, it isn't clear to me
how you can be confident that simply reducing residual
stresses to ~ 50% of the yield stress is good enough to
ensure immunity to stress corrosion.

MARSH What I have tried to do is describe the methodology I advo-
cate for analyzing the corrosion performance of carbon
steel containers. If you use the results of that analysis
to predict the required corrosion allowance, then the
predictions are bound to be pessimistic, since our
knowledge is incomplete. Of the ~ 23 cm of corrosion
allowance estimated from our analysis, ~ 16 cm is to take
account of pitting attack over the first 125 years.
However, that 160 mm is based on a fit to an unlimited
distribution function. Our experiments indicate that, for
longer exposure times, we appear to be observing a fit to a
limited distribution function. If this switch is confirmed
by our subsequent analyses, then the required allowance for
pitting will be much less. It will be in the region of
20 mm as opposed to 160 mm. The second point I would like
to make is that the allowance for general (uniform)
corrosion, ~ 70 mm, is based on the assumption of bare
metal dissolution kinetics. In reality, we would expect
corrosion to be impeded by the presence of surface films.
When we allow high uniform corrosion rates, then the
generation of H2 gas becomes a problem. Consequently, we
have to refine our analysis to account for (i) the decrease
in corrosion rate of the carbon steel as the H2 pressure
rises; and (ii) the barrier effect of the corrosion
products. The outcome of such refinements will be the
prediction of a much lower required corrosion allowance.
In the long run, I think we will predict a much more
acceptable wall thickness.

With regard to stress corrosion: for granitic groundwaters,
the environment most likely to support stress corrosion
cracking is one containing carbonate/bicarbonate. What we
asked ourselves was, how badly does carbon steel stress
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corrode in carbonate/bicarbonate environments? Parkins
measured the threshold stresses to initiate cracking in
electron-beam-welded and standard annealed carbon steels.

KASS Didn't he use constant-load tests?

MARSH Yes, but also with a slow cyclic component applied. He
found that, for both the welded and annealed materials, the
threshold stress was approximately the same as the yield
stress of the material. Given those results, we
arbitrarily decided that stress relief to 50% of the yield
stress was sufficient to avoid stress corrosion.

Unfortunately, B. Knecht (Switzerland) is not here. They
were forced to make a much more elaborate assessment of
stress corrosion cracking, because of concerns over the
significance of defects in the carbon steel. I have some
difficulty with the application of an approach based on
fracture mechanics to a very ductile material like carbon
steel. However, until someone proves that our approach is
unreasonable, we are sticking to our claim that stress-
relieving to 50% of the yield stress is sufficient to avoid
the problem. Also, when one takes into account the high
compressive stresses imposed on the container surface due
to hydrostatic and lithostatic affects, you would need a
mechanism to penetrate halfway through the container
before it would be subject to tensile stresses.


